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ABSTRACT
Stellar flares are characterized by sudden enhancement of electromagnetic radiation from the atmospheres of

stars. Compared to their solar counterparts, i OWIEEEORIREIEORONApIETHA A CS oAl AES
RO RECHORIOCORONA S e GOSN CNIES) NERAMSIERAIEd) With ime-rcsolved high-resolution

spectroscopic observations from the dra X-r servatory, we
[EISEETISIIARENES o 2 ncarby dMe star EV Lac. In the observed Spectra’of O Vili (3 MK), Fe X VIl (6

_ . and the upflow velocity generally increases with temperature.
Variable line ratios of the Si XIII triplet reveal that these plasma flows in most flares arc ISGORIPANICOIOYNAN
increase of the coronal plasma density and temperature. e interpret these results as X-ray evidences for
ERCHGSPcHCSV AP MOMENIEE 1n two successive flares, the plasma flow pattern and a sharp increase
of the measured coronal density are highly suggestive of explosive evaporation. The transition from redshifts
to blueshifts in such an explosive evaporation occurs at a temperature of at least 10 MK, much higher than that
observed in solar flares (~1 MK). However, in one flare the cool and warm upflows appear to be accompanied
by a decreasing plasma density, which

RSN These results provide important clues to understand the coronal plasma dynamics during flares on M
dwarfs.

Keywords: Stellar coronae (305); Stellar coronal lines (308); Stellar flares (1603); Stellar coronal mass ejections

(1881); Late-type dwarf stars (906)

1. INTRODUCTION

In the standard model of solar flares (e.g., Benz & Giidel
2010; Fletcher et al. 2011; Shibata & Magara 2011), a con-
siderable amount of magnetic energy is rapidly released
through magnetic reconnection in the form of accelerated
electrons. These energized electrons travel downward along
closed magnetic loops into the lower atmosphere, causing
intense chromosphere heating. The ensuing overpressure
explosively drives hot evaporating flows with millions of
Kelvin into the corona. Such an ongoing “chromospheric
evaporation” process (Fisher et al. 1985a) then results in a de-
layed soft X-ray (SXR) and extreme ultraviolet (EUV) flare
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emission in post-flare loops (Neupert 1968; Dennis & Zarro
1993). Above the post-flare loops, an ejecting plasmoid, i.e.,
filament/prominence, sometimes may appear and lead to a
coronal mass ejection (CME) after a rapid acceleration (see
Shibata 1999; Forbes 2000; Lin & Forbes 2000; Lin et al.
2003). Due to the similarity between stellar and solar flares
that revealed from previous photometric observations (e.g.,
Neupert 1968; Dennis & Zarro 1993; Hawley et al. 1995;
Giidel et al. 1996) and recent parameter analyses (Notsu et al.
2013; Shibayama et al. 2013; Maehara et al. 2017; Namekata
et al. 2017; Yan et al. 2021), stellar flares are generally as-
sumed to be caused by the same physical processes as de-
scribed in the standard model of solar flares. However, this
assumption has not been tested in detail yet.

As the key supportive evidence for the standard model of
solar flares, chromospheric evaporations during solar flares
have been well studied through spatially-resolved spectral
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observations at optical, ultraviolet (UV), EUV and SXR
wavelengths (e.g., Brosius 2003; Teriaca et al. 2003; Gra-
ham & Cauzzi 2015; Li et al. 2015b; Tian et al. 2015; Zhang
et al. 2016; Li et al. 2017a,b, 2018; Tian & Chen 2018;
Tei et al. 2018; Yu et al. 2020; Yang et al. 2021). Accord-
ing to the energy flux injection rate, chromospheric evapora-
tions are divided into explosive and gentle ones (Fisher et al.
1985a). Explosive evaporations are characterized by upflows
with speeds up to several hundred and are associated with ob-
vious cool downflows called “chromospheric condensation”
(Ichimoto & Kurokawa 1984; Canfield et al. 1990; Gan et al.
1993; Zhu et al. 2019). On the contrary, gentle ones only
show upflows with speeds of several tens km s~! and do not
reveal any associated downflows. For explosive ones, a rever-
sal of blue/redshifts is often found in the temperature range
of 0.8—2 MK on the Sun (e.g., Milligan et al. 2006; Mil-
ligan 2008; Chen & Ding 2010; Imada et al. 2015; Cheng
et al. 2019). This transition temperature sometimes even
reaches up to 5 MK (Li & Ding 201 1). Moreover, the velocity
of an evaporating flow normally increases with the spectral
line formation temperature, which can reach up to 200—400
km s~ at temperatures of more than 10 MK (e.g., Antonucci
et al. 1982; Tian et al. 2014; Li et al. 2015a; Young et al.
2015; Tian et al. 2015; Zhang et al. 2019). By comparison,
on other stars, hot evaporation flows during flares have been
rarely detected, as reviewed in (Giidel & Nazé 2009, 2010;
Linsky 2019). Indirect ways such as coronal density increase
indicated by He-like triplet analysis (e.g., Giidel et al. 2002;
Liefke et al. 2010), “Neupert effect” inferred from multi-
band light curves (e.g., Giidel et al. 1996; Hawley et al. 1995,
2003), and abundance changes (e.g., Laming & Hwang 2009;
Liefke et al. 2010) were used to infer the existence of such
plasma flows.

On the Sun, flares are often accompanied by CMEs (see
Chen 2011). Solar CMEs are known as the main driver of
severe space weather disturbances (Gosling 1993) and have
been routinely imaged by white-light coronagraphs (Webb &
Howard 2012). The possibility of CME detection through
Sun-as-a-star observations has also been demonstrated (Ma-
son et al. 2016; Xu et al. 2022; Yang et al. 2022). As
their counterparts, stellar CMEs have also gained more and
more attention in recent years, because of their potential
hazard to the exoplanetary space weather (Airapetian et al.
2020). But so far only a handful of possible stellar CMEs
have been detected through several methods (see details
in Moschou et al. 2019), including significant plasma mo-
tions revealed by time-resolved spectroscopy (e.g., Houde-
bine et al. 1990; Vida et al. 2016; Argiroffi et al. 2019;
Namekata et al. 2021), X-ray dimmings after stellar flares
(Veronig et al. 2021), as well as X-ray continuum absorp-
tion (Moschou et al. 2017). Several numerical simulations
have attempted to study the coronal/interplanetary responses

of stellar CMEs and their potential impacts on nearby exo-
planets (e.g., Alvarado-Gomez et al. 2019; Lynch et al. 2019;
Jinetal. 2020; O Fionnagdin et al. 2022). The possible strong
magnetic suppression and the observed low CME occurrence
rates on M dwarfs have also been discussed by several au-
thors (Drake et al. 2016; Alvarado-Gémez et al. 2018; Li
et al. 2021b; Sun et al. 2022).

In order to understand the plasma dynamics during stel-
lar flares and their connection to CMEs, many spectroscopic
studies of stellar flares have been conducted in optical and
UV passbands. In these studies, apart from line broaden-
ings (e.g., Fuhrmeister & Schmitt 2004; Lalitha et al. 2013;
Namekata et al. 2020; Wang et al. 2021a; Wu et al. 2022),
line asymmetries have also been frequently observed in low-
temperature chromospheric (or transition-region) lines dur-
ing stellar flares (e.g., Houdebine et al. 1993; Berdyugina
et al. 1999; Fuhrmeister & Schmitt 2004; Fuhrmeister et al.
2008; Leitzinger et al. 2011; Honda et al. 2018; Muheki et al.
2020a,b; Koller et al. 2021; Maehara et al. 2021; Wu et al.
2022; Lu et al. 2022). For instance, Gunn et al. (1994) de-
tected prominent evaporating chromospheric plasma flows in
Balmer and Ca 11 lines during a flare event on a dM4.5e star
AT Mic. During and shortly after the impulsive phases of
individual flares on AD Leo, Hawley et al. (2003) detected
signatures of chromospheric condensation in UV lines, with
a Doppler velocity of 40 km s™1. To search for flares and
CMEs on M dwarfs, Vida et al. (2019) and Muheki et al.
(20202) independently investigated a large number of stel-
lar chromospheric spectra, but they consistently claimed a
low detection rate of possible CMEs and a high level of flare
activity on M dwarfs. Recently, Namekata et al. (2021) re-
ported the first detection of an eruptive filament associated
with a superflare (i.e., a flare with an energy of more than
1033 erg) on EK Dra. The main signatures are a blueshifted
absorption component with a high speed of 510 km s~ in
Ha and a related dimming in the light curve of the Ha equiv-
alent width. Through a comparison between this eruption
and solar filament eruptions, they concluded that this erup-
tion very likely launches a stellar CME.

Compared to spectral studies at optical/UV wavelengths,
time-resolved SXR spectroscopic observations can better re-
veal the coronal physical processes behind stellar flares.
However, only very few such observations exist (see the
review of Giidel 2004). The first X-ray spectral evidence
for chromospheric evaporation during stellar flares was pre-
sented by Giidel et al. (2002). This large flare was ob-
served on Proxima Centauri with XMM-Newton. During this
flare, apart from a clear “Neupert effect”, they also found a
strong density increase from a pre-flare level of n, < 10*°
to 4x 10" cm—3, which was inferred from the He-like O vII
triplet. Recently, using time-resolved SXR spectroscopic ob-
servations provided by Chandra X-ray observatory, Argiroffi



CORONAL PLASMA FLOWS DURING STELLAR FLARES OF EV LAC 3

et al. (2019) first unambiguously detected multi-temperature
(about 3—25 MK) coronal plasma flows in a mega flare on
HR 9024. They attributed the cool upflows detected in the
O viII ( 18.97 A ) line to a possible CME coupled to the flare
and the hotter upflows detected at the flare onset to chromo-
spheric evaporation.

With time-resolved X-ray spectra of a nearby flare star
EV Lac obtained with the Chandra X-ray observatory, this
study focuses on probing coronal plasma flows during flares,
as well as their associated coronal density/temperature varia-
tions. We describe the instrument and observation in Section
2. The data analysis and methods are described in Section 3.
Section 4 presents the results and interpretation in the context
of the standard model of solar flares while Section 5 provides
discussions and conclusion.

2. INSTRUMENTS AND OBSERVATION
2.1. Instruments and Data Selection

The Chandra X-ray Observatory was launched on 1999-
Jul-23 (Weisskopf et al. 2000). As one of the two high-
resolution grating systems on the Chandra, the High En-
ergy Transmission Grating (HETG) consists of two sets
of transmission gratings, i.e., the Medium Energy Grating
(MEG) and the High Energy Grating (HEG), which simul-
taneously collect X-ray spectral signals in the wavelength
ranges of 2.5—31 A and 1.2—15 A, respectively. In conjunc-
tion with a spectroscopic array of the Advanced CCD Imag-
ing Spectrometer (ACIS-S) detector (Garmire et al. 2003),
the HETG forms the High-Energy Transmission Grating
Spectrometer (HETGS) (Canizares et al. 2005). The Chan-
dra/HETGS provides a very high spectral resolving power
(MAX ~100—1000) and the high-accuracy wavelength cal-
ibration allows velocity measurements down to ~10—20
km s~ (see Ishibashi et al. 2006; Argiroffi et al. 2017).

The Chandra Transmission Grating Data Archive and Cat-
alog (TGCat, Huenemoerder et al. 2011) provides easy ac-
cess to observations of a particular object or type of ob-
ject, and its web search interface also supports a quick re-
view on the quality and potential scientific usefulness of the
spectra products. In order to search for flare-induced coro-
nal plasma flows and possible stellar CMEs, we checked the
spectra products of strong X-ray flare events that occur on
single stars with the aid of TGCat, focusing on the Chandra
category “Stars and WD”. Finally, we found observations of
two single stars, including HR 9024 and EV Lac, with ob-
vious Doppler shifts of spectral lines. The former has been
investigated by Argiroffi et al. (2019). Here, we investigated
the plasma flow pattern during several flares on EV Lac and
tried to explain their physical origins.

2.2. EV Lac and its Chandra Observations

EV Lac (EV Lacertae or Gl 873) is a nearby (5 pc) dM3.5¢
flare star in the constellation Lacerta, which emits strong
X-rays and is known to frequently produce flares (with fre-
quency up to 0.48 hr1!) (e.g., Ambruster et al. 1984; Leto
et al. 1997; Osten et al. 2005; Paudel et al. 2021; Muheki
et al. 2020b). The quiescent coronal temperature of EV Lac
appears to be 3—20 MK, since its differential emission mea-
sure (DEM) distribution derived from the Extreme Ultravio-
let Explorer (EUVE, Bowyer & Malina 1991) and Chandra
observations peaks at log T/K ~6.4 and does not decrease too
much till log T/K = 7.2 (Osten et al. 2006). Due to its rapid
spinning (~4.3 days), EV Lac hosts stronger magnetic activi-
ties and can produce many more powerful flares (with energy
up to 1034 erg) compared to our Sun (Favata et al. 2000; Os-
ten et al. 2010). With time-resolved high-resolution Ha spec-
troscopy of a flare on EV Lac, Honda et al. (2018) recently
reported a blue wing enhancement during the whole dura-
tion of the flare (more than 1.5 hr) and an absorption com-
ponent in the red wing during the early and later phases of
the flare. They attributed the latter to chromospheric down-
flows in the post-flare loops, while tentatively ascribed the
former to evaporation or filament activation/activity. Muheki
et al. (2020b) monitored EV Lac spectroscopically at a high
resolution for 127 hours. They found a significant blue shift
(~ 220 km s~1) in one of 27 Ho flares and ascribed it to an
erupting filament.

EV Lac was observed by the Chandra/HETGS twice in
September 2001 for 100 ks (ObsID 1885) and March 2009
for 97 ks (ObsID 10679). Using these observations, Huen-
emoerder et al. (2010) previously conducted a survey of all
short- and long-duration flares on EV Lac, focusing on their
photometric parameters (amplitude, shape, and scale), tem-
perature, emission measure, and Fe K fluorescence. With
these two observations, our current work aims to probe flare-
associated plasma flows and plasma parameter variations.
For brevity, we hereafter refer to these two observations
as Obsl and Obs2, respectively. We used the analysis-
ready Chandra/HETGS X-ray count spectra products ob-
tained from the 7GCat.

3. DATA ANALYSIS AND METHODS
3.1. The X-ray light curves and composite X-ray spectra

Figure 1 presents the X-ray spectra and total light curves
of EV Lac observed in Obsl and Obs2. The total 200-ks-
long observation of EV Lac includes at least 12 flares (as
labeled by No.1—12), indicating a high level of flaring ac-
tivity. In order to study the coronal dynamics of these flares
with time-resolved spectroscopy, we extracted both HEG and
MEG spectra as a function of time during Obs1 and Obs2. As
pre-study test cases, we tried to integrate the HEG and MEG
spectra over many different time periods to obtain compos-
ite spectra using the Chandra’s data analysis system (CIAO
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version 4.12; Fruscione et al. 2006). As a result, we con-
cluded that: (1) the MEG composite spectra with a higher
SNR are suitable for our current study, while the HEG spec-
tra are too weak to generate time-resolved composite spectra
with enough counts for a line fit (on the time scale of several
tens of ks); (2) Even for the strong spectral lines, the higher-
SNR MEG composite spectra can only reflect the averaged
coronal plasma dynamics over a time period of at least sev-
eral tens of ks.

Therefore, we mainly investigated four time intervals with
strong flare activities that we respectively labeled as “D1”,
“D2”, “D3”, and “D4” (see Figure 1) and two relatively qui-
escent time intervals flare activities that we labeled as “ref-
erence” ones, using time-resolved MEG composite spectra.
Despite that the reference interval (60—100 ks) in Obsl in-
cludes a small short-duration flare (No.5), we confirmed that
it still appears to be a good reference as compared to the flar-
ing intervals D1 and D2 (Section 4.1). The average X-ray
luminosity of these two reference time intervals in the wave-
length range of 1.826 A is around 1.3 x 10?8 ergs~! and 1.7
x 10?8 erg s—1, respectively. For each time intervals of our
interest, we extracted composite spectra from the MEG spec-
tra and their integration time ranges were manually selected
based on our pre-study tests. The time range selection first
ensures that each of the analyzed spectral lines has enough
counts for a line fit (with a flux of at least ~ 10 count bin™1),
and then should divide flare events into more different evo-
lution phases from the light curves. According to these se-
lection criteria, the number of composite spectra for each of
the analyzed spectral lines could be different (see Section 4).
In this integrating process, count errors of composite spec-
tra were recomputed using the default methods provided by
CIAO. For bins with sufficiently large counts (N > 20—30),
Gaussian statistics are appropriate, so that the 1-o error is
given by /N; for bins with lower counts, the Gehrels ap-
proximation (Gehrels 1986) to confidence limits for a Pois-
son distribution was used, so that the 1-o error is given by
1+ /(N +0.75).

The observed line profiles of these composite spectra can
be well characterized by a modified Lorentzian function (see
the Chandra Proposers’ Observatory Guide' and Testa et al.
2004). This function is described by the relation

a

A—\ )
{1+ [z
where a is line intensity, A is line center, /3 is the exponent,

and I is line width. This modified Lorentzian function will
be used for further spectral analysis in Section 3.2 and 3.3.

F(a7 )‘7]-—‘75) = (l)

3.2. Doppler shift measurements

! https://cxc.cfa.harvard.edu/proposer/POG/html/

We selected three strong and isolated Lyman « doublet
lines: O viil (18.97 A, Tpear~3 MK), Mg XI1 (8.42 A,
Tpear~10 MK), and Si X1V (6.18 A, Tpear~16 MK), as
well as one strong coronal emission line: Fe XvII (15.01 A,
Tpeak~6 MK), for Doppler shift measurements. Each of
these three Lyman o« doublet lines have a known theoreti-
cal wavelength difference and an intensity ratio of 2:1 in the
optically thin stellar coronae. We applied a two-component
Lorentzian function with a fixed wavelength difference, in-
tensity ratio, and line width plus a background to fit these
observed Lyman « doublet lines (see Section 4). For the iso-
lated Fe XVII line, a Lorentzian function was applied. With
the aid of a Markov chain Monte Carlo (MCMC) analysis
method (see Appendix A), the position of each selected line
was determined. Considering that the coronal temperature of
EV Lac is 3—20 MK, Doppler shifts of these selected lines
can characterize plasma motions of the cool (~3 MK), warm
(5—10 MK), and hot (~16 MK) components of EV Lac’s
corona, respectively. Meanwhile, due to the negligible radial
velocity of EV Lac (1.5 km s~!) and the low satellite veloc-
ity (1-2 km s—1), the observed Doppler shift of each analyzed
spectral line should represent the plasma velocity on the star.

3.3. Plasma density and temperature diagnostics

The variable line intensities of the He-like triplets of Si X111
(6.7 A, Tpear~10 MK) and O vi1 (22 A, ~2 MK) and the
line pair of Fe xvir (17.05/17.10 A, Tpear~5 MK) were
used to estimate the electron density and temperature vari-
ations during the flares on EV Lac. The relevant triplets of
Si X111 and O VII are each formed by radiative decays from
the upper to the ground state, including the resonance transi-
tion (r: 152 1Sy — 1s2p 1 P;), the intercombination transition
(i: 152 1Sy — 1s2p 3Py »), and the forbidden transition (f:
152 1Sy — 1525 3S1). The flux ratio G = (f +4)/r is mainly
sensitive to temperature, while the flux ratio R = f /7 is sensi-
tive to electron density because increased electron collisions
excite the transition from the 357 to the 3P state before the
former’s radiative decays (Gabriel & Jordan 1969; Pradhan
& Shull 1981). Although other He-like triplets of Ne 1X
and Mg XTI in Chandra X-ray spectra had occasionally been
used for coronal plasma diagnostics on stars (e.g., Ness et al.
2002), here we did not undertake an analysis of them, since
they were found to be heavily blended with other lines (e.g.,
Giidel et al. 2002; Testa et al. 2004).

For the relevant triplet, line parameters were determined
through a three-component Lorentzian function. Assuming
each component of the triplet has the same line width and a
fixed wavelength difference, this function can be expressed
as the following

F()\) = F(ah)‘r,07F76)+F(ai7)‘i,07r7ﬂ)+F(af7)\f,0>F7ﬁ)+BO>

2
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where the subscripts, i.e., 1, i, and f, respectively represent
the three components of the triplet, and By is the background
flux. Based on the known wavelength differences between
different components of the triplet and the definitions of line
ratios, this relation can be rewritten as the following

F)\ :F(an)\r,()a]-—‘vﬁvBO,R,G)v (3)

where the R and G ratios are the density- and temperature-
sensitive line ratios of our interest, respectively. Similarly,
line ratios and other parameters of the line pair of Fe XVII
were also determined through a two-component Lorentzian
function. The MCMC analysis method was also used to
constrain and estimate each fitting result (see Appendix A).
Composite spectra at different time intervals and their best
fitting results are shown in Section 4. Meanwhile, the
Doppler shifts measured from the Si XIII triplet and the line
pair of Fe XVII were also provided as a complement to the
Doppler shift measurements in Section 3.3.

The theoretical curves of R- and G-ratios of the Si XIIT and
O VII lines, as well as the line ratio of the Fe XVII line pair
that we used for the order-of-magnitude estimation of plasma
density and temperature are shown in Figure 2, which were
obtained from the CHIANTTI atomic database V.9.0.1 (Dere
et al. 2019). The line pair of Fe XVII are density sensitive
when log(n,) is larger than 10'® cm™2 and their line ratio
can well constrain the density as it is below 0.9. The Si XII
triplet are density sensitive when log(n.) > 102 cm~—3 and
the R ratios we measured are mostly near 2.3, so that only
an upper limit of density can be given in some time inter-
vals. From Figure 2(b), we can see that the G ratio of the
Si XxI1iI triplet only slightly changes with the electron den-
sity. So in this work we used the theoretical G-ratio curve
computed at the density of 10'® cm™3 for temperature es-
timations, because this density is similar to previous density
measurement results of the X-ray coronae on many stars from
the Si XTI triplet (Ness et al. 2002; Testa et al. 2004). For the
much weaker O VII triplet, reliable measurements of line ra-
tios and Doppler shifts in different time intervals are impossi-
ble. But its R ratio (around 1.51+£0.28) measured in the total
observed MEG spectra reveals a characteristic coronal den-
sity of 5.5x10'% cm™—3, consistent with other previous mea-
surement results (e.g., Giidel et al. 2002; Testa et al. 2004;
Liefke et al. 2010). Considering the potential model inaccu-
racies, we would emphasize as much as possible trends in the
observed line ratios in this study, rather than the exact den-
sity/temperature values derived from the theoretical models.

4. RESULTS AND INTERPRETATIONS

4.1. General trends

In the 200-ks-long observation, we detected significant
Doppler shifts during four flaring durations: D1, D2, D3,
and D4. Their Doppler velocities in the range of 30—110

km s~! can not be explained by the spinning motion of coro-
nal structures fixed on the stellar surface, because the veloc-
ity of EV Lac is low (4.5 km s~!). The detected Doppler
shifts in multi-temperature coronal emission lines result from
flare-induced motions of X-ray emitting plasma, since each
of their detections is temporally correlated with a flare ac-
tivity. By comparison, Doppler shifts measured in the ref-
erence intervals (60—100 ks in Obs1 and 0—40 ks in Obs2)
are almost all below + 20 km s—1, which confirms the accu-
racy and reliability of the wavelength calibration of the Chan-
dra/HETGS.

In general, the densities we measured from the line ratios
of Si XIII are compatible with the low-density limit of 1013
cm~? that reported for many stars by Testa et al. (2004).
Moreover, the variable line ratios of the He-like Si XTII triplet
in each flaring durations indicate a significant variation of
plasma density and temperature with respect to that of the
quiescent state. Variable ratios of the Fe XVII line pair gen-
erally indicate an average electron density near 10*® ¢cm~3,
but their relevance to the flare activity seems to be more
complex. Relatively high densities were found for medium
flares, whereas lower densities were found for both the qui-
escent intervals and strong flares. (see Figure 4(h) and Fig-
ure 6(h)). Possibly, this is because this line pair have a for-
mation temperature (5 MK) that is close to the background
coronal temperature (peaks at log T/K ~6.4) and thus are
less sensitive to the high-temperature flaring plasma. So in
the following discussion, we will focus on the more illus-
trative density/temperature diagnostics of high-temperature
flaring plasma from the He-like Si XI1I triplet.

4.2. Duration D1

The flaring duration D1 includes the decay phase of a long-
duration flare (No.1) and another medium flare (No.2) de-
tected in Obsl1 (time range of 0—40 ks, see Figure 1(c) and
Figure 3). The total X-ray energy radiated during DI is
around 7.7x 1032 erg and its maximum luminosity is about
9.4 x10%® erg s~!. During D1, the measured R- and G- ra-
tios of Si XI1I display an increasing trend, along with the de-
crease of the X-ray flux (Figure 4 (a) and (c)). In other words,
the characteristic coronal density and temperature during F1
are gradually decreasing to a quiescent state (Figure 4 (b)
and (d)). The coronal density in flare No.l was estimated as
around 10'3-® cm™2 (see Figure 4 (b) (even with its lower
limit unconstrained), which is significantly higher than that
of the quiescent state in Obs1 (about 10'2 cm~3) and thus
indicates a significant density increase in the flaring coronal
loops.

The Doppler shift measurements of D1 in Figure 3 and Fig-
ure 4 reveal the following behaviors: in the cool O VIII line at
18.98 A, a blueshift first increases from 28 + 10 km s~ to 70
+ 7 km s~ ! in the 0—25-ks time interval and then decreases



6 CHEN ET AL.

down to a near-zero velocity in the 25—35-ks time interval;
obvious blueshifts of 50—130 km s~ simultaneously appear
in many warm lines, including the Mg XII line, the Fe XVII
lines, and the Si XIII triplet; by contrast, in the hot Si X1V
line, a redshift decreases from 83 + 44 km s~ to 48 + 77
km s~!. This Doppler shift pattern suggests simultaneous hot
plasma downflows and cool/warm upflows. We will discuss
the possible origin of such plasma flow pattern in Section 5.

4.3. Durations D2, D3 and “gentle evaporation”

The flaring duration D2 includes two short-duration but
relatively strong flares (No.3 and 4) occurring in the 35—60-
ks time interval of Obs1 (see Figure 1(c) and Figure 3). These
two flares have peak luminosities of about 6.1 x102?® erg
s™! and 5.5 x10%® erg s~ !, respectively. The total X-ray
flare energy during D2 is about 2.0 x 1032 erg. During these
two flares, the measured R- and G-ratio values of Si XIII are
2.05+0-4%5 and 0.70+3-933, respectively (Figure 4 (a) and
(c)). Compared to the quiescent state in 60—100 ks, these
line ratios indicate a significant increase of the coronal den-
sity up to 10134 cm™3 and a temperature rise (Figure 4 (b)
and (d)). Note that the density measurement of D2 only gives
the best and upper limit values, with the lower limit uncon-
strained (see Figure 4 (b)).

For D2, only one composite spectrum was obtained for
each of the analyzed spectral lines. Our Doppler shift mea-
surements of D2 in Figure 3 and Figure 4 demonstrate no
obvious Doppler shift at the cool O VIII line, but simultane-
ous blueshifts in other warm and hot lines with a velocity of
40—80 km s~!. The Doppler shift pattern suggests the pres-
ence of hot and warm coronal upflows without cool down-
flows. Interestingly, the blue shift appears to increase with
the line formation temperature, i.e., 40—50 km s~ ! in warm
lines and 76 km s~ in the hot Si XIV line, despite the large
uncertainty in the latter. Such features are quite similar to
the observational characteristics of the gentle chromospheric
evaporation observed in some solar flares with a relatively
low energy injection rate (e.g., Fisher et al. 1985a; Zhang & Ji
2013; Li et al. 2019b). In this case, the absence of blueshifts
in the cool O VIII can be ascribed to a low injection rate of
nonthermal electrons and insufficient dissipation of energy in
the lower atmosphere.

The flaring duration D3 occurs in the 40—60-ks time inter-
val of Obs2 (see Figure 1(c) and Figure 5), which includes
two relatively long-duration flares (No. 6 and 8), and a very
short-duration flare (No.7). The total X-ray flare energy of
D3 is about 2.6 x 1032 erg and its maximum peak luminos-
ity is about 1.1 x102?9 erg s~'. The plasma flow pattern of
D3 and its associated plasma parameter variation measured
from the Si X111 triplet are also suggestive of gentle evapora-
tion. Our Doppler shift measurements in Figure 5 and Fig-
ure 6 (e2) demonstrate that during D3, blueshifts of several

tens km s~! appear in all cool, warm, and hot spectral lines.
Their Doppler velocities also appear to increase with the line
formation temperature, i.e., around 40 £+ 10 km s~ ! in the
O VIII line, 43 4+ 4 km s~ in the Fe XVII line pair, 44 +
16 km s~ in the Fe xvII 15.01 A line, 50 & 20 km s~ in
the Mg XII line, 62 & 7 km s~ in the Si XIII triplet, and 69
+ 36 km s~ ! in the Si X1V line. Moreover, during D3, the
measured R- and G-ratio values of Si XIII, as presented in
Figure 6, are 2.034+9-12 and 1.1140-339, respectively. Com-
pared to the quiescent state in 0—40 ks, these line ratios also
indicate an increase of the coronal density up to 10!3-0 cm =3,
However, its temperature appears to show no obvious change
(Figure 6 (b) and (d)).

4.4. Duration D4 and “explosive evaporation”

The flaring duration D4 includes two long-duration flares
(No.11 and 12) occurring in 75—105 ks of Obs2 (see Fig-
ure 1(f) and Figure 5). During D2, the peak luminosity of is
about 9.1 x102?® erg s~! and the total X-ray flare energy is
about 6.7 x 1032 erg. Similarly, the plasma density and tem-
perature diagnosed in D4 from the Si XIII triplet also reveal
a significant increase compared to the quiescent state (Fig-
ure 6). In particular, the highest plasma density (10!3-8+0-1
cm~?) measured in Obs2 is temporally correlated with the
flare peak of the event No.l11, which is also accompanied
with a rise in temperature from the pre-flare level of log T/K
=6.5to log T/K=6.8.

For D4, one composite spectral profile was obtained for
the warm Mg XII line, and two for the other selected spectral
lines. Different from the smaller Doppler shift detected in
the pre-flare state (see the time intervals 0—18 ks and 18—36
ks in Figure 5), our Doppler shift measurements in Figure 5
and Figure 6 indicate a simultaneous presence of cool/warm
coronal downflows and hot coronal upflows in D4. The hot
upflows appear as a significant blueshift at the 16-MK Si X1v
line, which shows a possible velocity increase from 71 4 44
km s~! in the 76—90-ks period to 95 + 72 km s~ in the
90—105-ks period. For the warm downflows, their Doppler
velocities are 54 & 11 km s~ ! at the Si XII triplet and 105 =+
27 km s~ at the Mg XII line, respectively. Cooler downflows
are simultaneously detected at the O V1iI line and the Fe XVII
lines, with Doppler velocities in the range of 30—45 km s 1.

Such a unique plasma flow pattern is highly analogous to
that of the explosive chromospheric evaporation process ob-
served in many large solar flares (e.g., Milligan & Dennis
2009; Tian et al. 2015; Li et al. 2015a). In this case, the
blueshift in the Si X1V line can be ascribed to the high-speed
evaporating flows at a temperature of ~16 MK, and the red-
shift detected in the Mg XII line and the Si XIII triplet most
likely results from on-going cooling in post-flare loops. Such
downward cooling flows in the 10-MK warm lines likely cor-
respond to the “warm rain” phenomena, which have been re-
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ported in the explosive evaporation of solar flares with a for-
mation temperature higher than the background coronal tem-
perature but lower than that of the flaring loops (e.g., Brosius
2003; Li & Ding 2011). The redshifts of 30—45 km s~ de-
tected in the cooler O VIII line and the Fe XVII lines may
be caused by cold rains (e.g., Tian et al. 2015; Antolin 2020;
Li et al. 2021a; Chen et al. 2022) in post-flare loops and/or
chromospheric condensation driven by continuing nonther-
mal heating. As revealed by many solar flare cases, the ap-
pearance of “warm rain” and possible chromospheric con-
densation both can be regarded as supportive signatures of
explosive injections of non-thermal electrons during flares
(e.g., Ichimoto & Kurokawa 1984; Fisher et al. 1985a; Bro-
sius 2003). In particular, the peak characteristic coronal den-
sity of D4 is found to rise up to 1013-® cm™—3, which indicates
that a huge amount of heated chromospheric plasma is con-
tinuously replenished into the flare loops. Compared to D2
and D3, D4 indeed includes more powerful flare activities
with X-ray energy up to 6.7x 1032 erg, which implies that a
higher energy injection rate may be responsible for the ob-
served explosive evaporation process.

5. DISCUSSION AND CONCLUSION

The occurrence of hot evaporation flows during stellar
flares has long been predicted by the standard flare model,
but hot evaporation plasma flows have been hardly detected
in coronal emission lines in the past, as mentioned by Giidel
& Nazé (2010) and Linsky (2019). Alternatively, Giidel et al.
(2002) first provide X-ray spectroscopic evidence for chro-
mospheric evaporation during a long-duration flare on Prox-
ima Centauri, through measuring increasing electron densi-
ties in the flaring plasma. Similarly, the line ratios we mea-
sured from the He-like Si XIII triplet also indicate a signifi-
cant increase of coronal density and temperature during four
flaring durations (D1, D2, D3, and D4) compared to pre-
flare/quiescent states, despite that the lower limits of the den-
sity estimations are unconstrained during D1 and D2. In par-
ticular, the maximum density we measured appears in D4 and
it reaches up to 10'3® cm™3, which indicates that a signifi-
cant amount of hot plasma is explosively replenished into the
corona of EV Lac within a few hours. These results con-
form the scenario of chromospheric evaporation and reveal
the possible important role of frequent flare activity in sus-
taining the million-degree hot coronae above cool stars (i.e.,
Hudson 1991; Peter & Dwivedi 2014)

Recently, Argiroffi et al. (2019) detected up-
ward/downward motions of hot coronal plasma in the tem-
perature range of 1025 MK during a long-duration strong
flare on a giant star HR 9024, with velocities of 100—400
km s~!. They claimed that these plasma motions are in
agreement with a model of a flaring magnetic tube, in which
hot evaporation upflows first appear at the flare onset and

downflows then dominate in the decay phase. More im-
portantly, after the flare, they also detected a blueshift of
about 90 km s~1, i.e., upflow of cool plasma (about 3 MK),
in the O VIII line, which they ascribed to a possible CME
event since it involves only cool plasma. In the current work,
with time-resolved high-resolution X-ray spectra from Chan-
dra/HETGS, we also detected clear evidence for hot coronal
evaporation flows during three flaring durations (D2, D3,
and D4) on EV Lac using high-temperature coronal emis-
sion lines (including the Si X1v, Si X111, and Mg XII lines).
Combined with the flare-induced temperature increases, we
suggest that the plasma flow patterns observed in D2, D3,
and D4 can be explained by flare-induced chromospheric
evaporation in the context of the standard solar flare model.
Interestingly, despite the relatively large uncertainty in some
weak spectral lines, the blue/red shifts detected in D2, D3,
and D4 appear to increase with the line formation tempera-
ture, which is well consistent with the situations observed in
solar cases (i.e., Milligan 2008). For D2, we see hot/warm
upflows with a Doppler velocity of several tens km s~! and
no obvious cool downflows. For D3, we see cool, warm, and
hot upflows with a Doppler velocity of several tens km s~ .
These features are analogous to the gentle evaporation sce-
nario. For D4, we simultaneously detect 16-MK hot upflows
with a Doppler velocity of up to 100 km s~*, 10-MK warm
downflows of 50—100 km s~ !, as well as cooler downflows
of 15—40 km s—1, which is consistent with the scenario of
explosive evaporation. The downflows likely result from
two alternative scenarios or their superposition: chromo-
spheric condensation and plasma cooling in the flare loops.
To the best of our knowledge, this is the first time that high-
temperature plasma flows of flare-induced chromospheric
evaporation are detected on M dwarfs.

Cheng et al. (2019) recently studied the flare-induced
plasma flows during two X-class solar flares, through
Doppler shift measurements with a Sun-as-a-star EUV spec-
trometer EUV Variability Experiment on board the Solar Dy-
namics Observatory. This work provides a valuable refer-
ence for coronal dynamics of stellar flares. In one of their
flare events, we noticed that the hot component of chro-
mospheric evaporation (around 6.5 MK) is characterized by
a strong blueshift of 120—200 km s~! in the Fe XVIII 94
A line, which rapidly increases in the impulsive phase and
lasts for about three hours. Meanwhile, the presence of cold
downflows is indicated by a significant redshift of several
tens to 170 km s~! in the Fe viir 131 A line (about 0.37
MK) and lasted for nearly two hours. In general, the coronal
upflows/downflows we detected in D2 and D4 show similar
lifetimes (on the order of 4—7 hours) and Doppler velocities
(a time-averaged velocity of several tens to 130 km s~ 1) as
in Cheng et al. (2019). This reinforces the conclusion that
the upward plasma flows we detected in D2, D3, and D4
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result from chromospheric evaporation and that downward
plasma flows in D4 are possibly caused by subsequent cool-
ing and/or chromospheric condensation induced by the non-
thermal heating.

Moreover, the Sun-as-a-star spectral observations of
Cheng et al. (2019) revealed that the temperature at which the
Doppler shift transits from blue to red during solar explosive
evaporations is close to 1 MK, much higher than that pre-
dicted by the chromospheric evaporation model (Fisher et al.
1985b). While other spatially resolved spectroscopic obser-
vations revealed that this reversal can even occurs at temper-
atures of 2—5 MK during some solar flares (Milligan 2008;
Milligan & Dennis 2009; Li & Ding 2011). In comparison,
here, a much higher reversal temperature, at least up to 10
MK, was observed during our stellar flare events in D4. This
higher reversal temperature might be attributed to (1) the dif-
ferent energy deposition rates, heights, or duration driven by
magnetic reconnection (Liu et al. 2009) during stellar flares
and/or (2) the very different plasma environment (i.e., den-
sity and temperature, etc.) in the flaring corona of EV Lac. In
addition, such redshifts of hot coronal emission lines might
also be expected if thermal conduction effect is strongly sup-
pressed in flare reconnection regions (Imada et al. 2015).

Compared to D2, D3, and D4, this plasma flow pattern in
D1 is more unique and complex (see Section 4.2), because
a mega flare (No.1) and a medium flare (No.2) took place in
succession (see Figure 1 (c)). That is to say, the plasma flows
and density/temperature variations measured from the com-
posite spectra possibly originate from the superposition of
these two flares. The redshift of the hot Si X1V line decreases
from 83 km s~ to 48 km s~ ! along with the decrease of the
X-ray flux. We suggest that it likely results from the plasma
emission in the post-flare loops of the mega flare, in which
a bulk of hot plasma was trapped and was moving down-
ward at its decay phase. This possibility is also supported
by the fact that the narrow-band light curve of the 16-MK
Si X1V line (Figure 3(d1)) reveals this mega flare but shows
no an obvious signature of the medium flare that peaks at
about 20 ks (Figure 1 (c)). The cool and warm upflows de-
tected in the time period of 0—15 ks might be caused by an
on-going chromospheric evaporation at the decay phase of
the mega flare, because they are accompanied by a signif-
icant increase of plasma density and temperature (as com-
pared to the quiescent period) as measured from the Si XIII
triplet (in Figure 4 (a-d)). By comparison, the significant
cool (3 MK) upflows in the time period of 11—25 ks and
warm (5—10 MK) upflows in the time period of 15—35 ks

are most likely induced by the medium flare. But they ap-
pear to be associated with a decrease of plasma density and
temperature at 10 MK (Figure 4 (a-d)). This excludes the
possibility of chromospheric evaporation, because in such a
case, the 10-MK upflows are expected to be accompanied by
an increasing density of the corresponding flaring plasma. In-
stead, we suggest that this is most likely caused by a plasma
ejection event coupled to the flare, i.e., filament/prominence
eruption, as reported by Muheki et al. (2020b) on EV Lac
and by Xu et al. (2022) from Sun-as-a-star observations. In
this scenario, the expanding magnetized structure may erupt
with cool and warm materials, thus naturally resulting in the
simultaneous blueshifts of cool/warm lines and a decreas-
ing plasma density. Note that the upward velocities of these
cool/warm erupting materials are far below the escape veloc-
ity, thus whether a corresponding stellar CME was success-
fully launched remains unclear (e.g., Argiroffi et al. 2019;
Mubheki et al. 2020b).

To summarize, using time-resolved X-ray spectroscopic
observations provided by the Chandra/HETGS, we detected
distinct flare-induced plasma flows in the corona of EV Lac
but none of them supports a definite occurrence of stellar
CMEs. In the observed spectral profiles of coronal emission
lines formed in the temperature range of 3—16 MK, these
flare-induced upflows/downflows have velocities of several
tens to 130 km s~!. In most cases, the detection of hot up-
flows is accompanied by a simultaneous rise in the coronal
plasma density and temperature, as inferred from the line
ratios of the Si XIII triplet. Meanwhile, the upflow veloc-
ity generally increases with temperature. We suggest that
these flare-induced spectral signatures are X-ray evidence for
chromospheric evaporation during flares on EV Lac. In one
flare, cool/warm upflows of 50—130 km s~! were detected,
together with a decreasing plasma density. We suggest that
this is most likely caused by a stellar filament/prominence
eruption coupled to this flare. These results provide new and
important clues to understand the coronal plasma dynamics
during flares on other stars.
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APPENDIX
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A. THE MCMC ANALYSIS OF MULTI-PARAMETER SPECTRAL LINE FITS

In our Doppler shift measurements and plasma density/temperature diagnostics, a Markov chain Monte Carlo (MCMC) analysis
method was used to constrain and evaluate the multi-parameter fitting results. This method can sample the posterior probability
distributions of the fit results based on Bayesian statistics and has been extensively used by the astronomical community (e.g.,
Li et al. 2019a; Chen et al. 2020; Wang et al. 2021b). The MCMC analysis method we used is an open-source code named
emcee (Foreman-Mackey et al. 2013), which can be found in the Python package LMFIT (see Newville et al. 2014). For each
composite spectra obtained at different time intervals, we performed such MCMC analysis. Here, two examples of the MCMC
analysis results are shown in the form of so-called “corner plot” (see Figure 7 and Figure 8). By convention, the non-diagonal
and diagonal panels in the corner plot show the two-dimensional projections of the probability distributions between pairs of the
fit parameters and the one-dimensional projection of the probability distributions of the fit parameters, respectively. Each fitting
parameter is determined with the peak value of probability distributions and its associated one-sigma uncertainty is reported
based on Bayesian statistics. Meanwhile, the observed spectral profiles and its best-fitting result are presented at the upper right
of the corner plot. We performed the MCMC analysis for two-component spectral fits of the Ly doublets with 400 steps and
100 walkers, and we discarded the first 100 steps as burn in. For the three-component spectral fits of the He-like triplets, we
conducted the MCMC analysis using with 800 steps and 100 walkers, and we discarded the first 200 steps as burn in. As shown
in Figure 7 and Figure 8, all the fitting results in our examples have been well constrained because their probability distributions
are all clustered around the maximum likelihood. This thus ensures the robustness of the multi-parameter fitting results we
discussed in Section 4. In addition, the full-width-at-half-maximum (FWHM) from each best-fit result is also printed in Figures
3—6. According to the Chandra’s guide, the average instrumental line width (o) for the first-order-diffraction MEG spectra is ~
9.8 mA, which varies with wavelength (Argiroffi et al. 2017). So the FWHM (~ 2.350) for most MEG spectral lines should fall
in the range of 16—23 mA. For the selected spectral lines with a count rate > 15 counts bin~', their observed line widths are in
fact roughly compatible with this predicted range and are not significantly broadened during the flare activity. Therefore, velocity
dispersion of selected spectral lines along the line of sight is expected to be relatively small.
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Figure 1. Observed X-ray spectra and light curves of EV Lac. (a) and (b) X-ray spectra integrated over the first Chandra observation (Obs1)
of the Medium Energy Grating (MEG) and High Energy Grating (HEG), respectively. The bin sizes of MEG and HEG are 5 mA and 2.5 mA,
respectively. Spectral lines mentioned in the current work are marked. (c) Light curve of X-ray flux summed over the wavelength range of
(1-25 A) and the £1 diffraction orders of MEG and HEG. The time bin is 0.5 ks. (d-f) Similar to (a-c), but for the second observation (Obs2).
“D1”, “D2”, “D3”, and “D4” denote the time intervals with flare activity of our interest, while “reference” denotes the time intervals without
too much flare activity. Note that at least 12 flares can be easily identified in Obs1 and Obs2.
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Figure 2. Theoretical R- and G-ratio curves of two He-like triplet of Si X111 (A ) and O V11, as well as the line ratio of the line pair of Fe XVII,
obtained from CHIANTI V.9.0.1. In panel (a), line formation temperatures (107 K for Si x111, 2x10° K for O vi1, and 5x10° K for Fe XV1I)
were used for the R-ratio calculations. In panel (b), theoretical G ratios of Si XIII computed at different density conditions are plotted with
different colors.
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Figure 3. Time-resolved spectral line fits of Obsl. Three isolated Ly« doublets from O viil, Mg XI1, Si XIV and an isolated Fe XVII line
averaged over MEG =1 diffraction orders are analyzed. In all plots the vertical error bars are 10 uncertainties. (al) Narrow-band light curve
of O vIII (integrated over the wavelength range shown in panel (a2)) and Doppler shifts of O vIII-emitting plasma derived from time-resolved
spectral profiles in panel (a2). For each Doppler-shift estimation, the time interval is indicated by a horizontal bar with different color. (a2)
Observed spectral line profiles (black) integrated over different time intervals and their corresponding best fits. Gray vertical dashed lines
denote the rest wavelengths of the O VIII Lya doublet and the Fe XVI1I line, respectively. Two dashed curves represent the two components of
the doublet, solid curve their sum. A different color is used for each time interval, same as that in panel (al). Similarly, analysis results of the
Fe xvI1, Mg XI11, and Si X1V lines are plotted in (b1-b2), (c1-c2) and (d1-d2), respectively.
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Figure 4. Density/temperature diagnostics and Doppler shift measurements using the Si XIII triplet and the line pair of Fe XVII during Obs].
(a) R ratio, (b) electron density, (c) G ratio, (d) electron temperature, and (f) Doppler shifts derived from spectral fits of the Si XIII triplet in
different time intervals. (el-e4) Si XI1I triple line profiles and (j1-j4) Fe XVII line pair profiles in different time intervals and their corresponding
line ratios (“R” and/or “G”), Doppler shifts (“v’), and FWHM (“w”’) measured from their best-fit results. (g) line ratio, (h) electron density, and
(i) Doppler shifts derived from spectral fits of the Fe XV1I line pair in different time intervals. The total X-ray light curve (grey thin line, bin size
= 2.5 ks) is also plotted for reference. Vertical error bars originate from the measurement errors of the triplet lines, and horizontal bars specify
the time intervals of integration. In panels (b) and (h), the available data points with open squares and downward vertical arrows indicate that
the lower limits of electron density are not constrained; the data points with filled squares and downward vertical arrows indicate that only the
corresponding upper limits of electron density are constrained. The best-fit results for each components of the triplet or the line pair are plotted
as dashed lines with a shift along the y-axis, and the black solid curve is their sum.
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Figure 6. Similar to Figure 4 but for Obs2.



18 CHEN ET AL.

Bo = 0.03760+033618 O VIl (18.97 A, Tpea ~ 3MK)
301
' 20
Qo
9
S
o 101
@)
. . . B = 2.069991525752
o 1
0.
o1 m 1890 1892 1894 1896 1898 19.00 19.02

Wavelength [A]

ap = 19.43480+392132

ap (Counts bin~?)

Ap,o = 18.96443+3:39027

— I = 0.01344*3835%%

:
5] Q “ Q Q © ] v
< o u 9 & & » )
Q Q' Q' Q Q Q Q Q
o o P © \y Ny N [\
+1.896e1
Bo (Counts bin~?) B ap (Counts bin~?) Ao (A) r A

Figure 7. MCMC analysis for an example two-component spectral fit of the Lya doublet used in Figure 3 and 5. Left bottom: Corner plot
of the final fit of the isolated O VIII doublet, which shows posterior distributions of fitting parameters: background flux (Bp), the exponent
(), line intensity of the primary component (ap,), line center of the primary component (Ap o), as well as line width (I'). For each parameter,
one-sigma uncertainty is reported based on Bayesian statistics. Right top: The fit result and its observed spectral profile. Two red dashed curves
represent the two transitions of the doublet, red solid curve their sum.
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Figure 8. MCMC analysis for an example three-component spectral fit of the He-like triplets used in Figure 4 and 6. Left bottom: Corner
plot of the three-component spectral fits of the Si XIII triplet, which shows posterior distributions of line parameters: width (I"), background
intensity (Bo), exponent (), center (\r,0), and amplitude (a.), as well as R and G ratios of the triplet. Right top: The fit result and its observed
spectral profile. For each parameter, one-sigma uncertainty is reported based on Bayesian statistics. The best-fit results of the relevant triplet
are plotted as dashed lines with a shift along the y-axis, and the black solid curve is their sum.
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