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In 2016, we launched Spectroscopic Chuo-university Astronomical Telescope (SCAT),
a telescope capable of visible light spectroscopy, to study stellar flares using Hα
emission. SCAT’s main stellar flare observations are immediate follow-up observa-
tions of stellar flares discovered by the all-sky X-ray monitor, MAXI. We evaluated
the performance of SCAT and found that it can observe the Hα line (6563 Å) with
a wavelength resolution R of 600 and a limiting magnitude of 13. We operated a
follow-up observation system using SCAT for five years. This operation led to the
following results. I was responsible for the installation and performance evaluation
of the equipment during the start-up of SCAT. I also led the operation of the system,
60% of which was done by the author himself.

We report the results of our simultaneous observations of large stellar flares with
soft X-rays (SXRs) and Hα emission line. The energies released in the flares in the
SXR and Hα emissions were 1036–1038 and 1035–1037 erg, respectively. It is rendering
the set of the observations to be the first successful simultaneous X-ray/Hα one of
the stellar flares with energies above 1035 erg. Combining the obtained physical
parameters and those in literature for solar and stellar flares, we obtained a good
proportional relation between the emitted energies of SXR and Hα emissions for a
flare energy range of 1024–1038 erg. The ratio of the Hα line emission to that of SXR
is about 0.1, if we take the energy band from 0.1 to 100 keV for the X-ray luminosity,
in which we integrating the best-fit thin thermal model. We also found that the
e-folding times of SXR and Hα light curves, in the decaying phase for a flare, is
comparable with the range of 1–104 s. Even very large stellar flares with energies
of 6 orders of magnitude larger than the most energetic solar flares follow the same
scaling relationships established for solar and much less energetic stellar flares. This
fact suggests that their physical parameters can be estimated on the basis of the
known physics of solar and stellar flares.





v

Contents

Abstract iii

1 Introduction 1
1.1 Solar and Stellar Flares . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Current flare models based on solar flare observations . . . . . . . . . . 1
1.3 Large stellar flares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 Correlations of Stellar flares . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Spectroscopic Chuo-university Astronomical Telescope (SCAT) 9
2.1 Required performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Instruments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 Performance evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3.1 Wavelength resolution and observable wavelengths . . . . . . . 10
2.3.2 Limiting magnitude . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3.3 Accuracy of determining the center wavelength . . . . . . . . . 13

2.4 Simultaneous observation system . . . . . . . . . . . . . . . . . . . . . . 14
2.4.1 Follow-up system . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4.2 Monitor observation . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4.3 Rate of the operation . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Observations 17
3.1 MAXI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.2 SCAT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.3 Simultaneous observations . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.4 Objects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.4.1 UX Ari . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.4.2 HR1099 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.4.3 AR Psc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.4.4 VY Ari . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4 X-ray/Hα emission scaling relationships 21
4.1 Analysis & Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.1.1 Light curves & Event selection . . . . . . . . . . . . . . . . . . . 21
4.1.2 SXR emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.1.3 Hα emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.1.4 Flare loop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.1.5 Radiation energy . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.1.6 e-folding time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2.1 Solar to large stellar flares . . . . . . . . . . . . . . . . . . . . . . 33
4.2.2 Estimation of active area and flare loop position . . . . . . . . . 33
4.2.3 Evaluation of a model to measure flare loop length . . . . . . . 38



vi

5 Summary 41

A Calculation of radiation energies and e-folding times from those in litera-
ture 43

B The results of Monitor observation with SCAT 45
B.1 Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

C The figures of Hα EW light curves to obtain the persistent EW 57
C.1 Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

Acknowledgements 63



vii

List of Figures

1.1 The schematic image of magnetic loops produced by a binary star. . . 2
1.2 The schematic images of the magnetic reconnection. A stellar rotation

made the antiparallel magnetic field lines. The antiparallel lines are
reconnected. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Magnetic configurations in the flare. The source region of emissions
observed in various wavelengths are also presented. See (Shibata and
Magara, 2011) for detail. . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 Right: Soft X-ray image of a solar flare taken by Yohkoh. le f t: A
schematic view of the estimated large flare loop. . . . . . . . . . . . . . 5

1.5 Universal correlation between duration of flares and X-ray luminosity
in the 0.1–100 keV band. The symbols are the same with Figure 1.5.
The X-mark and large pentagon are solar flares. See (Tsuboi:2016) for
detail. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.6 Universal correlation of emission measure and temperature. Large
gray regions express solar flares. The squares, diamonds, circles, and
triangles show RS-CVn type stars, Algol, dMe stars, and YSOs, respec-
tively. Filled symbols and open symbols are MAXI flares and other
stellar flares, respectively. See (Tsuboi:2016) for detail. . . . . . . . . . 6

1.7 Universal correlation of radiated energy between Hγ emission and
Soft X-ray emission in the 0.04–2 keV band. The star, filled circles and
opend circles show RS-CVn type stars, dMe stars and sun, respec-
tively. See (Butler, 1993) for detail. . . . . . . . . . . . . . . . . . . . . . 6

1.8 Universal correlation of duration time between Hα line emission and
soft X-ray emission. See (Veronig et al., 2002b) for detail. . . . . . . . . 7

2.1 The histgram of V-band magnitudes of MAXI flare sources. Blue squares
are the stars, which exists at an altitude of 30 degrees or higher for at
least one hour per day. Gray squares are others. . . . . . . . . . . . . . 10

2.2 SCAT overview. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Side view of SCAT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4 Alpy 600 overview. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.5 Le f t: The spectrum of Ar and Ne lamp. Right: The spectrum of bright

source (UX Ari). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.6 Correlation between FWHM and wavelength of emission lines in the

spectrum of Ar/Ne lamp. . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.7 Photograph observed by the guide camera. . . . . . . . . . . . . . . . . 13
2.8 Phase modulation of center line of Hα emission. . . . . . . . . . . . . . 14
2.9 The gray box shows the number of clear days per month. The red

line shows the number of days per month that the observation team
made observations with SCAT. The blue line shows the number of
days observed by the author himself at SCAT every month. . . . . . . 15



viii

4.1 SXR and Hα light curves of the three of seven flares. The upper, mid-
dle, and lower panels correspond to Flares 1, 2, and 3, respectively.
The SXR in the 2–10 keV band, overlaid with its best-fit model, is
plotted in black, with 1 σ error, with bins for 2, 6, and 6 MAXI or-
bital periods in the respective three panels. Hα EW is presented in
red with 90% error bar for the data and best-fit model. No significant
variation is found for the continuum flux in the band adjacent to the
Hα line. As a result, the Hα EW is basically proportional to the flux of
the band where the line component dominates. . . . . . . . . . . . . . 22

4.2 SXR and Hα light curves of the four of seven flares. The upper left,
upper right, lower left and lower right panels correspond to Flares 4,
5, 6, and 7, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.3 Normalized spectra in a wavelength range at around the Hα emission
line. The solid and dashed lines correspond to Flare 1 and quiescent
components, respectively. See text for details. . . . . . . . . . . . . . . 23

4.4 SXR spectra of Flare 1 (upper panels), Flare 2 (middle), and Flare 3
(lower). The data points are binned for 2, 6, and 6 MAXI orbits in the
respective panels. The errors are in 1-σ. The solid lines show the best-
fit models. The residuals for the best-fit model are also shown at the
lower part of each panel. . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.5 Log-log plot of radiation energies of Hα and SXR (0.1–100 keV). The
open and filled circles in black show the data for the solar and stellar
flares found in literature. The red data are our results for the MAXI
flares with 90%-confidence errors. See text for details. The gray lines
indicate 1.6 times of the standard deviation ( 90%) of the data points
around the model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.6 Log-log plot of e-folding times of Hα and SXR. The symbols are the
same as in Figure 4.5. The gray lines indicate 1.6 times of the standard
deviation ( 90%) of the data points around the model. . . . . . . . . . 32

4.7 Right: A schematic ilust of UX Ari between October 2016 and March
2017. The yellow and blue circle is the primary (subgiant) and sec-
ondary (mainsequence) star. An outer circle is the phase of binary-
position seen from the observer. A blue eye-mark is the phase of Flare
1 occurence. A black filled circle and a orange filled circle is spot po-
sition and Hα emission region, respectively. A red loop is schematic
shape of the flare loop which can seen in soft X-ray. The dashed circle
is estimated radii of the Hα component with the radial velocity of 120
km/s. Upperle f t: A folded curve of the radial velocity. Lowerle f t: A
folded curve of the Hα EW. The folding base date and period are MJD
56237.634 and 6.43788 days, respectively (Himmel:2017). . . . . . . . 34

4.8 Right: A schematic ilust of UX Ari between October 2018 and March
2019. The symbols are same as Figure 4.7. A purple mark is esti-
mated position of the radio flare. The dashed circle is estimated radii
of the Hα component with the radial velocity of 110 km/s. Upperle f t:
A folded curve of the radial velocity. Lowerle f t: A folded curve of
the Hα EW. The folding base date and period are MJD 56237.634 and
6.43788 days, respectively (Himmel:2017). . . . . . . . . . . . . . . . . 35

4.9 The folded modulation of V-band magnitude observed by KWS. The
solid curve is the best-fit model of the sinusoidal curve. . . . . . . . . 35



ix

4.10 The folded modulation of V-band magnitude observed by CAT. The
solid curve is the model curve calculated by using FHOEBE analysis
software. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.11 The light curve of 6.7 GHz radio emission. The solid curve is the
best-fit model of the sinusoidal and exponential decay plus constant. 36

4.12 Universal correlation of emission measure and temperature. The
symbols and curves are same as Figure 1.6. The red circle is a plot
of Flare 1 and 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

B.1 The Hα EW light curves of UX Ari. . . . . . . . . . . . . . . . . . . . . 46
B.2 The Hα EW light curves of HR1099. . . . . . . . . . . . . . . . . . . . . 47
B.3 The Hα EW light curves of AR Psc. . . . . . . . . . . . . . . . . . . . . 48
B.4 The Hα EW light curves of VY Ari. . . . . . . . . . . . . . . . . . . . . . 49
B.5 The Hα EW light curves of II Peg. . . . . . . . . . . . . . . . . . . . . . 50
B.6 The Hα EW light curves of IM Peg. . . . . . . . . . . . . . . . . . . . . 51
B.7 The Hα EW light curves of AR Lac. . . . . . . . . . . . . . . . . . . . . 52
B.8 The Hα EW light curves of SZ Psc. . . . . . . . . . . . . . . . . . . . . . 53
B.9 The Hα EW light curves of sigma Gem. . . . . . . . . . . . . . . . . . . 54
B.10 The Hα EW light curves of BH CVn. . . . . . . . . . . . . . . . . . . . . 55
B.11 The Hα EW light curves of Algol. . . . . . . . . . . . . . . . . . . . . . 56

C.1 The Hα EW light curves of Flare 1. Upperle f t: The observed raw Hα
EW light curve. Upperright: The Hα EW light curve subtracted EW
of persistent component. The red plots are excluded plots to fit the
quiescent EW. Lowerle f t: Folded Hα light curve. The red curve is the
best fit of the model. The blue curves are the curve obtained by adding
± 2.5 σ to the best fit parameters. The green plots are the points that
were removed when fitting the quiescent component. . . . . . . . . . . 57

C.2 The Hα EW light curves of Flare 2. The symbols and curves shown in
three figures are same as Figure C.1 . . . . . . . . . . . . . . . . . . . . 58

C.3 The Hα EW light curves of Flare 3. The symbols and curves shown in
three figures are same as Figure C.1 . . . . . . . . . . . . . . . . . . . . 59

C.4 The Hα EW light curves of Flare 4. The symbols and curves shown in
three figures are same as Figure C.1 . . . . . . . . . . . . . . . . . . . . 60

C.5 The Hα EW light curves of Flare 5 and 6. The symbols and curves
shown in three figures are same as Figure C.1 . . . . . . . . . . . . . . 61

C.6 The Hα EW light curves of Flare 7. The symbols and curves shown in
three figures are same as Figure C.1 . . . . . . . . . . . . . . . . . . . . 62





xi

List of Tables

3.1 Time history of our simultaneous observations . . . . . . . . . . . . . . 17
3.2 General properties of UX Ari . . . . . . . . . . . . . . . . . . . . . . . . 18

4.1 EW of Hα during the quiescent phase . . . . . . . . . . . . . . . . . . . 24
4.2 Flare e-folding time τ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.3 SXR best-fit spectral parameters . . . . . . . . . . . . . . . . . . . . . . . 25
4.4 Summary of the three flares . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.5 Loop lengths of the three flares . . . . . . . . . . . . . . . . . . . . . . . 27
4.6 SXR and Hα’s radiation energy and e-folding time of large flares . . . 29





1

Chapter 1

Introduction

1.1 Solar and Stellar Flares

A stellar flare is a sudden release of magnetic energy that occurs on the stellar atmo-
sphere and is known to radiate light at a variety of wavelengths. Since each wave-
length has a different radiative porocess, multi-wavelength observations have been
conducted to understand stellar flares. In particular, solar flares, of which the dis-
tance is most closest from us, have long been studied as a sample for understanding
stellar flares, because they can be observed with high spatial resolution. Based on so-
lar flare observations, the energy release process for stellar flares has generally been
considered to be magnetic reconnection (Shibata and Magara, 2011). However, it is
still unclear whether other stellar flares are generated by the same mechanism. They
have been reported to have energies up to seven orders of magnitude higher than
the maximum radiation energy of flares produced by solar flares. Therefore, these
flares are a good target for discovering universal correlations using flares of vari-
ous radiative energies, although they do not provide spatial information directly.
Our motivation is to understand what is the stellar flare by using multi-wavelength
observation.

Stars that cause stellar flares are not only single stars like the Sun, but also binary
systems. In particular, RS CVn type close binary stars, where the binary separa-
tion is several times the stellar radius, frequently produce flares with large flare en-
ergy (Tsuboi et al., 2016). To explain this peculiar phenomenon, Uchida and Sakurai
(1985) proposed the scenario that the magnetic fields of RS CVn-type stars interact
with those of two stars due to some factor such as shared magnetic fields between
binary stars, and that the process of magnetic field amplification is different from
that of single stars (Figure ??). Furthermore, the flares produced by these may be
caused by magnetic reconnection in magnetic loops on a scale that straddles the two
stars, forming flare loops that look like they span the binary star. This suggests that
flares produced by binary stars may be a completely different phenomenon from
solar flares.

1.2 Current flare models based on solar flare observations

Magnetic reconnection is a phenomenon in which magnetic lines of force are recon-
nected. The conceptual diagram of magnetic reconnection is shown in Figure 1.2.
In the shallow part of a low mass star, there is a convection layer. The magnetic
field lines penetrating this convection layer are stretched and twisted by the convec-
tive motion of the gas and the rotation of the star, and are amplified. The amplified
magnetic field is subjected to magnetic buoyancy due to the Parker instability, and
rises from the lower part of the convection layer to the surface of the star, where it is
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FIGURE 1.1: The schematic image of magnetic loops produced by a
binary star.

ejected out of the stellar surface. The ejected magnetic field lines are subjected to the
Coriolis force, which causes further twisting. This torsion pushes the magnetic field
lines in the opposite direction, and magnetic reconnection occurs.

A schematic diagram of the generation mechanism of Soft X-rays (SXR) and Hα
emission in magnetic reconnection is shown in Figure 1.3. Magnetic field lines have
a magnetic tension, so when a magnetic field line shaped like a slingshot rubber is
formed as a result of reconnection, the plasma frozen by the magnetic field line is
accelerated at a furious rate and becomes a reconnection jet. When this reconnection
jet collides with the top of the flare loop, a shock wave is generated, the temper-
ature of the plasma reaches 100 million degrees, and hard X-rays (HXR) and SXR
are emitted. After that, the accelerated electrons enter the dense chromosphere at
the foot of the loop and collide with the ions in the chromosphere. The electrons
then collide with the ions in the chromosphere, emitting non-thermal HXR due to
bremsstrahlung. This collision converts the kinetic energy into thermal energy and
heats up the dense plasma in the chromosphere, causing the excited hydrogen to
radiate Hα emission (Hα ribbons). Since the density of the upper part of the chro-
mosphere is 100 times greater than that of the corona, the gas pressure increases
remarkably, and a high-density plasma upflow is generated explosively from there
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FIGURE 1.2: The schematic images of the magnetic reconnection. A
stellar rotation made the antiparallel magnetic field lines. The an-

tiparallel lines are reconnected.

toward the corona. This upward flow is called evaporation flow. This high-density
plasma then fills the coronal loop and emits SXR. At this time, the hot plasma at the
foot of the loop heats the plasma in the chromosphere by heat conduction and colli-
sion of accelerated particles, and the excited hydrogen radiate Hα emission, forming
a two ribbon flare (Hα ribbons). Magnetic reconnection occurs many times with each
flare, and new flare loops are superimposed on old ones. The old flare loops (post
flare loops) are filled with neutral hydrogen, and the Hα line is typically observed as
an absorption line. In the case of some high-density (n > 1012 cm−3) flares, post flare
loops have been observed as emission lines in the Hα line (Svestka, 1976).

1.3 Large stellar flares

Large stellar flares with energies between 1034–1039 erg have been detected (Tsuboi:2016;
Sasaki et al., 2021) with the all-sky X-ray monitor, Monitor of All-sky X-ray Image
(MAXI Matsuoka et al., 2009) since its launch in 2009. A majority of the detected
flares are estimated to have loop lengths likely larger than the radii of their host stars
by a factor of ∼5, where to estimate the length they used equations reported by Shi-
bata and Yokoyama (1999) assumed chromospheric evaporation model (Yokoyama
and Shibata, 1998), the equilibrium between magnetic pressure and gas pressure and
the shape of the flare, a square.Assuming that the shape of the loop of a large flare is
the same as that of the sun, the imaginary diagram would look like Figure 1.4. It is
unclear whether such giant stellar flares are a different physical process from solar
flares. Our motivation is to understand the physical process of giant stellar flares.

The MAXI-detected flares have extremely large energy-related parameters: lu-
minosities of 1031−34 erg s−1 in the 2–20 keV band, emission measures of 1054−57

cm−3, e-folding times of 1 hour to 1.5 days, and total radiative energies of 1034−39 erg.
Tsuboi:2016 found a universal correlation between the flare duration and peak X-ray
luminosity, combining the X-ray flare data of nearby stars and the Sun (Figure 1.5).
Moreover, they found that the MAXI-detected flares extended the established corre-
lation between the flare-peak emission measure and temperature for solar flares and
small stellar flares (Shibata and Yokoyama, 1999) (Figure 1.6). Given that the cor-
relations hold over a broad range of energies from solar micro flares to large stellar
flares, the correlation suggest the presence of some common mechanism governing
flare-loop formation and its cooling processes.

One of the other important observational probe for flare physics is given by the
Hα emission. In the solar flare, Hα is known to be emitted from the foot of the loop
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FIGURE 1.3: Magnetic configurations in the flare. The source region
of emissions observed in various wavelengths are also presented. See

(Shibata and Magara, 2011) for detail.

and/or a flare loop(s) inside the loop that emits soft X-rays (hereafter, SXRs), the for-
mer of which is called the “Hα Ribbon”. Since the emission region and mechanism
are different from those of the SXR, the information obtained from the Hα emission
is complementary to that from the SXR emission. Hence, study of the relationship
between the SXR and Hα flares from distant stars, where imaging observations are
difficult unlike the Sun, can provide key information about the overall geometrical
structure and evolution mechanism of stellar flares. Furthermore, by combining the
flare loop information from the soft X-ray and the flare foot-point information from
the Hα line, we can guess the shape of the stellar flare produced by the binary star.

1.4 Correlations of Stellar flares

Butler, Rodono, and Foing (1988) and Butler (1993) derived a positive relation be-
tween the emitted energies with the Hγ emission line and SXR (Figure 1.7). Veronig
et al. (2002b) performed a detailed study about solar flares and reported a positive
relation between the decay times (e-folding times) of the observed fluxes of the Hα
line and SXR (Figure 1.8). However, no studies have been ever conducted about
samples containing very large stellar flares, the energy of which can reach orders of
magnitude larger than that of the largest solar flares, as those detected with MAXI.
Consequently, whereas physics of solar flares is comparatively well understood, our
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FIGURE 1.4: Right: Soft X-ray image of a solar flare taken by Yohkoh.
le f t: A schematic view of the estimated large flare loop.

FIGURE 1.5: Universal correlation between duration of flares and X-
ray luminosity in the 0.1–100 keV band. The symbols are the same
with Figure 1.5. The X-mark and large pentagon are solar flares. See

(Tsuboi:2016) for detail.

understanding of flare physics of much larger or more active stars than the Sun re-
mains poor and not much more than speculation.

We set up SCAT for Hα observations of giant stellar flares and conducted joint
observations with MAXI. In this paper, we first describe the construction of the
SCAT system necessary for simultaneous observations in chapter 2. After that, we
report the results of our Hα observations (see chapter 2, 3 for the observation details)
conducted immediately after triggers of MAXI detection of large stellar flares with
emitted energies of up to 1038 erg, combining with the simultaneous observations
with MAXI (section 3.1) and continuous Hα monitoring. Specifically, we focus on
three flares with the best statistics and analyze them in the methods described in
section 4.1. These are the first simultaneous observational samples ever reported of
the Hα and SXR emissions about stellar flares with energies over 1035 erg, which
is previous record (a flare from II Peg reported by Butler, 1993). Then we examine
the relations about the energy and e-folding time between the Hα and SXR emis-
sions and discuss them about spatial information of these flares (section 4.2) before
summarizing our result in chapter 5.
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FIGURE 1.6: Universal correlation of emission measure and tempera-
ture. Large gray regions express solar flares. The squares, diamonds,
circles, and triangles show RS-CVn type stars, Algol, dMe stars, and
YSOs, respectively. Filled symbols and open symbols are MAXI flares

and other stellar flares, respectively. See (Tsuboi:2016) for detail.

FIGURE 1.7: Universal correlation of radiated energy between Hγ
emission and Soft X-ray emission in the 0.04–2 keV band. The star,
filled circles and opend circles show RS-CVn type stars, dMe stars

and sun, respectively. See (Butler, 1993) for detail.
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FIGURE 1.8: Universal correlation of duration time between Hα line
emission and soft X-ray emission. See (Veronig et al., 2002b) for detail.
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Chapter 2

Spectroscopic Chuo-university
Astronomical Telescope (SCAT)

In order to observe large flares simultaneously with SXR and the Hα emission, it was
necessary to set up an instrument capable of observing the Hα line and executing
follow-up observations of flares triggered by MAXI flare detections. We estimated
the required performance of SCAT and evaluated whether the launched system has
the sufficient performance. I led the construction of these observation systems. In
this chapter, we first estimate the required performance. Then we describe the equip-
ment used and evaluate the performance.

2.1 Required performance

First, we summarize the performance requirements of SCAT for ground-based ob-
servations of large flares detected by MAXI in the Hα line. Since we capture the time
variability of Hα emissions due to flares, we need to obtain stellar spectra with a time
resolution of at least 10 minutes and calculate equivalent width (EW) of Hα emis-
sion. To measure EW, we only need to know the flux of the emission line component
and the flux density of the continuum component, so the low-dispersion specifica-
tion is sufficient for the wavelength resolution required by SCAT. Then, we set the
following conditions: (1) the Hα line must be observable with a low-dispersion per-
formance of a wavelength resolution R of several hundred. In addition, the target
object must be brighter than the limiting magnitude to be observed; MAXI has de-
tected stellar flares from 27 stars in its operation (e.g. Sasaki et al., 2017). To confirm
the brightness of these sources in visible light, we checked the brightness of each
source in the SIMBAD Astronomical Database and drew a histogram (Figure 2.1).
As a result, we found that half of the MAXI sources are brighter than 10th magni-
tude. Therefore, we decided that (2) the limiting magnitude of SCAT should be more
than 10 magnitude.

2.2 Instruments

In 2016, we built a SCAT (Figure 2.2, 2.3) on the rooftop of a building on the cam-
pus of Chuo University, situated in downtown of Tokyo, Japan (latitude, longitude
= 35°42′30′′N, 139°44′54′′E). Here are the instruments that make up the SCAT. We
installed a MEADE 36-cm aperture mirror with a focal length of 2845 mm. We
used Takahashi’s EM-400 Temma2Z as a mount. As a spectrograph, we mounted a
Shelyak Alpy 600, a grism-based spectrograph with a catalog wavelength resolution
R of 600 (spectral performance is evaluated in section 2.3). We used an ATIK 460EX
CCD camera with a chip size of 12.4 × 9.98 mm as the sensor for spectral imaging.
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FIGURE 2.1: The histgram of V-band magnitudes of MAXI flare
sources. Blue squares are the stars, which exists at an altitude of 30
degrees or higher for at least one hour per day. Gray squares are oth-

ers.

As a guide camera for putting the target star in the field of view, we installed an
ATIK 314L+ CCD camera and a WAT-910HX/RC night vision camera with a field of
view of 10 × 10 ’ and approximately 1 × 1 ◦, respectively.

FIGURE 2.2: SCAT overview.

2.3 Performance evaluation

2.3.1 Wavelength resolution and observable wavelengths

To determine the observable wavelength range, we observed the Ar and Ne lamp
and UX Ari as a bright source, and drew their spectra using IRAF, a standard anal-
ysis software for visible light spectroscopy data (Figure 2.5). In order to determine
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FIGURE 2.3: Side view of SCAT.

FIGURE 2.4: Alpy 600 overview.

the wavelength range where the spectrometer can achieve the catalog value of wave-
length resolution R=600, we measured the FWHM of the emission lines identified in
the Ar and Ne lamp light spectrum by fitting them with a Gaussian model. The
wavelength resolution R was then calculated using the equation R = λ/∆λ. The λ is
the wavelength at the time of measurement and the ∆λ is the minimum width that
can be wavelength resolved. Here, it was set to be the same as FWHM. The FWHMs
of each emission line according to its wavelength were drawn in Figure 2.6. The
results show that the FWHM is ∼10 for most plots at wavelengths below 7500 Å. It
means that SCAT has spectral resolution R of 600 at wavelengths below 7500 Å. The
data with FWHM greater than 10 in this region were in the form of multiple overlap-
ping emission lines, and the FWHM of only one emission line was ∼10. Therefore,
we determined that the upper limit of the wavelength interval where the perfor-
mance of this spectrograph is maintained is 7500 Å. We also checked the spectra of
the sources and found that wavelengths below 3700 Å were not detecting enough
photons to be statistically significant compared to other wavelengths. These results
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indicate that SCAT has the wavelength resolution R of 600 at 6000 Å, and the observ-
able wavelength range is 3700–7500 Å. It satisfies the requirement of (1).

FIGURE 2.5: Le f t: The spectrum of Ar and Ne lamp. Right: The
spectrum of bright source (UX Ari).

FIGURE 2.6: Correlation between FWHM and wavelength of emis-
sion lines in the spectrum of Ar/Ne lamp.

2.3.2 Limiting magnitude

We determined the limiting magnitudes of SCAT by using the method of determin-
ing the limiting magnitudes of the guide cameras used to control the telescope’s atti-
tude. In order to perform spectroscopic observations with the Alpy 600 at SCAT, the
direction of the telescope must be adjusted using the guide camera (ATIK 314L+) so
that the star image of the target object is above the slit, which is about 10 arc seconds
wide and attached in front of the spectrograph (Figure 2.7). In addition, the direc-
tion of the telescope needs to be corrected as the object moves so that the position of
the star image is always on the slit during the observation. This correction was done
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using the function provided in Artemiscapture, which was used as the imaging soft-
ware. The frequency of this correction was every second, because empirically, if it is
not done every few seconds, the star image and the slit will be misaligned. Therefore,
the objects that can be observed with an exposure time of one second with the guide
camera are considered to be the limiting magnitudes for SCAT observations. There-
fore, we observed objects of various magnitudes to investigate the limit magnitude
of the guide camera with the exposure time of 1 second, and determined that it is 13
magnitude. The actual spectrum of Swift J0243.6, a 13th magnitude source, shows
a S/N of 60 for 3.3 hours of observation. Therefore, we determined that SCAT has
the limiting magnitude at 6000 Å of about 13 magnitude. However, since the time
variability of stars on a few hours’ scale cannot be determined with observations
every 3.3 hours, we decided to focus on objects of magnitude 10 or lower, which can
be observed with the same accuracy with a 10-minute exposure time in this work.
Since more than half of the stars that MAXI has observed the flare so far have a
visible brightness of 10 magnitude or lower. This performance is sufficient to the
requirement (2).

FIGURE 2.7: Photograph observed by the guide camera.

2.3.3 Accuracy of determining the center wavelength

In spectroscopic observations, the component of velocity along the line of sight to
the observer can be observed as the Doppler shift of emission or absorption lines.
Although we could not observe the Doppler shift associated with Hα flares in this
study, the accuracy of wavelength determination is an important parameter to know
the information of the source’s velocity. In order to determine the accuracy of the
wavelength determination, we monitored a source that has been reported to have
a periodic Doppler shift due to stellar orbits. We selected the binary system UX
Ari (see detail in section 3.4.1), which has a strong emission line in the primary star
and a weak absorption line in the secondary star, and a synchronized rotation pe-
riod of about 6.4 days. The radial velocity fluctuates in a sinusoidal manner with
the rotation period, and the profiles of emission and absorption lines appear with
an amplitude of about 2 Å. Since the wavelength resolution of our spectrometer is
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FWHM=10 Å, it is not possible to separate the UX Ari emission lines from the ab-
sorption lines, but we were able to confirm the UX Ari emission lines in the SCAT
observation. Therefore, we measured the Doppler shift of the emission line com-
ponent and checked whether its amplitude was consistent with the literature. We
determined the central wavelength of the Hα emission line for all five years of UX
Ari data, and folded the temporal variation with the rotation period, and found a
sinusoidal variation (Figure 2.8). We measured the amplitude of this variation fitted
with a sinusoidal curve was 2 Å, and the 1σ of the variation with the model was ∼1
Å. This amplitude is consistent with literature. Therefore, we conclude that it has
the performance to determine the absolute wavelength with an accuracy of ±1 Å of
SCAT.

FIGURE 2.8: Phase modulation of center line of Hα emission.

2.4 Simultaneous observation system

2.4.1 Follow-up system

We made use of the “nova alert” system to do a follow-up observation of MAXI-
detected stellar flares (Negoro et al., 2016). This automated alert system identifies
X-ray transients from the image taken at real time, and classifies them into four type
of events; “Burst", “Alert", “Warning", and “Info". While “Burst” is automatically
reported to the scientists in the world, “Alert” and “Warning” are examined by duty
scientists before reporting. We started follow-up observations with SCAT, just after
receiving the signal of “nova alerts” as duty scientists of MAXI..

We started follow-up observations with SCAT, just after receiving the signal of
“nova alerts”. We kept SCAT ready for operation on fine nights so that we could
make follow-up observations whenever we received the signal of “nova alerts”.

2.4.2 Monitor observation

Apart from the flare periods, SCAT regularly monitored the sources and the data
were used to identify their characteristics during the persistent phase. The sources
were selected from the MAXI-detected flare sources (e.g. Sasaki et al., 2017).
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2.4.3 Rate of the operation

Visible light observations can only be performed when the sky is clear at night. In
order to observe more flares in this research, we need to observe every clear day.
However, since all SCAT observations are manual, it is difficult to conduct daily
observations due to lack of human resources. In this section, I summarize the five-
year operation rate of SCAT.

We empirically determined that the sky was clear at night when the sky magni-
tude was below 16.5. We counted a day as clear at night when the sky magnitude
was below 16.5 for more than four hours per day. We show the number of clear days
per month over the five years of observations in Figure 2.9. In order to measure the
operation rate of monitor and follow-up observations, we also shows the number of
days per month that we observed with SCAT by observation team, and by author in
Figure 2.9. The observation rate, when observation team mainly conducted observa-
tions, was ∼60 %. The author’s own observation rate was ∼60 % of the observations
made by the observation team. Finally, the total exposure time of the photographs
taken by the author during five years of observations was ∼ 63 days.

FIGURE 2.9: The gray box shows the number of clear days per month.
The red line shows the number of days per month that the obser-
vation team made observations with SCAT. The blue line shows the
number of days observed by the author himself at SCAT every month.
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Chapter 3

Observations

3.1 MAXI

SXR is taken with the Monitor of All-sky X-ray Image, MAXI (Matsuoka et al., 2009).
MAXI is an astronomical X-ray observatory mounted on the International Space Sta-
tion (ISS). In this analysis, we used data from the Gas Slit Camera (Mihara et al.,
2011), which is sensitive in the 2–30 keV band. It consists of 12 proportional coun-
ters, each of which employs carbon-wire anodes to provide one-dimensional posi-
tion sensitivity. A pair of counters forms a single camera unit; hence the instrument
consists of 6 camera units. The six camera units are assembled into two groups
whose field of views (FoVs) are pointed toward the tangential direction of the ISS
motion along the earth horizon and the zenith direction. The FoVs are 160◦ × 3◦,
which corresponds to 2% of the whole sky. These counters are not operated in the
regions with high particle background, such as the South Atlantic Anomaly and at
absolute latitudes higher than ∼ 40◦, and the vicinity of the Sun (within ∼ 5◦). Hence
the Gas Slit Camera has an operating duty ratio of ∼ 40% and scans about 85% of
the whole sky per orbit of the ISS.

3.2 SCAT

Details of SCAT are given in Chapter 2.

3.3 Simultaneous observations

TABLE 3.1: Time history of our simultaneous observations

Flare ID Star Nova alert SXR peak time Start time of the SCAT observation
MJD MJD MJD

Flare 1 UX Ari 57714.1651 57714.2612 57714.4163
Flare 2 UX Ari 58446.7929 58446.7587 58447.4228
Flare 3 AR Psc 58157.9849 58158.0790 58158.3802
Flare 4 UX Ari 58065.6550 – 58065.4675
Flare 5 HR1099 57998.5256 – 57998.6935
Flare 6 HR1099 58158.3790 – 58158.4655
Flare 7 VY Ari 58026.5830 – 58026.6020

We performed follow-up and monitor observations using MAXI and SCAT as
shown in Chapter 2, aiming to observe the SXR-Hα emission of large flares simulta-
neously.

During from 2016 November to 2021 October, we have so far successfully made
seven SCAT observations that covered the flare of these MAXI flare-stars. We refer to
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the seven flares as Flares 1–7. Flare 1, 2 and 4 occurred at UX Ari. Flare 3 occurred at
AR Psc. Flare 5 and 6 occurred at HR1099. Flare 7 occurred at VY Ari. The detection
history was listed in Table ??. All sources detected flare were categorized as RS CVn
type close binary star.

3.4 Objects

3.4.1 UX Ari

UX Arietis (UX Ari, HD 21242, HIP 16042) consists of a primary K0 subgiant and
a secondary G5 main-sequence star (Fekel, Moffett, and Henry, 1986). The syn-
chronous rotation period is reported to be 6.43788 ± 0.000007 days (Hummel et al.,
2017).

The CHARA six-telescope optical long-baseline array revealed that its spots can
fill about 62% of the primary surface (Hummel et al., 2017). Hummel et al., 2017
reported that the radii of the primary and secondary stars are 5.6 ± 0.1 R⊙and
1.6 ± 0.2 R⊙, respectively, with an inclination angle of 125.0 ± 0.5 deg and a sep-
aration of 18.8 ± 0.1 R⊙ (Table 3.2).

UX Ari has been known as a very active flare-star binary (Feldman, 1978; Tsuru
et al., 1989; Massi et al., 1998; Massi and Ros, 2002; Catalano et al., 2003; Massi et
al., 2005; Peterson et al., 2011). Tsuboi:2016, Matsumura et al. (2011). Kawagoe et
al. (2014) detected large flares with luminosities of 2 × 1032 erg s−1 or larger, using
MAXI.

TABLE 3.2: General properties of UX Ari

Parameters Primary Secondary References
Sp. type K0IV G5V (1)
Radius [R⊙] 5.6 ± 0.1 1.6 ± 0.2 (2)
Separation [mas] 1.750 ± 0.01 (2)

[R⊙] 18.8 ± 0.1 (2)(3)
Distance [pc] 50.2 (3)
Orbital period [d] 6.43788 ± 0.00007 (2)
Inclination [degree] 125.0 ± 0.5 (2)

(1)Carlos and Popper (1971), (2)Hummel et al. (2017), (3)ESA (1997)

3.4.2 HR1099

HR1099 (=V711 Taurus) consists of a primary K1 subgiant and G5 main-sequence
star with an orbital period of 2.84 days first identified (Bopp and Fekel, 1976). The
didtance of 29 pc was observed with HIPPARCOS (ESA, 1997). Tsuboi:2016; Suzuki
et al. (2010) and Kawai et al. (2017) reported a flare detection by MAXI, revealing a
large activity in X-ray flares.

3.4.3 AR Psc

AR Psc (= HD8357 = BD+06 211) consists of a primary K1 subgiant and a secondary
G7V dwarf (Fekel, 1996).
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The projected rotational velocity (v sin i) of the AR Psc primary is 6.5 ± 2 km s−1

whereas the orbital period is 14.3023 days (Fekel, 1996).
AR Psc is an active binary in Hα emission (Fekel, 1996). Fekel, Moffett, and

Henry (1986) found that the Hα emission is mostly associated with the component
originating from the primary star although that from the secondary has a weak con-
tribution to it as seen in the combined spectrum. AR Psc is also known to be active
in the X-ray band (Garcia et al., 1980; Kashyap and Drake, 1999; Shan, Liu, and Gu,
2006). Nakamura et al. (2016) reported a flare detection by MAXI, revealing a large
activity in X-ray flares.

3.4.4 VY Ari

VY Arietis (VY Ari, HD 17433, HIP 13118) is known as spectral binary system of
spectral type K3-4IVe (Strassmeier and Bopp, 1992). The didtance of 44 pc was ob-
served with HIPPARCOS (ESA, 1997). Since Alekseev and Kozlova (2001) studied
the photometric variability of VY Ari, the spotted regions occupy up to 41% of the
star ’s total surface.

Kanetou, S. et al. (2015) and Nakamura et al. (2016) reported a flare detection by
MAXI, revealing a large activity in X-ray flares.
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Chapter 4

X-ray/Hα emission scaling
relationships

4.1 Analysis & Results

4.1.1 Light curves & Event selection

The MAXI on-demand system (Nakahira, Ebisawa, and Negoro, 2013) was used to
obtain light curves, and spectra. The source photons were extracted from a circular
region with a radius of 1◦.5 centered on each target, the area of which corresponds
to the point-spread function of the detector (Gas Slit Camera) of MAXI. The back-
ground photons were extracted from an annular region with inner and outer radii of
1◦.5 and 4◦.0, respectively, centered at the source position. The resultant curves for
the SXR flux was plotted in Figure 4.1, 4.2.

To obtain the equivalent width (EW) of the Hα emission line, we took each frame
of the SCAT observations of UX Ari, AR Psc and VY Ari with the exposure of 300 sec,
whereas we did that of HR1099 with the exposure of 120 sec. Also, we took the frame
of 73 Cet (HD 15318) and 2 Ori (HD 30739) in the same way as the standard stars for
photometric corrections. We reduced the SCAT data frame by frame with a standard
manner in python's astronomical packages. These reductions are all common among
the observations of the flare sources in both flare phases and quiescent phases.

Figure 4.3 shows an example of spectra during flare phase and quiescent phase,
but normalized at 6,600Å. We applied a standard technique to our spectra and de-
rived the EW. We fitted the Hα emission line with a Gaussian, and picked up the
±3σ points from the Gaussian peak as the “edge" between the emission line and
continuum emission (Figure 4.3). As for the Hα line intensity, we integrated the data
above the linear function which connects the both side of the “edge". As for the
continuum level, we took the value of the linear function, just at the center of the
Gaussian. We then divided the integrated Hα line intensity by the continuum level,
and finally obtained the EW.

Since the targets had orbital variation in EW during the quiescent phase, we
needed to determine the curve to subtract the orbital variation. We first folded their
light curves, in the quiescent phase, with the rotation period Prot, and fitted it with a
function of a × sin((x − b)/Prot) + C, and determined the EW in each orbital phase.
Table 4.1 lists the best-fit values of a, b, and C. The value of the EW curve at the same
orbital phase was then subtracted from that during the flare and was defined as the
EW of the flare. Here, many past optical observations of solar and stellar flares show
no large change in continuum flux (e.g. Namekata et al., 2020). We then assume
that the continuum flux of our observations does not change from the quiescent to
the flare phase. The fact that no significant variation was found for the continuum
flux in the band adjacent to the Hff line supports the assumption. As a result, the
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FIGURE 4.1: SXR and Hα light curves of the three of seven flares. The
upper, middle, and lower panels correspond to Flares 1, 2, and 3, re-
spectively. The SXR in the 2–10 keV band, overlaid with its best-fit
model, is plotted in black, with 1 σ error, with bins for 2, 6, and 6
MAXI orbital periods in the respective three panels. Hα EW is pre-
sented in red with 90% error bar for the data and best-fit model. No
significant variation is found for the continuum flux in the band ad-
jacent to the Hα line. As a result, the Hα EW is basically proportional

to the flux of the band where the line component dominates.
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FIGURE 4.2: SXR and Hα light curves of the four of seven flares. The
upper left, upper right, lower left and lower right panels correspond

to Flares 4, 5, 6, and 7, respectively.

FIGURE 4.3: Normalized spectra in a wavelength range at around the
Hα emission line. The solid and dashed lines correspond to Flare 1

and quiescent components, respectively. See text for details.
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Hff EW is basically proportional to the flux of the band where the line component
dominates. The resultant curves for the EW was plotted in Figure 4.1, 4.2.

TABLE 4.1: EW of Hα during the quiescent phase

Flare ID Star Observation dates a b C
Flare 1 UX Aria 2016 Oct – 2017 Mar 1.0 0.8 0.6
Flare 2 2018 Sep – 2019 Apr 0.2 0.0 0.4
Flare 3 AR Pscc 2016 Oct – 2017 Feb, 2018 Feb 0.4 0.2 0.1
Flare 4 UX Aria 2017 Sep – 2018 Apr 0.2 0.0 0.4
Flare 5, 6 HR1099b 2017 Sep – 2018 Apr −0.1 0.0 1.1
Flare 7 VY Arid 2016 Oct – 2017 Jan, 2018 Sep, Oct −0.2 0.2 −0.3

a – UX Ari observation folded with ephemeris MJD = 56237.634 (Hummel et al.,
2017).

b – HR1099 observation folded with ephemeris MJD = 42763.409 (Bopp and Fekel,
1976).

c – AR Psc observation folded with ephemeris MJD = 46079.450 (Fekel, 1996).
d – VY Ari observation folded with ephemeris MJD = 46488.52 (Strassmeier and

Bopp, 1992).

We selected Flares 1, 2 and 3 from the light curve of Figure 4.1, 4.2 as the flares
for which decay times and energies can be determined for both SXR and Hα lines.
For Flare 4, the SXR light curve shows that the two flares overlap by roughly 0.5
day. The first flare has no temporal resolution to estimate decay time in the SXR and
Hα emission. The second flare is observed simultaneously by SXR and Hα emis-
sion, but since the contribution of the first flare cannot be separated, an independent
flare duration cannot be determined. Therefore, it was determined that it was not
included in the flares for which decay time could be determined. For Flare 5, it was
determined that the decay time could not be determined due to the short observa-
tion time of the Hα line. Flare 6 was judged to have no decay time because of the
missing SXR data after the peak. Flare 7 was judged to be a flare with no confirmed
decay time because there was sufficient observation time for both the SXR and Hα
lines, but no decay behavior of the Hα line was observed.

From here on, we will focus on Flare 1, 2, and 3, and show the results of the decay
time and radiation energy for each SXR and Hα emission.

4.1.2 SXR emission

We fitted the light curves of the decay phase with an exponential model to derive the
decay timescale. The time range used for the fitting of each light curve is shown with
a black, horizontal arrow in Figure 4.1. In the light curves, Flares 2 and 3 may have
the secondary peaks. Then, we fitted the X-ray light curves, limiting the time region
for only ∼2 days from the flare peak (see Figure 4.1) to avoid possible contamination
by a potential secondary peak, which may appear then. Table 4.2 lists the fitting
results, including the e-folding time, τ.

The source spectrum during each flare was extracted from the data of the time
bin for the peak flux in each flare (Figure 4.1) and background component, accu-
mulated from the above-mentioned annular region, is subtracted from it. The latter
represents the sum of the instrumental and sky background components. Figure 4.4
shows the resultant flare spectra. Although the spectra contain the quiescent compo-
nent, the contribution is negligible; Webb et al. (2020) presented the catalog of active
stars, including our targets, UX Ari and AR Pic, which contains the quiescent fluxes
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TABLE 4.2: Flare e-folding time τ

Flare ID Region of τ Reduced χ2

interest
[d] / [104 s] [104 s] (d.o.f.)

Flare 1 SXR 1.9 / 16 2 (1–4) 0.3 (9)
Hα 0.5 / 4.3 8 (7–10) 0.6 (11)

Flare 2 SXR 1.9 / 16 7 (5–10) 0.2 (3)
Hα 0.4 / 3.5 24 (19–32) 0.8 (22)

Flare 3 SXR 1.5 / 13 3 (2–5) 0.8 (2)
Hα 0.08 / 0.69 7 (4–17) 0.4 (8)

Note – d.o.f. means the degree of freedom. In the 2–10 keV band for SXR. The errors
are 90% confidence range.

of the sources. Their flux levels are about 3% or lower of any peak fluxes of the flares
we reported here.

We fitted the spectra with a thin thermal plasma model, APEC (Smith et al., 2001)
in the Xspec package, where the redshift and metal abundace were fixed to zero
and 0.3, respectively. In the fitting, as for Flares 1 and 2, we fixed the temperature
kT to the average value according to Tsuboi:2016 because otherwise no meaning
constraints would be obtained due to poor data statistics. Table 4.3 lists the fitting
results and Figure 4.4 shows the best-fit models. Then, the radiation energies were
calculated, from the best-fit e-folding timescale and the luminosity, and are given in
Table 4.4.

TABLE 4.3: SXR best-fit spectral parameters

Flare ID kT Emission measure Reduced χ2

[keV] [1055 cm−3] (d.o.f.)
Flare 1 3.5a 5 (3–6) 0.1 (4)
Flare 2 3.5a 4 (3–5) 1.7 (8)
Flare 3 3 (2–6) 4 (3–7) 0.8 (6)

Note – d.o.f. means the degree of freedom. Abundance and redshift are fixed to 0.3
and 0, respectively. The errors indicate a 90% confidence range.
a: kT is fixed according to Tsuboi:2016 (see text for detail).

TABLE 4.4: Summary of the three flares

Flare ID Star Flare peak time Wavelength Peak luminosity Energy
UT MJD [1032 erg s−1] [1036 erg]

Flare 1 UX Ari 2016/11/22 06:16 57714.2612 SXR 3 (2–4) 6 (2–12)
Hα 0.13 (0.06–0.20) 1.1 (0.5–1.7)

Flare 2 UX Ari 2018/11/24 18:12 58446.7587 SXR 3 (2–4) 20 (10–30)
Hα 0.08 (0.04–0.12) 1.9 (0.9–3.0)

Flare 3 AR Psc 2018/02/09 01:53 58158.0790 SXR 2.5 (1.4–3.1) 8 (3–13)
Hα 0.04 (0.02–0.07) 0.3 (0.1–0.8)

Note – In the 2–10 keV band for SXR. The errors are 90% confidence range. The Hα luminosities
represent the values extrapolated to the times of the X-ray peak times. The errors for the Hα
luminosities and radiated energies include the uncertainties in determining the decay times.
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FIGURE 4.4: SXR spectra of Flare 1 (upper panels), Flare 2 (middle),
and Flare 3 (lower). The data points are binned for 2, 6, and 6 MAXI
orbits in the respective panels. The errors are in 1-σ. The solid lines
show the best-fit models. The residuals for the best-fit model are also

shown at the lower part of each panel.
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4.1.3 Hα emission

We fitted the Hα light curves with an exponential function in the same manner for
the SXR light curves. The fitting result is listed in Table 4.2. Here, as for the Hα
light curve of Flare 1, we performed fitting for the time region of the first day of
the flare peak only, during which an enhancement in emission was apparent. We
note that the inclusion of the data in the second observation period (on the fourth
day) in the fitting yielded the best-fit decay time of 9.9 (9.5–10.4) ×104 s, which is
not significantly different from the original result of 8 (7–10) ×104 s (Table 4.2); in
other words, the selection of the time region between the two for the fitting makes
no significant influence on the result.

In order to obtain the released energy during a flare as the Hα line emission, we
needed to estimate the peak Hα intensities, although they are not covered in our
follow-up observations. Then, we needed to extrapolate the best-fit function to the
flare-peak epoch obtained in SXR light curve. We note that it should be a reasonable
assumption, given that the coincidence of the SXR and Hα peaks have been reported
from the data of roughly 200 solar flares (Veronig et al., 2002a) and also from stellar
flares (Doyle et al., 1988a; Fuhrmeister et al., 2011; Namekata et al., 2020).

We calculated the Hα peak luminosity by extrapolating the time-profile of the
obtained Hα EW to the X-ray peak time, subtracting the averaged continuum level
during one-night observation, and using the distance to the object. The absolute
flux measurements of continuum emission is in general known to be very difficult
for the spectroscopic data as we took. The continuum level of our data was actually
fluctuated in 50% at 90% error. We then gave this error to the Hα flux of our mea-
surements. Table 4.4 shows the results, where the uncertainties in determining the
decay times are taken into account in the calculation of the errors.

4.1.4 Flare loop

We determined loop lengths of flares, using the “kT-EM diagram" model formulated
by Shibata and Yokoyama (1999), where the pre-flare electron density was assumed
to be 109 cm−3. Independently, we also derived the same parameters, using the
model formulated by Haisch (1983). This model estimates the loop parameters by
assuming that the time taken for radiative cooling and conduction cooling are the
same and that the cross section of the loop is (L/10)2, where L is the flare loop
length. The estimated loop lengths based on the former model were roughly three
times larger than the binary separation for Flares 1 and 2, whereas those based on
the latter model are comparable to the binary separation. Table 4.5 summarizes the
result.

TABLE 4.5: Loop lengths of the three flares

Flare ID Loop lengths
(Shibata and Yokoyama, 1999) (Haisch, 1983)

[R⊙] (Binary separation) [R⊙] (Binary separation)
Flare 1 62 (51–74) 3.3 (2.7–3.9) 11 (7–16) 0.6 (0.4–0.9)
Flare 2 57 (50–67) 3.1 (2.7–3.6) 25 (20–32) 1.3 (1.1–1.7)
Flare 3 80 (30–220) – 14 (10–19) –

Note – The errors indicate the 90% confidence range.
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4.1.5 Radiation energy

Butler, Rodono, and Foing (1988) presented the linear relationship between the radi-
ation energy of flares in the Hγ emission line (EHγ) and that in the X-ray band in the
0.04–2 keV band. Butler (1993) further extended the relation in energy to the range
of seven orders of magnitude: 1029–1036 erg 1

In Figure 4.5, we plotted the same kind of the plot; the radiation energy of flares
in the Hα emission line (EHα) vs. that in the X-ray bolometric band (EXbol), incor-
porating the past studies from literature (Butler, 1993; Butler, Rodono, and Foing,
1988; Thomas and Teske, 1971; Kahler et al., 1982; Butler et al., 1986; Doyle et al.,
1988b; Doyle et al., 1988a; Doyle et al., 1991; Johns-Krull et al., 1997). Some of the
past reports presented the radiation energy in the Hγ emission (EHγ) only and no
EHα; then we estimated the latter from the former according to the assumed relation
EHα equals 2 × EHγ in such cases, as Butler (1993) converted the latter to the former
using the same conversion factor.

As for the total SXR energy, the flare parameters measured in SXR are converted
to those in the bolometric energy band (0.1–100 keV band), using the same method
described in Tsuboi:2016; the peak bolometric luminosities were obtained, integrat-
ing the best-fit spectral parameters with a thin-thermal plasma model for a range
of 0.1–100 keV, and then the bolometric X-ray energies EXbol were calculated from
it multiplied by its e-folding times. Table 4.6 summarizes the compiled parameters
for the stellar flares. Appendix A gives detailed description about the conversion
methods for some of the values in Table 4.6 taken from literature.

Fitting all the data points with a linear model with a slope of unity yields the
best-fit relation of

log EHα = 1 log EXbol − 1.0 ± 0.7 , (4.1)

which is shown in Figure 4.5. The error ±0.7 is calculated as the scatter of the data
points around the derived model function in 1.6σ.

Our result finds that the applicable range of the relation extends for further 2
orders in energy: 1029–1038 erg. The scattering of the data around the best-fit linear
function is limited within an order.

1The “integrated flux” with the notations LX and LHγ in Butler, Rodono, and Foing (1988) and
Butler (1993) should be interpreted as, though not explicitly explained in their papers, the radiated
energy integrated over the flare duration. This means that its dimension is energy (erg), as opposed to the
nominally expected units of energy per unit time (erg s−1) for L∗. See the definitions of the parameters
in e.g., Thomas and Teske (1971), from which Butler (1993) adopted the values, for verification.
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4.1.6 e-folding time

The SXR light curve has limited photon statistics whereas the Hα light curve covers
a limited period during each flare (Figure 4.1). Both limitations contribute to the
uncertainty in the e-folding times that we derived in section 4.1.

As for the SXR, the light curves of some large flares have been shown to con-
tain two components with different e-folding times (e.g. Agrawal and Vaidya, 1988;
Tsuboi et al., 1998). The decay time of the component that is dominant near the peak
is reportedly shorter than the one dominant at the tail. Tsuru et al. (1989) reported
re-heating or second flare at the tail of the first and main component in a flare of UX
Ari. The decay time that we derived is similar to that of the main flare component
(∼ 6.5 × 104 s) seen in their lightcurve. Flare 2 might be actually a double flare simi-
lar to the one reported by Tsuru et al. (1989), i.e., the SXR light curve of Flare 2 might
involve a peak of a possible second flare at around 2 days after the first peak.

With the optical continuum band, intensive studies of flare decay timescales have
been made for solar flares. For example, Kashapova et al. (2021) reported two decay
components, of which the slower-decay component lasts longer by a factor of 2–
10 than the faster-decay one. Our data of Hα covered a small fraction of the flare
decay phase, suggesting that we only detected one component out of possibly two
or more components in reality in the light curves. Therefore, we conclude that the
best-fit e-folding times of the SXR and Hα emissions that we measured with the
single-exponential model fitting has a (systematic) error of a factor of 2–10 and thus
is robust in only one order accuracy.

Many studies of stellar flares (e.g., Kashapova et al., 2021) show that a faster
and slower decaying components have a high and low peak fluxes, respectively.
Then, the flare energy that is determined from the decay time multiplied by the peak
luminosity is not varied much because the uncertainties compensate each other, if to
a certain degree.

Veronig et al. (2002b) found a linear correlation between the e-folding times τSXR
and τHα for solar flares.

In Figure 4.6, we compiled the same kind of plot, but incorporating the data for
stellar flares as in the previous subsection. Here, the reported e-folding times were
adopted as they are, regardless of the used energy band in each study. The linear
relationship is again apparent in this figure. We then fitted the plot with a linear
function. The best-fit model, which is overlaid in Figure 4.6, is given by

log τHα = 1 log τSXR − 0.1 ± 0.6 , (4.2)

where the error is calculated as the scatter of the data points around the derived
model function in 1.6σ.

We find that all the data fall within an factor of 4 around the best-fit linear func-
tion. This result implies that the two parameters τSXR and τHα are almost the same
among not only the solar flares but also much more energetic stellar flares. The re-
sult extends the applicable range for the relationship for an order of magnitude from
the previous result (Veronig et al., 2002b). It is notable that the overall trend of the
data points in the τSXR-τHα space broadly follows a linear relation for 3 orders of
magnitude for the duration τ.
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FIGURE 4.5: Log-log plot of radiation energies of Hα and SXR (0.1–
100 keV). The open and filled circles in black show the data for the
solar and stellar flares found in literature. The red data are our results
for the MAXI flares with 90%-confidence errors. See text for details.
The gray lines indicate 1.6 times of the standard deviation ( 90%) of

the data points around the model.
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FIGURE 4.6: Log-log plot of e-folding times of Hα and SXR. The sym-
bols are the same as in Figure 4.5. The gray lines indicate 1.6 times of
the standard deviation ( 90%) of the data points around the model.
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4.2 Discussion

4.2.1 Solar to large stellar flares

We have found proportional relationships between the SXR and Hα emission line
for the flare radiation energy E and e-folding time τ from the solar to large stellar
flares. As for the Sun, thanks to the close distance to the Sun, many images have
been obtained with high spatial resolution in the Hα emission line and SXR band
(e.g. Asai et al., 2004; Jing et al., 2016). SXRs are dominated by optically-thin thermal
emission from high-temperature plasma of tens of millions of degrees that fills the
loop of each flare (e.g. Shibata and Magara, 2011). Hα line is, by contrast, found to
be emitted near the foot-points of flare loop and/or from the inner side of SXR flare
loop, called postflare loop (see Figure 42 in Shibata and Magara, 2011). The hydro-
gen responsible for the Hα emission line is thought to be excited by one or all of (1)
the collision of accelerated particles, (2) heat conducted from the high-temperature
plasma at the foot-point of the flare loop, and (3) the high-energy radiation from the
high-temperature plasma. The nominal loop size of the solar flare is reported to be
∼ 0.1 R⊙ (e.g. Kontar, Hannah, and Bian, 2011). Although the loop size of Flares 1
and 2 are estimated to be more than twice of the stellar radius, our finding of the
scaling relationships suggests that the origins of the SXR and Hα of the large flare
are common to those of the Sun.

In this work, the studied correlation is limited to Hα and X-rays. Although some
studies have been done about the correlation between white light and X-rays, the
uncertainty in the results is considerable mainly due to their limited radiated-energy
ranges of the sample stellar flares (e.g., Flaccomio et al., 2018; Guarcello et al., 2019;
Kuznetsov and Kolotkov, 2021). Future simultaneous observations of stellar flares
with X-rays and other bands, including white light, would provide us with insights
about the multi-wavelength nature of stellar flares for a wide energy band.

4.2.2 Estimation of active area and flare loop position

In this study, I estimated the active regions on the stellar surface using SCAT obser-
vations of the Hα line of UX Ari during quiescence, and the flare loop positions of
Flare 1 and 2 using visible continuum and radio observations. First, to get the infor-
mation about the orbital motion of UX Ari, we measured the central wavelength of
the Hα emission lines and measured their Doppler shifts. As a result, the modula-
tion in 2016 and 2018 when we observed Flare 1 and 2 show sinusoidal variations in
the central wavelengths of the Hα emission lines in accordance with the rotation pe-
riod, with amplitudes of 120 and 110 km/s in the line-of-sight velocity, respectively
(Figures 4.7 and 4.8). The Doppler shift in Hα emission was converted to velocity
using the equation v/c=∆λ/λ. UX Ari is reported by (Hummel et al., 2017) to emit
Hα lines, so the radial velocities observed here are considered to be active regions of
the primary star. Comparing this variation with the phase of Hummel et al. (2017),
in which the phase of the main star, the quasi-giant star, is set to 0 in front of the com-
panion main-sequence star, the phase shift is about −0.02− 0.06, which is consistent
with previous reports. The Doppler shifts at the time of the Flare 1 and 2 events were
the same as the Doppler shifts at the same phase in quiescent states, indicating that
the Hα emission regions in Flare 1 and 2 are both on the primary side. Since the Hα
emission region, which is the foot of the flare loop, was not found on the companion
star side.
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FIGURE 4.7: Right: A schematic ilust of UX Ari between October 2016
and March 2017. The yellow and blue circle is the primary (subgiant)
and secondary (mainsequence) star. An outer circle is the phase of
binary-position seen from the observer. A blue eye-mark is the phase
of Flare 1 occurence. A black filled circle and a orange filled circle
is spot position and Hα emission region, respectively. A red loop is
schematic shape of the flare loop which can seen in soft X-ray. The
dashed circle is estimated radii of the Hα component with the radial
velocity of 120 km/s. Upperle f t: A folded curve of the radial ve-
locity. Lowerle f t: A folded curve of the Hα EW. The folding base
date and period are MJD 56237.634 and 6.43788 days, respectively

(Himmel:2017).
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FIGURE 4.8: Right: A schematic ilust of UX Ari between October
2018 and March 2019. The symbols are same as Figure 4.7. A purple
mark is estimated position of the radio flare. The dashed circle is
estimated radii of the Hα component with the radial velocity of 110
km/s. Upperle f t: A folded curve of the radial velocity. Lowerle f t: A
folded curve of the Hα EW. The folding base date and period are MJD

56237.634 and 6.43788 days, respectively (Himmel:2017).

FIGURE 4.9: The folded modulation of V-band magnitude observed
by KWS. The solid curve is the best-fit model of the sinusoidal curve.
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FIGURE 4.10: The folded modulation of V-band magnitude observed
by CAT. The solid curve is the model curve calculated by using

FHOEBE analysis software.

FIGURE 4.11: The light curve of 6.7 GHz radio emission. The solid
curve is the best-fit model of the sinusoidal and exponential decay

plus constant.
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Using the same method as in section4.1.1, we summarized the yearly variations
of Hα EW in 2016 and 2018 during quiescence (Figure C.1 and C.4). We were not able
to identify the active region in 2018 because the EW fluctuation was small in 2018
while the EW fluctuation was significant in 2016 when Flare1 occurred. We drew a
schematic ilusts of the surface of the main star, which was facing the Earth during
the phase when Hα EW was brightening, as the surface where the active region
exists (Figure 4.7 and 4.8). Flare 1 was occurred in the phase that emits Hα during
the quiescent phase based on Doppler shift observations, so we assumed that the
flare position was also above the active region during the quiescent phase (Figure
X). Flare 1 was occurred at the same location as the Hα emitting component in the
quiescent state, based on Doppler shift observations, so we assumed that the flare
location was also above the active region in the quiescent state (Figure 4.7).

In addition to SCAT observation, we also used the observations of visible contin-
uum and radio to draw a picture of Flare 1 and 2, including sunspots and flare loca-
tions. We used two optical telescope to observe V-band magnitude of the quiescent
states in 2016 and 2018. One is KWS, which was installed at Okayama observatory.
The results of KWS observations were opened to access. Hence, I referred the results
of V-band observation in FY 2016. In order to measure the luminosity variations
caused by sunspots, we constructed a light curve folded with the rotation period
(Figure 4.9). Since the light curve showed sinusoidal variations, we estimated that
the sunspots were located on the surface of the star facing forward in the faintest
phase. The position of the sunspot is given by Hα EW. The position of the sunspot is
consistent with the Hα emitting region (Figure 4.7). This means that Flare 1 occurred
above the sunspot on the primary star, which is consistent with the general picture
of a solar flare.

The results of Kitakoga in prep. 2022, which summarizes the observations of the
visible light telescope CAT at Chuo University and radio emissions of UX Ari in 2018
including Flare 2 (Figure 4.10). They estimated the position and area of sunspots
using FHOEBE analysis software based on the 1-year V-band luminosity variations.
We have drawn the estimated sunspot positions in Figure ??. The estimated sunspot
area is 1.5 1022 cm2 on the side close to the phase where the Hα emission region is
located. The radio emission of Flare 2 decays with a sinusoidal variation according
to the rotation period, and its maximum is around 0.3 phase (Figure 4.11). They
attributed this sinusoidal fluctuation to stellar obscuration, and estimated the region
of Flare 2’s radio emission. We have included the region of radio emission in Figure
4.8. This region is the same location as the sunspots. Similar to Flare 1, if we consider
that the Hα emission region at quiescence is above the sunspot, the Hα emission
region of Flare 2 is considered to be consistent with the radio emission region and
the sunspot. This means that the spatial information of Flare 2 is also similar to that
of Flare 1, which is similar to solar flares.

This is the second paper to discuss the location of flare loops in binary stars. The
first report was reported by Schmitt and Favata (1999). This is an X-ray observa-
tion of a flare in Algol, which is classified as a RS CVn-type star. The observations
revealed brief periods of dimming and brightening during the decay in the X-ray
luminosity variations, and the timing of the dimming and brightening coincided
with the timing of the eclipse of the binary star, leading to an estimate of the flare
source. To use the method of this report, the target’s inclination must be at a value
that causes an eclipse. We used much of the information obtained using multiple
wavelengths to discuss the location of the binary flare source. The method we used
is a universal method that can be applied to any target. Our results are the first step
to prove that this universal method is practical.
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FIGURE 4.12: Universal correlation of emission measure and temper-
ature. The symbols and curves are same as Figure 1.6. The red circle

is a plot of Flare 1 and 2.

4.2.3 Evaluation of a model to measure flare loop length

The model used in this study requires the use of the temperature and/or Emis-
sion measure (EM) obtained from the X-ray spectral analysis to obtain the flare loop
length. However, in the spectral analysis of Flare 1 and 2, the fitting was performed
assuming a temperature kT of 3.5. Therefore, the obtained flare loop length is a low
confidence value because it assumes not only the model but also the temperature. In
order to evaluate the variability of the measured kT and EM, we plotted the fit results
of Flare 1 and 2 on the correlation diagram of EM vs kT for stellar flares including
the Sun (Figure 4.12). This position is considered to have a 5-fold and 100-fold vari-
ation in kT and EM, respectively, compared to the sample of previous studies. This
variability can be explained by the fact that the (Shibata and Yokoyama, 1999) and
(Haisch, 1983) models change their estimates of the flare loop length by a factor of
100 and several times, respectively. Therefore, in this result, we consider the loop
length obtained by the model of (Haisch, 1983), which can be used to obtain more
reliable results in the loop length calculation using the model.

Flare 2 was estimated in Kitakoga in prep. 2022 to have a sunspot area of 1.5
1023 cm2 at the foot of the flare loop from the V-band luminosity variation. In order
to evaluate whether the cross-sectional area of the flare loop is comparable to this
sunspot area, we calculated the cross-sectional area considering the shape of the
flare loop assumed in the model. Since the model of (Haisch, 1983) assumed the
cross section of the flare loop to be (L/10)2, we estimated the cross section of Flare
2 to be 6 × 1022 cm2. This is about 0.5 times smaller than the cross section at the
sunspot foot, and given the variability in kT and EM, the sunspot area and flare loop
cross sections are considered to be consistent. This spatial information is similar
to that observed in solar flares, so it is consistent to assume that giant flares are a
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scaled-up version of solar flares.
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Chapter 5

Summary

1. We launched SCAT, a visible light spectroscopic telescope for the study of stel-
lar flares, in 2016.

2. We evaluated the performance of SCAT and found that it can observe the Hα
line (6563 Å) with a wavelength resolution R of 600 and a limiting magnitude
of 13 and the accuracy of wavelength determination of ± 1Å.

3. We have established a system to observe large flares simultaneously with Hα
and SXR by using SCAT to follow-up the flares detected by MAXI. Using this
system, we obtained the following results.

4. During the five years from 2016 October to 2021 September, three large stellar
flares from UX Ari and AR Psc were simultaneously observed in Hα and SXRs.

5. The radiation energies of the observed flares were 1036–1037 erg in the SXR
band and 1035–1036 erg in the Hα emission line. By combining the obtained
physical parameters and those in literature for solar and stellar flares, a good
proportional relation was obtained between the emitted energies of SXR and
Hα emissions for a flare energy range of 1024–1038 erg. This is the first confir-
mation of the relationship based on simultaneous X-ray and Hα observations
of massive stellar flares. The ratio of the Hα line emission to that of SXR is
about 0.1, if we take the energy band from 0.1 to 100 keV to obtain the X-ray
luminosity.

6. The e-folding times in the decay phase of SXR and Hα flares were obtained to
be both 104–105 s. By combining the obtained physical parameters and those
in literature for solar and stellar flares, it is confirmed that the e-folding times
in both bands coincide with the range of 1–104 sec.

7. Even very large stellar flares with energies of 6 orders of magnitude larger than
the most energetic solar flares follow the same scaling relationships established
for solar and much less energetic stellar flares. This fact suggests that their
physical parameters can be estimated on the basis of the known physics of
solar and stellar flares.

8. Using multi-wavelength observations, we succeeded in inferring the spatial
information of giant flares. As a result, we obtained a hint of the spatial infor-
mation of flares that could connect binary stars.

9. Looking ahead, to put a stronger limit on the size of flare loops, we can make
spectroscopic observations with next-generation X-ray telescopes such as XRISM.
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Appendix A

Calculation of radiation energies
and e-folding times from those in
literature

The general procedure to calculate the radiation energies and e-folding times in SXRs
and Hα (tabulated in Table 4.6) is described in Sections 4.1.5 and 4.1.6. In some cases,
the values are taken from the cited references as they are presented. However, in
many cases, some conversions are required to derive the compiled values (Table 4.6).
Here is the detail of the conversion methods. (II Peg) EXbol is calculated from the
peak X-ray flux (referred to as FX,peak) and τSXR, both of which are read directly from
a figure in the reference, and τHα is read directly from a figure. (Glise 644) EXbol is
calculated in a similar manner as that for II Peg except that FX,peak is taken from a
table. (YZ CMi with reference 4 in Table 4.6) τSXR is calculated from a combination
of FX,peak directly read from a figure and energy in reference (7), and τHα is, from the
peak Hα flux (FHα,peak) from a table and EHα in reference (1). (YZ CMi with reference
5) τSXR is from τSXR calculated from FX,peak and EX in reference (5), and τHα is directly
from a figure. (UV Cet) τSXR is from FX,peak and τSXR directly from a figure, and τHα

is from a combination of FHα,peak directly from a figure and EHα from reference (1).
(Sun with reference 8) EXbol is from FX,peak directly from a figure, and τHα is, in the
same manner as that for (UV Cet). (Sun with reference 9) EXbol is from a combination
of FX,peak directly from a figure and τSXR from FX,peak and energy from a table.
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Appendix B

The results of Monitor observation
with SCAT

B.1 Figures

We show the Hα EW light curves obtained by monitor observation with SCAT dur-
ing September 2016 to April 2021. The sources are RS CVn type stars that can be
observed with SCAT.
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FIGURE B.1: The Hα EW light curves of UX Ari.
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FIGURE B.2: The Hα EW light curves of HR1099.
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FIGURE B.3: The Hα EW light curves of AR Psc.
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FIGURE B.4: The Hα EW light curves of VY Ari.
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FIGURE B.5: The Hα EW light curves of II Peg.
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FIGURE B.6: The Hα EW light curves of IM Peg.
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FIGURE B.7: The Hα EW light curves of AR Lac.
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FIGURE B.8: The Hα EW light curves of SZ Psc.
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FIGURE B.9: The Hα EW light curves of sigma Gem.
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FIGURE B.10: The Hα EW light curves of BH CVn.
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FIGURE B.11: The Hα EW light curves of Algol.
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Appendix C

The figures of Hα EW light curves
to obtain the persistent EW

C.1 Figures

We show the Hα EW light curves to obtain EW of persistent component from Hα
EW light curves of 7 flares.

FIGURE C.1: The Hα EW light curves of Flare 1. Upperle f t: The ob-
served raw Hα EW light curve. Upperright: The Hα EW light curve
subtracted EW of persistent component. The red plots are excluded
plots to fit the quiescent EW. Lowerle f t: Folded Hα light curve. The
red curve is the best fit of the model. The blue curves are the curve
obtained by adding ± 2.5 σ to the best fit parameters. The green plots
are the points that were removed when fitting the quiescent compo-

nent.
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FIGURE C.2: The Hα EW light curves of Flare 2. The symbols and
curves shown in three figures are same as Figure C.1
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FIGURE C.3: The Hα EW light curves of Flare 3. The symbols and
curves shown in three figures are same as Figure C.1
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FIGURE C.4: The Hα EW light curves of Flare 4. The symbols and
curves shown in three figures are same as Figure C.1



C.1. Figures 61

FIGURE C.5: The Hα EW light curves of Flare 5 and 6. The symbols
and curves shown in three figures are same as Figure C.1
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FIGURE C.6: The Hα EW light curves of Flare 7. The symbols and
curves shown in three figures are same as Figure C.1
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