nature portfolio

https://doi.org/10.1038/s41550-021-01532-8

Supplementary information

Probable detection of an eruptive filament
fromasuperflare onasolar-type star

In the format provided by the
authors and unedited



Supplementary Information

Basic relation between solar filament eruptions and CMEs In the case of solar flares, eruptive
phenomena can be often observed as low-lying cool-mass eruptive phenomena (known as filament
or prominence eruptions via Ho; cf. section “Solar data analysis”) and CME:s (e.g., via corona-
graph). The CME:s often consist of faster, upper regions (known as “leading edges”) and slower,
lower regions (known as “cores”). It is thought that the CME cores and leading edges consist of

the dense material of filament eruptions and the outer hot-coronal mass, respectively®’.

The typical velocities of solar CMEs are 203,000 km s~! (ref.”’, Fig. 14 of ref.?). On the
other hand, those of filament eruptions accompanied by CMEs are 10-400 km s~! (Fig. 14-15
of ref.?). Consequently, the filament eruptions velocities are minor because the filament eruptions
correspond to the lower region of the self-similarly expanding CMEs. Because of this, there are
solar eruptive events with a large amount of lower cool-filament masses that has fallen back to the

surface while remaining filament and coronal mass are ejected.

A solar filament eruption/CME on 2011 June 7 is one of the most well-studied solar filament
eruptions (see Ref.>>°! and references therein), and it is accompanied by an M2 class X-ray flare
(its approximate energy is ~ 103" erg). This can be an excellent solar counterpart of stellar filament
eruption on EK Dra. The dramatic filament eruption was mainly observed by EUV images (espe-
cially the 304 A and 193 A bands) and optical coronagraph. The fast components of the filament

erupt with the velocity of 200-600 km s~! (ref.?>), and much of the erupted filament material fell



to the solar surface. On the other hand, some filamentary material and coronal masses have been

observed to be ejecting as a CME with a velocity of ~1000 km s~!

, which eventually reached at
least 1 AU. Several aspects of this solar filament eruption described above are similar to those of

the spectra of the EK Dra event.

We note that as for masses and kinetic energies in Fig. 4, a large number of CMEs are plotted
while the number of filament eruptions/surges is only six (see Section “Velocity, mass, and kinetic
energy: solar data”). The outer-region CME:s are often used for the statistical studies of solar mass
ejections>*° while statistics of detailed physical parameters (such as masses and kinetic energies)

of filament eruptions/surges are lacking and more studies are required.

TESS pixel-level data analysis Fig. S1 shows temporal variations of distance between EK Dra’s
sky location at each time and pre-flare location during the superflare based on the TESS pixel-level
photometric data'?. No centroid motion is observed during this flare (Fig. S1b), suggesting it is
associated with the EK-Dra system rather than an instrumental systematic error or contamination

from scattered background light or a distant star.

Flare energy The TESS white-light flare’s bolometric energy is derived from the TESS light curve

in the formula of>3?

Ehot = /ﬁ s T Agaredt, (1)

where the bolometric flare energy (Ey,)), the flare effective temperature (7§.,.), the area of flare

(Afare), and the Stefan-Boltzmann constant (osg). For each time, the flare area is calculated based



on the flare enhancement, flare effective temperature, stellar radius of 0.94 solar radius, and TESS
response function'?. The spectrum of white-light flares is assumed as a blackbody spectrum with
the 10,000 K effective temperature. Although broadband optical spectra have never been observed
for superflares on solar-type stars, the 10,000 K blackbody radiation is a good approximation for

the M-dwarf stellar flares'® or solar flares!?!

. Even if the flare temperature becomes 6,000-7,000
K, the estimated energies become smaller only by a factor of 0.5. The Ha flare energy is estimated
from the enhanced Ha E.W. and continuum flux level around Ha line. The continuum flux of
EK Dra around Ha is derived as 1.57 W m~2 nm~! (~ the solar value) at 1 astronomical unit
for flux-calibrated spectra obtained by KOOLS-IFU with the stellar distance given by Gaia Data
Release 2 (ref.*'). HR7596 (AOIII-type well-known standard star) is used for the flux calibrations
as a standard star. The Ha flux can contain errors of about a few % due to the difference in the
air-mass conditions of HR7596 (1.402) and EK Dra (1.318). Then the Ha energy is calculated by

just multiplying the enhanced Ha E.W. (integrated for Ha - 10 A ~ Ha + 10 A) by the continuum

flux and integrating in time.

Relation between flares and spots on EK Dra Fig. S2 shows the relation between flare radiated
energy and spot size for each TESS-sector (14-16 and 21-23) on EK Dra. TESS photometry has
detected 79 superflares with the an energy of more than 1033 erg during this campaign according to
the automatic detection method®. We defined a flare index as the total flare radiated energy, which
is the integrated radiated energy for all flares whose energy is more than 1033 erg during each
TESS sector. The brightness modulation amplitude is responsible for the spot filling factor, which

is derived as the difference between its brightness 95 % level and 5% level for each sector. Fig. S2



demonstrates a positive correlation between total flare radiated energy and brightness amplitude,
signifying that the detected superflares are likely to occur associated with the prominent (or many)

starspots on the solar-type stars EK Dra.

The magnetic energy stored around the giant starspots on EK Dra is estimated from the
local brightness variation amplitude normalized by averaged stellar brightness (AF'/ Fy, = (Finax —
Fiin)/ Fay) between BID 2458945 to 2458947.5 (see Extended Data Fig. 1). Here F,,, Fi,ax, and
Flin mean average, maximum, and minimum value of stellar brightness of flare-subtracted light
curves, respectively. The spot area (cf. filling factor) is derived to be 2.7 % of the stellar disk area
(= 7TR3 , where R, is the stellar radius) from the AF'/F,, in the same way as ref.”?. The magnetic
energy stored around the spot is calculated to be 8.0x 103 erg from the spot area in the same way

as ref.*:
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where B is the magnetic field strength, Ag,o; is the spot area, and R is the solar radius. Here,
we assumed the average magnetic field strength of star spots is ~1000 G as in ref.*. Note that
the estimated value can be a lower limit because there is no evidence that F},,,, corresponds to the

unspotted brightness level.

Spectroscopic data analysis (continued from Methods) Fig. S3 shows the time-integrated flare
spectra evolution during the events. The differences between blue- or red-shifted absorption com-
ponents in the pre-flare and flare spectra are readily apparent in Fig. 1c-e (about 1.5 % at most).
The far-wing continuum levels of flare spectra are well consistent with that of the pre-flare spec-
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trum, indicating that the blue-shifted components are of astrophysical origin. In Fig. S4b and c,
we made two light curves of the Ha E.W. with the integration ranges of Ha - 10 A ~ Ha + 10 A
and Ho - 20 A ~ Ha + 10 A, respectively. The narrow-band Ho E.W. is used for the measure-
ments of the radiated energy and duration of Ha flare because of the high S/N (Fig. S4b), and the
broad-band Hae E.W. is used for the measurements of the amount of absorption (i.e., mass and ki-
netic energy) because the wavelength of > Ha - 20 A is broad enough to measure the blue-shifted
absorption features. The KOOLS-IFU and MALLS cover other chromospheric lines, such as He
I lines at 6678.2 A, but they are less sensitive to flares than Ha as in M-dwarf flares'®, and no

significant flare emission was obtained for this time.

Stability of pre-flare spectra Fig. S4 shows the extended light curve of the superflare and pre-
flare brightness on EK Dra. The light curve shows that the pre-flare Hoe E.W. and continuum level
are stable enough to detect the flare emission above the 1-o level in each. The 1-o levels were
calculated based on the scattering of E.W. for -150 to 0 min before the flare onsets. The duration
differences between the optical and Ho flares were not significantly detected by considering the
error bars in Ho E.W.. Emission delays are seen in other stellar flare events, and the flare evolution
on the different emission bands/lines should be investigated in future studies®*. We obtained the
pre-flare template spectra by averaging the 30 data points before the flare started. The periods used
for the pre-flare spectra are indicated with black arrows in the Fig. S4a-b. 2-m Nayuta Telescope
has a smaller mirror than 3.8-m Seimei Telescope, and it is necessary to use longer periods to make
the pre-flare template spectrum. Fig. S5 shows temporal variations of the Ha spectra in pre-flare

phase on time scales similar to the filament eruption event. The panel shows that the pre-flare Ha



spectrum is quite stable for a significant amount of time before the flare event. Considering the
sufficient stability of the E.W. in pre-flare phase, we can exclude that the observed variations in the

Ha profile could be due to background variations of the stellar chromosphere.

Solar data analysis (continued from Methods) Here, we introduce the continued description
on the solar data analysis in Methods section “Solar data analysis”. First, let us introduce why
we used the data of partial regions although there are full-disk data of SDDI. It should be noted
that if the length scale of the filament is much larger, the signals of filament eruptions are ex-
pected to be detected even with the full-disk integrated spectra. However, in this case, the ratio
of L(6570.8A,ty, Agear) to L(6570.8A, to, Apan_aisk) is ~2 %, and the absorption signals of the
filament eruption are just about 0.01 % compared to the full-disk continuum level. In addition,
there are slight time-lags among the 41-wavelength images observed by SDDI", and atmospheric
scintillations and partial cloud would make the S/N ratio worse when we simply make the full-
disk-integrated spectra. These are the reasons why we first made the locally-integrated spectra and

then converted to the full-disk value.

Second, we describe below the detailed explanation of the solar filament eruption. In Ex-
tended Data Fig. 4c, the fast eruption can be seen in the second and third row (t = 1 min, 5 min),
while the red-shifted component becomes dominant in the forth row (t = 11 min). This means that
a fast eruption occurred but some of the erupted mass falls back toward the surface. It should be
noted that there is flaring emission in the line center and the line center & 1 A even in the third to

forth rows, although Ha E.W. shows negative values compared to the pre-flare level. This means



that the absorption due to erupted masses is dominant compared to the flare emission in the decay
phase, which is similar to the stellar filament eruption (Fig. 1). The absorption from ejected mass
is very weak in the line center due to low contrast in line center against the weak background inten-
sity. The weak absorption can be also filled in the continuing Ho flaring component (see Extended
Data Fig. 4c). This feature at line center cannot be seen in stellar spectra possibly because of the

lack of the spectral resolution (10 times worse than solar spectra).

Finally, we describe whether it has become a CME. Ref.*? reported that the filament eruption
analyzed here could have produced a CME on the basis of the coronagraph observed by the Large
Angle and Spectrometric Coronagraph (LASCO) C2 images onboard the Solar and Heliospheric
Observatory (SOHO)!? . The running difference movies can be seen in Fig. S6c (see the movie
in the url: https://cdaw.gsfc.nasa.gov/movie/make_htmem_js.php?step=1&
imgl=lasc2rdf&stime=20160707_0000&etime=20160707_2359). The plane-of-sky
distance from the solar disk center of filament eruption and corresponding CMEs are plotted in Fig.
S6a-b. The filament height is measured as the farthest filament components from the disk center.
The CMEs have the two components, and the evolution of both components are indicated with
orange and green points/arrow in Fig. S6a and Fig. S6¢. Ref.*? shows that the directions of fila-
ment eruption and CME propagation are roughly the same, and Fig. S6 shows that the CME height
evolution is roughly consistent with the timing when the filament eruption occurred. Although
the large part of filaments have fallen back to the Sun (see Supplementary Videol), the extended

regions of the coronal mass may have led to the CMEs.



Velocity, mass, and kinetic energy: solar data For solar filament eruption observed with SMART/SDDI,
we applied the Becker’s cloud-model fitting, and derived the surface distributions of mass of
erupted filament at 7 July 2016 07:56:09UT. Fig. S7 shows the detailed result of the could-model
fitting for the filament eruption. The detailed methods of the cloud model are described in previous

1 source function is

studies®®*8. As a result of the fitting, the mean radial velocity is —61 km s~
0.28, and velocity dispersion of 38 km s~! with the mean optical thickness of 0.69. The estimated
values of almost all points are in good agreements with the previous studies*®. The distribution
of the hydrogen column density is derived from the optical depth and its spatial scale of 2.2x10°
cm’!. The plasma mass and kinetic energy are then calculated as 1.3x10'® g and 7.7x10% erg,
respectively. The kinetic energy is the lower limit because we only considered the line-of-sight ve-
locity, which is sufficient to compare with stellar events. For a comparison with the stellar filament
mass estimation, we calculated the mass for the solar filament eruption only from the spatially-
integrated Ha E.W. of 2.9%x10~* A (Fig. 2a) under the same assumption of the stellar data. As a
result, the mass derived only from the Ha light curve is estimated to be 3.3x 10 g, which is in

good agreement with that derived from spatially-resolved analysis within the above model errors

(0.15-4.9). This validates our model to estimate the stellar filament mass.

As for the other solar filament/prominence eruptions and surges plotted in Fig. 4, the mass,
kinetic energies of solar erupting plasma are also plotted whose data are taken from previous

studies* ¢

. The data and references are summarized in Table 1. Note that we have analyzed
another solar eruptive event (“Event-2") and the analysis is introduced in section “Another case

of solar flares on 2 April 2017”. For these flares, we assumed that bolometric energies of B,



C, and M class solar flares are 10, 10%°, and 103 erg from observational estimates of solar flare
energies>>4"101 The statistical studies of the relation among prominence mass, prominence kinetic
energy, and flare energy are now lacking, and more Balmer-lines observations of solar prominence

eruptions will be helpful for understanding stellar events.

Another case of solar flares on 2 April 2017 In addition to the solar flare and filament eruption on
7 July 2016 (hereafter “Event-1""), we analyzed a C8.0-class solar flare (i.e., the peak GOES soft X-
ray flux Fgogs is 8.0x107% W m~2) and associated jet-like filament eruption (called solar “‘surge”)
on 02:46 UT observed by the SDDI (hereafter “Event-2). Our purpose here is to show another
example of solar cool-mass eruption associated with solar flares. The Event-2 was analyzed in
the same way as Event-1. It should be noted that it takes full-disk solar images at 73 wavelength
points at every 0.25 A (cf. 0.5 A for Event-1) from the Ha line center —9.0 A to the Ho line
center +9.0 A, and the time cadence is 15 seconds (cf. 20 seconds for Event-1). The C8.0-class
solar flare is the largest solar flare with cool-mass eruption (filament eruptions or surges) among
the events observed by SDDI with good weather condition in these 5 years. The full movie of the
solar flare and surge observed by the SMART telescope/SDDI at Hida Observatory is shown in

Supplementary Video?2.

Before going to the detailed analysis, we will explain the meaning of filament eruptions and
surges, as used in solar physics. During solar flares, the associated cool eruptive phenomena seen
in Ha are observationally classified to two classes: “filament eruptions” (typically having large

scales) and “surges” (having small scales). Although they were historically named based on the



observational visibility, both of them are often associated with flares and sometimes cause the
outer-region CMEs>®°. Some of the solar surges do not erupt far away from the surface®°” but
others with high velocity lead to the CMEs”® with velocities higher than the solar escape velocity®.
This is also the same for large-scale filament eruptions. Theoretically, both surges and filament
eruptions can be explained by the unified model of magnetic reconnection with filament although
the length scales are different"-*>. Event-2 was also sufficient for analyzing the Ho behaviors of
solar cool eruptive phenomena and confirming whether the stellar Ha spectral changes correspond

to the similar phenomena.

Fig. S8 and Fig. S9 correspond to the same figures as Extended Data Fig. 4 and Fig. 2,
respectively, but for the Event-2. This flare occurred around an active region, named “NOAA
12645, located around solar disk center and was accompanied by solar surge. We found that the
blue-shifted absorption component at several times 10 km s~* due to the surge was predominant
after the solar flare, and the spatially integrated Ho E.W. showed enhanced absorption (Fig. S9a).
Later, the blue-shifted component decelerated and gradually turned into slow, red-shifted absorp-
tion (Fig. S9b-c). The Ha E.W. returned to the pre-flare level in about 30 min (Fig. S9a). These

features are very similar to the case of Event-1.

The drifted components in time-velocity plane seen in Fig. S9b can be caused by the free-
falling under the gravity gradient and the change in visibility of the dominant plasma caused by the
disappearance of the initial fast component. This feature is very similar to the stellar flare events

in Fig. 1.
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For the solar surge observed with SMART/SDDI, we applied Becker’s cloud-model fitting,
and derived the surface distributions of ejected mass at a given time of 2 April 2017 03:18:59UT.
Fig. S10 shows the detailed result of the could-model fitting for the solar surge. As a result of

the fitting, the T-weighted radial velocity is —31 km s~*

, source function is 0.22, and velocity
dispersion of 18 km s~! with the mean optical thickness of 0.73. The plasma mass and kinetic

energy are then calculated as 5.1x 10 g and 8.5x10%" erg, respectively (see Table 1).

Solar flare energy - CME mass relation In Fig. 4, the data of CME mass and kinetic energy
as a function of flare energy are plotted”. The flare energies are originally given by GOES X-
ray energies in 1-8 A (Ex cors), and they are converted to the bolometric energies under the
assumption of 100 x Ex qors. This is because the statistical study of solar flares shows that
the GOES X-ray band radiates only 1 % of the bolometric energy (=~white-light energy)*’. The
relation between CME mass and flare energy are empirically derived as M oc E?-?9%002 (ref 29),
where M is CME mass. On the other hand, the relation between mass and peak GOES X-ray
flux (that is, the best-used flare energy scale) has been reported by the different authors®. The
relation between mass and flare energy are empirically derived as M oc E%709 (ref.2®) under
the assumption that bolometric energies of B, C, and M class solar flares are 10?8, 10?°, and 10%°
erg’47-191 Both scaling laws are plotted in Fig. 4a, although the plotted data are taken from ref.?’
here. Stellar ejected mass is well described by the latter scaling law?® but is relatively more massive
than expected from the former scaling law?’. Theoretically, the relation between mass and flare
energy is derived as M oc E?%/3 (ref.’®). which is consistent with both scaling laws. It should be

noted that there is large scatter in the solar data. When we apply the solar scaling laws to superflare
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discussions, we only take into account the fitting error in the original solar studies ref.?%%. The
results and discussions can be adjusted when the samples of solar CMEs are increased in the future

studies.

Relation between magnetic field structure of EK Dra and the filament eruption Some studies
with the Doppler imaging technique showed that there are large star spots around the equator
without any polar spots from the observation data in 2015'%, and ref.” reported that there is a
small polar spot from the observation data in 2015°. The polar spot may be related to a possible
strong large-scale dipole magnetic field. Zeeman Doppler imaging of EK Dra showed that mean

surface magnetic field strength is 66-89 G during 2007-2012°.

It is proposed that the large-scale overlaying strong magnetic fields can suppress the stellar
mass ejections>’. Ref.?” simulated stellar mass ejections under the large scale magnetic field of 75
G and proposed that the particular large-scale magnetic field configuration establishes a suppres-
sion threshold around ~3x 1032 erg in the kinetic energy of mass ejections. Although the similar
large scale field is not always prominent for EK Dra as mentioned above, the assumed magnetic
field strength ~75 G is similar to the past observations of 66-89 G on EK Dra. If we simply apply
the simulation result to our observation, the observed kinetic energy of EK Dra eruption 3.5 x 1032
erg is comparable to the suppression threshold ~3x 1032 erg. This may mean that the ejected mass
have a potential to escape from the magnetic field suppression, although they can significantly lose
the kinetic energy. It seems to suggest that only superflares on active solar-type stars might have

associated CMEs, with the far more numerous weaker flares representing fully confined eruptions.
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However, there are no magnetic field maps covering our observation period. The maps of mag-
netic field and spots depend on the observational periods™!'%* that are probably due to new spot

emergence/decay, long-term stellar activity cycles, or stellar differential rotations.

As in the description of “TESS light-curve analysis”, the superflare occurred near the lo-
cal brightness maximum, although some of the starspots are expected to be visible from the
observer®343%40 " This may mean that the erupted mass was not suppressed by the strong over-

laying “local” magnetic field of large spots.

Low mass companion Although a faint low-mass companion is reported about 20 AU away from
EK-Dra solar-type primary star (projected distance)'%*, they are believed to be not magnetically
coupled’. X-ray!!!'% and UV!'? stellar flares have been observed on EK Dra so far, and they are
thought to occur on the solar-type primary star. The absorption of the blue-shift component is 1.5
% of the continuum level (Fig. 1e) while the low-mass companion is about six magnitudes fainter
in V-band compared to the solar-type primary star'%; therefore it is unlikely to be explained by the
low-mass companion even if the whole continuum levels of the companion star is absorbed. Also,
the hypothesis that the filament eruption generated on the low-mass companion passed the solar-
type primary star and produced the absorption can be rejected considering the difference between

the traveling timescale across the projected distance of 20 AU and the short time lag between flares

and filament eruption phenomenon.

Also, the rotational brightness variations would be caused by the solar-type primary star,

considering the luminosity differences (Extended Data Fig. 1). The total flare radiated energies are
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positively related to the spot filling factor changes measured for each TESS observational sector

(Fig. S2), indicating that superflares are also related to the solar-type primary star.

Future works Here, we mention future directions of our work in more detail. Although it should
be noted that the following discussion is just speculation at present, future works may give impor-
tant insights into the following points: impact of stellar CMEs on (1) stellar mass loss evolution

and (2) planetary atmospheric evolution.

First, let us summarize its impact on stellar mass loss. Ref.’ calculated the mass loss rate due
to CMEs as 2x 10712 M yr~! -9x107 M, yr~! by assuming that all stellar flares are associated
with stellar CMEs. This mass loss rate is 50-100 times larger than the solar value ~2x 1074
M, yr=! (ref.'%). It should be noted that ref.” used the X-ray flare occurrence frequency of EK
Dra of ~4.2 flares d=! (at 1995, ref.!!), which is significantly larger than that obtained by TESS
photometry ~0.5 flares d~* (at 2019-2020). This can possible be due to the difference in phase of
the activity cycle or the energy partition among the X-ray and optical wavelengths. The mass-loss
rate estimated from TESS photometry is ~10 times smaller than that from ref.’, but it is still ~5-10
times larger than the solar value. Likewise, ref.!?”-1% predicted stellar mass-loss rates of hundreds
of times the solar values solely due to CMEs. However, since not all flares may produce CMEs, the
above estimation is just speculation. For M-dwarfs, it is reported that the mass-loss rates obtained
via Lya absorption are much smaller than expected CME mass loss rates (ref.!%® and references
therein), which may mean that CMEs are rare for active stars due to the confinement of eruptions.

Again, the values of mass loss rate presented above are just speculation. In order to clarify this
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point, we need to continue the monitoring observations of filament eruptions/CMEs on solar-type

stars and clarify the occurrence frequency of CME:s in the future.

Second, it has been speculated that the filament eruptions/CMEs associated with superflares
can severely affect exoplanetary atmospheres (see ref.® for review). For example, it is proposed
that high-energy particles associated with stellar CMEs can contribute to generation of greenhouse
gases or prebiotic compounds %%°. This may be related to the planetary habitability around young
stars including the young Sun. This aspect can greatly influence the theory of origins of life on
planets. In addition, it was recently reported that not only the young Sun but also the present-day

3,5,32,36,109,110

Sun could produce superflares from observations of solar-type stars- . The possible

association of CMEs may significantly impact both kinds of solar-system planetary environments.
Numerical simulations of stellar CMEs have improved in recent years %27, and by comparing these

with observational data, we will be able to evaluate these broader impacts in more detail.
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Supplementary Fig. 1: Light curve and count-weighted central pixel variation during the superflare on EK Dra. (a) Optical light

curve of the superflare observed by TESS. (b) Count-weighted central pixel variation during the superflare.
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Supplementary Fig. 3: Observed Ha spectra during a superflare on EK Dra. (a) Ha spectra observed with Seimei
Telescope/KOOLS-IFU (wavelength resolution A/AX ~ 2,000). Each colored spectrum indicates the averaged spectrum for each
time indicated in the legend, and the background black dashed lines are the pre-flare template spectra. The spectra are normalized
by the continuum level and the constant values are added to the spectra for visibility. The indicated times in the legend correspond to
the times indicated in the horizontal axis of Fig. 1(a-d). The dotted vertical line indicates the line center wavelength (6562.8 A). (b) Ha
spectra observed with Nayuta Telescope/MALLS (wavelength resolution A\/AX ~ 10,000). The plots are almost the same as panel

(a). Note that the range of the horizontal axis is different from panel (a) for visibility.
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Supplementary Fig. 4: Light curve of a superflare on EK Dra with a longer period than Fig. 1. (a) TESS white-light light curve.
The blue point indicates the 1-o value (0.00033) of the pre-flare brightness variation during -150 min — 0 min. (b) Light curves of the
Ha E.W.. The Ha emissions were integrated within 410 A from the Ha line center (6562.8 A. The black and red error bars indicate the
1-0 value (0.050 and 0.021) of the pre-flare light curves observed by Nayuta Telescope/MALLS and Seimei Telescope/KOOLS-IFU,
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Supplementary Fig. 5: Time-resolved pre-flare Ha spectra observed by Seimei Telescope/KOOLS-IFU (a, c) and Nayuta Tele-
scope/MALLS (b, d). (a, b) colored lines indicate pre-flare Ha spectra from -120 min to 0 min before the flare starts. Each colored
spectrum indicates the averaged spectrum for the periods in the legend. The background black dashed lines are the pre-flare template
spectra averaged for all 30 data points before the flare onset (the same ones in the Fig. S3). The frame 1-30 correspond to the
observational period indicated with black arrows in Fig. S4 (b,c). The vertical dotted vertical line indicates the line center wavelength

(6562.8 A). (c, d) The residual of the pre-flare Ha spectra (colored lines in panel (a, b)) subtracted by the 30-frames-averaged spectra

(black lines in (a, b)).
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Supplementary Fig. 6: A CME candidate associated the flare and filament eruption on 7 July, 2016, observed by SOHO/LASCO
(C2). (a) Temporal evolution of height of filament eruptions and corresponding CMEs. There are two components for this CME
candidate (green and oranges for the leading and following materials). (b) The expanded figure of the temporal evolution of filament
eruption in panel (a). (¢) The running difference image of coronagraph observed by SOHO/LASCO (C2) at 09:48:05.9 UT. The leading
and following CME candidates are indicated with green and orange colors, respectively. The Ha image of filament eruption observed
by SMART/SDDI is also plotted as a reference, but the time is different from the SOHO/LASCO image. Furthermore, the horizontal
and vertical axis corresponds to the distance from the solar disk center in the unit of arcsec. The SOHO/LASCO movie is available

online (see section “Solar data analysis (continued from Methods)”).
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Supplementary Fig. 7: Spatial distribution of parameters of the solar filament eruption. The spatial distribution of line-of-sight
velocity, optical depth, source function, and velocity dispersion for the solar filament eruption in Fig. 2 and Extended Data Fig. 4 is
plotted in panel (a), (b), (c), and (d), respectively. Only the cool-plasma regions having enough large area are shown here. Also, gray
regions are the simplified sunspot locations. The horizontal and vertical axes represent the x-y plane on the solar disk where one pixel

corresponds to 1.2 arcsec.
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Supplementary Fig. 8: A solar flare on 2 April, 2017, observed by SMART telescope/SDDI at Hida observatory. (a) Full disk
image of the Sun at the Ha line wing (6559.8 A). The horizontal and vertical axis denote the image pixels whose size is about 1.2
arcsec in the x-y plane. The green region is a quiet region used as a reference to make the Ha spectra. (b) the blue region is the
enlarged panel of the active region 12645. The magenta region is the region where the solar flare and surge could be seen. (¢) The
temporal evolution of solar images in the magenta region at the wavelength of 6560.8 (—91 km s~ 1), 6561.8 (—46 km s—1), 6562.8
(0 km s—1), 6563.8 A (+42 km s—1). Emission and absorption features are indicated with white and black, respectively. The movie is

available in Supplementary Video2.
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Supplementary Fig. 9: The space-integrated light curves (a) and spectra (b-c) of a C8.0-class solar flare and surge on 2 April,
2017, observed with the SMART telescope. (a) GOES soft X-ray (1-8 A) and Ha E.W. light curves of the solar flare are plotted as a
blue dashed line and red circles, respectively. The Ho emissions were integrated within +1.5 A from the Ha line center (6562.8 A) and
were divided by the full-disk continuum level, and the pre-flare level is subtracted. Time 0 is 14 minutes before the flare begins. (b)
Two-dimensional pre-flare-subtracted Ha spectra. The red and blue colors correspond to emission and absorption compared to the
pre-flare levels, respectively. The dashed line indicates surface gravity at the solar surface. For the period from 02:43:50 to 02:51:44,
all 73 wavelengths were available, while for the other periods, only 25 images from the Ha line center —3.0 A to the Ha line center +3.0
A are available in the archival database (the white regions in the four corners). (¢) Temporal evolution of the pre-flare-subtracted Ha
spectrum shifted vertically by constant values for clarity. The Ha spectra were produced by integrating the data over a large enough
region to cover the flaring area. The intensities are normalized by the total solar continuum level. The vertical dotted line indicates the

Ha line center, and the horizontal dotted lines indicate the zero levels for each spectrum.
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Supplementary Fig. 10: Spatial distribution of parameters of the solar surge. The spatial distribution of line-of-sight velocity,
optical depth, source function, and velocity dispersion for the solar surge in Fig. S8 and Fig. S9 is plotted in panel (a), (b), (c), and (d),
respectively. Only the cool-plasma regions having enough large area are shown here. Also, black and gray regions are the simplified
spot umbra and penumbra, respectively. The horizontal and vertical axes represent the x-y plane on the solar disk where one pixel

corresponds to 1.2 arcsec.
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