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ABSTRACT

Algol is a well-known eclipsing binary hosting an active and variable star that exhibits frequent
stellar flares. Here, we report our pre-planned and coordinated rapid X-ray follow-up observations of
an eclipsing flare on Algol. The Monitor of All-sky X-ray Image (MAXI) detected a flare on Algol
at 05:52 UT on 2018 July 4. Subsequently, we carried out a prompt X-ray monitoring with the
Neutron star Interior Composition Explorer (NICER) starting at 19:45 UT on the same day, and the
observation ended at 06:02 UT on 2018 July 6. During the decaying phase of the flare, we successfully
detected a 5.8-hour-long eclipse, corresponding to the secondary eclipse in which Algol A blocks the
line of sight to Algol B. During the eclipse, the 2-10 keV X-ray flux is decreased to 20% level from
1.9x 107 erg em™2 57! to 4.5 x 107 erg ecm ™2 s71. We found a configuration of the flare size and
location to explain the X-ray observations; e.g., the flare occurred at the latitude 45°S of the Algol
B surface with a flare height of 1.9 x 10! cm, corresponding to 0.8 times the stellar radius of Algol
B, giving 80% obscuration of the flare loop by Algol A. The apparent absorption increase before the
eclipse might originate from coronal mass ejection (CME) in the line of sight ejected during the flare.

Keywords: X-ray astronomy (1810) — Algol variable stars (24) — Eclipsing binary stars (444) —
Stellar activity (1580) — Stellar astronomy (1583) — Stellar flares (1603)

1. INTRODUCTION

Solar flares are sudden increases of brightness caused by an impulsive release of magnetic energy in the solar
atmosphere (e.g., Shibata & Magara 2011 for a review). Recent studies have revealed a variety of stellar flares,
occurring over a very wide range of timescales, from a few seconds to several days, observed across the broad spectral
range from X-rays to radio waves (Kowalski 2024 for a review). In the standard model of solar flares (Shibata
& Magara 2011; Kowalski 2024), energy is transported into the lower atmosphere, and the heated chromospheric
material is “evaporated” into the corona, resulting in strong X-ray emission from coronal flare loops (Fisher, Canifeld
& McClymont 1985; Allred et al. 2005). A similar process to the “standard” model of solar flares is widely discussed
for X-ray emissions of stellar flares (e.g., Hawley, Gammie, & Balbus 1995; Giidel et al. 2002; Shibata & Yokoyama
2002). However, questions remain as to whether the multi-wavelength responses of all stellar flares follow the same
process as the standard model of solar flares (e.g., Osten et al. 2005; Tristan et al. 2023; Kowalski 2024, and references
therein). In particular, since stellar flares cannot be spatially resolved by X-ray imaging observations, it is difficult to
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Table 1. Stellar and orbital parameters of the Algol binary system.

Parameter Algol A Algol B Reference
Radius (Rg) 2.73+0.20 3.48+0.28 Baron et al. (2012)
Mass (Mo) 3.17+0.21 0.70+0.08 Baron et al. (2012)

Temperature (K) 13,000 4,500 Zavala et al. (2010)
Spectral type B8V Ko IV Lestrade et al. (1993)
Distance (pc) 28.8+0.5 Xu et al. (2019)
Epoch (MJD) 40952.9657 TIDAK; Kreiner (2004)

Period; Py (days) 2.8673075 TIDAK; Kreiner (2004)
Semi-major axis (mas) 2.154+0.05 Baron et al. (2012)
Inclination (deg) 98.70 £ 0.65 Baron et al. (2012)

obtain information about the flare size and location, complicating studies of the emission and occurrence mechanisms
of stellar flares.

An exception to this difficulty is flares on eclipsing binaries, which can provide new insights into such information
through analysis of the eclipsing X-ray light curves of stellar flares. One good example is the stellar flares of Algol
(Beta Per), which is a well-known eclipsing variable star. In ancient times, Algol was the star that represented the head
of the monster Medusa, held by Perseus, and was feared as the “demon star” due to its optical variability (Wyse 1936).
Algol is a binary system hosting B8 V-type Algol A and KO I'V-type Algol B, whose spectral types are summarized in
Table 1 of Lestrade et al. (1993), and the basic system parameters in Baron et al. (2012) and Zavala et al. (2010)'°.
The less massive subgiant star Algol B is considered to have a strong magnetic field and generate frequent flares (e.g.,
Favata & Schmitt 1999). The orbital period of the binary, 2.867 days, and its orbital ephemeris are reported by
Mt. Suhora Astronomical Observatory (TIDAK; Kreiner 2004). The basic stellar parameters used in this study are
summarized in Table 1.

Algol is a strong source of X-ray emission, exhibiting several stellar flares. On 1983 August 18, a flare was detected
with EXOSAT with a peak X-ray luminosity 1.4 x 103! erg s~! in 0.1-10.0 keV and e-folding decay time scale of
7 ks (Oord & Mewe 1989; White et al. 1986). Another flare was observed with ROSAT on 1992 August 20 with
peak luminosity 1.6 x 1032 erg s™! in 0.1-2.4 keV and e-folding time of 30.4 ks (Ottmann & Schmitt 1996). The
mean occorrence frequency of large X-ray flares (> 103! erg s7!) on Algol is estimated to be 0.6/ P, ~ 0.2 flares per
day. Eclipses during flares on Algol have been observed twice in the past: one was reported on 1997 August 30 with
BeppoSAX, where the flare was thought to occur in the southern polar region with the flare height H < 0.6 Rp where
Rp is the stellar radius of Algol B (Schnitt & Favata 1999; Favata & Schmitt 1999). The other eclipsing flare was
observed with XMM-Newton on 2002 February 12, where the flare of H ~ 0.1Rp occurred in a part of the northern
hemisphere that is not a part of the polar region (Schnitt, Ness, & Franco 2003). Both of these eclipsing flares were
serendipitously detected without any follow-up observation in response to an alert of a flare. In the present time-
domain astronomy era, detecting stellar flares with wide-field instruments can send an alert to conduct quick follow-up
X-ray pointing observations, which is highly effective for ensuring successful eclipsing flare observations.

The Monitor of All-sky X-ray Image (MAXI; Matsuoka et al. 2009) scans the entire sky approximately every 92
minutes in X-rays and has detected many stellar flares (e.g., Tsuboi et al. 2016). Catching the decaying phase of these
flares requires prompt X-ray follow-ups, typically within 1-3 hours for M-type dwarfs and 1-27 hours for RS-CVn-
type stars (Tsuboi et al. 2016). Thus, in 2017, the MAXI and Neutron star Interior Composition Explorer (NICER;
Gendreau et al. 2016) teams started a new follow-up observation system that allows NICER to perform a prompt
pointing observation of transient events detected by MAXI. This campaign is named MANGA (MAXI And NICER
Ground Alert). The downlinked MAXI data is checked in the ground system by two transient searching algorithms
with the unbiased nova search (Negoro et al. 2016) and the optimized search for predefined X-ray bursters or stellar

10° Algol is a triple star system in a strict definition.
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flare sources (called MANGA trigger). When either of the two searching algorithms finds a transient, after a human
final decision, a follow-up request is sent to NICER operations team over the internet. This MANGA system made
several successful stellar flare detections (Sasaki et al. 2021; Kurihara et al. 2024; Inoue et al. 2024). Here, we report
our successful observation of the eclipsing X-ray flare on Algol using the MANGA system.

2. OBSERVATIONS AND DATA REDUCTION

MAXTI detected a stellar flare from Algol on 2018 July 4 at 05:52 UT with a flux of about 300 mCrab (Iwakiri
et al. 2018). The MANGA collaboration conducted follow-up observations with NICER starting on 2018 July 4 at
19:45 UT. Figure 1 shows the NICER count rate during this Algol flare event, adding the MAXI monitoring data
normalized to the NICER count rate. We use PIMMS (Xu et al. 2019) to convert the MAXI 2.0—5.0 keV count rate
into the NICER 2.0—5.0 keV count rate. After the initial scan at the flare detection, MAXI covered the flare peak
at the second scan, whereas NICER started the follow-up observation 14 hours after the flare peak. The NICER
observation continued for 34 hours, and the X-ray flux in the 2.0-10.0 keV was (3.9 4+ 1.1) x 1079 erg em ™2 s71
at the peak and (1.2340.02) x 10710 erg cm~2 s~! at the last snapshot of the NICER observation, which is by
1.12 x 1071% erg ecm~2 s~! higher than the quiescent flux (1.14 £ 0.06) x 107! erg cm~=2 s~! observed on 2018 August
11 at 18:20-20:00 UT (ObsID 1200260104, exposure time 838 sec).

We downloaded the NICER data of ObsIDs 1200260101-1200260106 from the HEASARC archive. We employed the
standard calibration and screening procedures as described in Inoue et al. (2024). First, we used nicerl2 in HEASoft
ver. 6.33.2 and the calibration database (CALDB) version xti20240206 to filter and calibrate raw data with no additional
options. Then, we extracted X-ray light curves from the filtered events with xselect and generated ObsID-averaged on-
source and background spectra with nicer13-spect and the SCORPEON background model (Markwardt et al. 2024).
We also extracted time-resolved spectra of ObsIDs 1200260101-1200260103 with the nimaketime, niextract-events,
and nicerl3-spect commands. For the observation during the quiescent phase, we downloaded ObsID 1200260104
and performed the same procedures. We used Xspec ver.12.14.0h (Arnaud 1996) for our spectral analysis. We also
downloaded the MAXI data from the MAXT on-demand process (Nakahira et al. 2012). For the observations from
MJD 58303.15 to 58303.80, we obtained the MAXI data at each scan. In addition, we downloaded the TESS (Ricker
et al. 2014) data from the Barbara A. Mikulski Archive for Space Telescopes (MAST) archive at the Space Telescope
Science Institute (STScI). The TESS data from 2019 November 3 was also used with a 2-min time cadence, which is
the closest observation to the MAXI and NICER campaign for this flare.

3. ANALYSIS AND RESULTS

As shown in Figure 1, X-ray dimming was observed during the decaying phase of the flare between MJD 58304.4
and 58304.6, suggesting that the flare was obscured partially or completely by either of the binary stars. During the
dimming, the NICER 2.0-5.0 keV count rate decreased from 20 counts s~' to 6.5 counts s~'. Taking into account
the NICER count rate at the quiescent state (2.0 counts s~1) obtained in 2018 (ObsID 1200260104), the NICER rate
decreased by approximately 80% during the dimming. In order to determine the start and end times of this dimming,
we fit the NICER light curve using two error functions, f(t) = Ay (1+erf{(t—u1)/o1})+Az(1—erf{(t—pu2)/o2})+const,
where A; and Ag are the amplitudes of the rising and falling edges, p11 and s represent the center positions of these
transitions, o1, and o2 are the corresponding widths controlling the steepness, respectively. Fitting the data by this
function, we evaluated the dimming start and end ranges between @1 —1.5 01 and po+1.5 02, as MJD 58304.34-58304.47
and MJD 58304.60-58304.67, respectively.

To identify the binary orbital phase (¢on) at the dimming, we compared the corresponding orbital phase with
optical observations. In the Algol-type binary system, there is a known discrepancy of the time of the minimum in
the light curve calculated between the reference epoch with the binary period (C) and the actually observed time (O).
This difference is called “O-C” due to physical effects, for example, mass transfer from a companion star and N-body
gravitational interactions. Therefore, we need this correction before computing the phase. Previous studies (Schnitt &
Favata 1999; Schnitt, Ness, & Franco 2003) did not take the O—C into account, whereas we determined the orbital phase
more accurately using the O-C information. The time of the primary optical brightness minimum (main eclipse) is set as
@orb = 0. The O-C data of the Algol system provided by Mt. Suhora Astronomical Observatory (Kreiner 2004) reported
0.12 day when the flare was observed on 2018 July 4. Here, “C” is calculated using JD 2440953.4657 4 2.8673075 E,
where E is an arbitrary integer and C is MJD 58303.16. Therefore, MJD 58303.28 is set as ¢, = 0 in the present
NICER data. Assuming this ephemeris, the observed dimming occured at ¢o,p, = 0.468, corresponding to the second
eclipse when Algol A blocked Algol B, suggesting that the flare occurred on Algol B.
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Figure 1. NICER (blue circles, skyblue triangles) and MAXI (orange squares, red diamonds) count rates and luminosity in
the 2.0-5.0 keV band of Algol, which are binned at 64 s and 211 s (each MAXI scan) in the left and right panels, respectively.
The MAXI data are added after being converted to the corresponding NICER count rate by PIMMS, assuming that the MAXI
spectrum can be represented by a power law and the temperture was 4 keV. The time zero of MJD 58300.0 corresponds to 2018
July 1, 00:00 UT. The blue dotted line and green dotted line show the 2.0-5.0 keV NICER count rate and luminosity in the
quiescent state on 2018 August 11, 2.0 counts s~* and 9.5 x 10%° erg s™! in the left and right panels, respectively.

Additionally, to compare with available optical data, the TESS observation on MJD 58793.2-58795.8 (one year
later, 2019 November 6-8) is converted into the orbital phase. The time of minimum brightness in the TESS data
is determined by fitting the light curve with the aforementioned error function and identifying the midpoint between
w1 and po. This is intended for comparison purposes, and it should be noted that the optical observations were not
conducted simultaneously with X-rays. Figure 2 shows the TESS and NICER data folded at P,.1, = 2.8673075 days.
The observed dimming is confirmed to be consistent with the second eclipse and the X-ray eclipse starts at an earlier
phase than the visible light eclipse by 0.086 phase.

Next, we fit the spectra and the results are shown in Figure 3. We firstly fit the NICER 0.3-8.0 keV quiescent spectra
(ObsID 1200260104) with a collisionally ionized equilibrium (CIE) model composed of two temperature components
(2 x vapec in Xspec). The quiescent spectrum is shown in Figure 3d. The temperature (7') and emission measure
(EM) of the high-temperature component are Ty = (2.340.1) x 107 K and EMy = (2.0£0.1) x 10°3 cm ™3, and those
of the low-temperature component are Ty, = (9.6 +0.2) x 106 K and EMy, = (1.2 £0.1) x 1053 cm ™3, respectively. We
secondly fit the flare spectra (ObsIDs 1200260101-1200260103) with an interstellar medium (ISM) absorption model
(tbabs) and CIE model composed of four temperature components 4 x vapec. Of these, two vapec components we fixed
at the temperature and normalization values corresponding to the quiescent phase. Additionally, tbabs was not used
for the last four points of the observation (after MJD 58305.0, ObsID 1200260103) since no absorption is required.
Figure 3a-c shows the best-fit spectrum of the first NICER observation, before the eclipse, and during the eclipse. In
the first NICER spectrum, a Gaussian component centered at 1.1 keV was added to accommodate the Fe L-line, which
arises in transitions from the L-shell of iron atoms (Figure 3a). The obtained best-fit spectral parameters, energy flux
(F), temperature, and EM are summarized in Table 2.

The X-ray peak of the 2.0-5.0 keV light curve (Figure 1) was at 05:52 UT during the MAXI second scan. The
peak flux is (6.2 £ 1.0) x 1079 erg em~2 s~ ! in the 2.0-5.0 keV, and this corresponds to the peak luminosity of
(6.20 4+ 0.98) x 1032 erg s~! assuming the source distance at 28.8 pc (Xu et al. 2019). When fitting the initial one-day
light curve during MJD 58303.0 and 58304.0 with an exponential function, the e-folding time is 18 & 1 ks.

As shown in Figure 1, the X-ray light curve exhibits two components: one exponentially decaying component from
the flare peak (e-folding time of 18 £ 1 ks on MJD 58303.0-58304.0), and the other component after MJD 58304.0
remained nearly constant until the end of the NICER observation. For the former component, the flux decreased
from (3.9 4+ 1.1) x 1072 erg cm™2 57! to (2.6 £ 0.1) x 10719 erg cm~2 s7! and the total emitted energy in the 2.0-
10.0 keV band was E = (1.3 & 0.2) x 103" erg during MJD 58303.0-58304.0. For the latter component, the flux
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Figure 2. Optical observation of Algol by TESS on MJD 58793.2-58795.8 (Photometer, 600-1000 nm wavelength, blue dot)
folded at the orbital period of Algol (Porb in Table 1). The inset figure shows this TESS observation covering the entire orbital
period. The 2.0-10.0 keV absorbed flux from the NICER flare observations is overlaid. The red shaded areas show the eclipse
start and end times of X-rays. The blue horizontal dotted line shows the 2.0-10.0 keV NICER flux at the quiescent level of
1.4 x 107" erg em™2 s™'. It should be noted that the TESS and NICER observations were not conducted simultaneously.

Table 2. The best-fit spectral parameters of the Algol flare.

Parameter First Observation Before the Eclipse During the Eclipse Quiescent

Fs® (107" erg cm ™2 s71) 41405 1940.1 7.940.1 4.2+0.1
Fu® (107" erg em™2 571) 444 0.5 19+0.3 4.540.1 1.140.1
Tr  (10° K) 10404 1340.8 1.6 4+0.2 9.6 + 0.2
(keV) 0.90 & 0.04 1.15 4 0.07 0.14 £ 0.02 0.83 £ 0.02

Tu  (10° K) 48 +1.2 46 +£2.2 38+2.3 23+1.0
(keV) 4.1540.11 3.96 +0.19 3.26 & 0.20 2.01 £ 0.09

EMy(10°* cm™?) 2.7+0.5 1.6+0.6 0.2+0.1 1.240.1
EMyu(10°* cm™3) 454 0.4 19+0.5 3.9+0.1 2.0+£0.1

Ni (10%° em™2) 2.57 £ 0.10

3.10£0.13 1.424+0.34
%The soft band absorbed X-ray flux in the 0.3-2.0 keV band.

The hard band absorbed X-ray flux in the 2.0-10.0 keV band.

The L and H subscripts represent the low and high-temperature components of the CIE model, respectively.
The uncertainties are given at the 90% confidence level.
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Figure 3. Background-subtraced Algol flare spectra in the 0.3-8.0 keV band for the first NICER observation on MJD 58303.83
(ObsID 1200260101, exposure time 1068 sec, panel a), before the eclipse on MJD 58304.34 (ObsID 1200260102, exposure
time 1104 sec, panel b), during the eclipse on MJD 58304.47 (ObsID 1200260102, exposure time 1104 sec, panel c), and
quiescent on MJD 58341.76 (ObsID 1200260104, exposure time 1024 sec, panel d). The flare spectra are fitted with the
thabs(vapec + vapec + vapec + vapec) model. The quiescent spectrum is fitted with the two-temperature CIE plasma model,
and its best-fit result is included in each flare fit with fixed parameters. The additional two collisionally-ionized components of the
flare are fitted, with the best-fit models shown by the solid red line, composed of low-temperature (blue dashed), high-temperature
(green dashed-dotted), and an added Gaussian at the Fe-L line (purple dotted). The residuals, (data — model)/error, are shown
in the bottom panels. The expected NICER background spectra (black dotted) are calculated with the SCORPEON model and
shown for comparison.

decreased from (1.8 +0.1) x 1071% erg cm™2 57! to (1.2 £ 0.1) x 1071 erg cm™2 5! and the total emitted energy
was B = (1.6 £0.1) x 10%6 erg in 2.0-10.0 keV during MJD 58304.0-58305.25 (until the last NICER observation).
The eclipse occurred during the latter component. When fitting the latter component using the light curve model of
Aexp(—t/7) + const, where A is the amplitude, T the decay time constant, the flux is expected to decrease by 99% at
MJD 58316.1-58319.7 to the quiescent level of (1.1 40.1) x 107! erg em=2 s~ 1.

We summarize the time evolution of the spectral parameters in Figure 4. The absorbed 2.0-10.0 keV flux decreased
faster than that in the 0.3-2.0 keV band (Figure 4a) especially at the latter part of the NICER observations, and
also during the eclipse. The corresponding temperature of the high-temperature component decreased during the
eclipse (Figure 4b). These suggest the hotter region (e.g., flare loop) was obscured. In each of the energy bands,
the flux decreased by approximately 80% during the eclipse. EM also decreased from (19 & 0.5) x 10°% cm ™2 to
(3.940.1) x 1053 cm ™2 in the high-temparature component and from (1.6 +0.6) x 1053 cm~=3 to (0.240.1) x 10°% cm ™3
in the low-temparature component, during the eclipse (Figure 4c). The hydrogen equivalent column density (Ng)
increased to (3.10 £ 0.13) x 10%° ecm~2, which was the maximum value in this NICER observation, before the eclipse
and decreased rapidly to (1.42 4 0.34) x 10?° cm~2 during and after it (Figure 4d).

4. DISCUSSION

Here, we estimate the location and height of the MAXI-NICER flare to explain the observations described in Section
3. Since the Algol binary system has a short orbital period of P, ~ 2.867 d, and the two stars are thought to be
tidally locked, the stellar rotation period of Algol B is assumed to be the same as Py,. Then, we approximated the
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Figure 4. Time evolutions of the best-fit NICER spectral parameters. (a) Absorbed flux in the 0.3-2.0 keV (blue circle),
2.0-10.0 keV (red squere), and total (0.3-10.0 keV, orange diamond) bands. (b) Temperatures of the two plasma compo-
nents. (c) Emission Measure (EM) calculated from the normalization of the vapec components, i.e., EM = 47d*k x 10'* where

d is the distance to the source (cm) assuming d = 28.8 pc = 8.9 x 10'° cm for Algol and k = % J nenudV, where n. and

ng are the electron and hydrogen densities (cme), respectively is the normalization derived in Xspec. (d) Hydrogen equivalent
column density (Nu). The last four points are not shown since the spectra are fitted well without the ISM absorption component.
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flare loop as a cylinder structure attached and perpendicular to the stellar surface, the interior of which is filled with a
uniform CIE plasma. Figure 5 shows the two examples identified in our numerical study. These examples are suggested
based on the following observational requirements.

1. The flare loop begins to be obscured by Algol A at the start time of the eclipse at ¢o, = 0.414 (Figure 5 al,
bl).

2. Based on the flux decrease, 80% of the flare loop is obscured at the mid-eclipse at ¢o, = 0.468 (Figure 5 a2,
b2), when assuming uniform X-ray emission from the flare region.

3. The flare loop completely moves out of the region blocked by Algol A at the end of the eclipse at ¢op, = 0.522
(Figure 5 a3, b3).

One example of the flare configuration that can explain the observations is shown in Figure 5 panels al-a3. The flare
height is assumed to be H = 1.9 x 10!! cm = 0.8 Rp and the location of the flare is on the stellar surface of Algol B at
45°S latitude in the south hemisphere (Example A). Another example to satisfy the requirements is shown in Figure 5
panels b1-b3, where H = 1.5 x 10! ¢cm = 0.6Rp and the location of the flare is at 15°N (Example B). Both Example
A and B satisfy the two conditions above for reproducing the eclipse. However, Example B does not reproduce the
flare light curve before the eclipse. Since the flare occurs at mid-latitudes at Example B, the flare loop was located
behind Algol B in the early phase of the flare (before MJD 58303.5), and was not visible. This is inconsistent with
the observed curve. Moreover, flares occurring in the region between the two flare examples (between 45°S and 15°N)
are entirely blocked by Algol A at the time of maximum eclipse, and thus cannot perfectly reproduce the light curve.
Therefore, the configuration of Example A is preferred to explain the present event.

As an independent evaluation, we also estimated the flare loop length using our X-ray spectroscopy based on the

equation
3/5 _ -8/5
Lo (EM N RO N (1)
1048 cm—3 109 ¢cm—3 107 K

from Shibata & Yokoyama (2002), where L, EM, ng, and T are the flare loop length, the peak emission measure, the
preflare electron density, and the peak temperature, respectively. This equation is commonly used when calculating L
from the X-ray spectroscopy of stellar flares (Raassen, Mitra-Kraev, & Giidel 2007; Namekata et al. 2017; Notsu et al.
2024). The flare peak parameters at the MAXI scan are EM = 3.7 x 10°% cm™3 and T = 6.0 keV = 7.0 x 107 K (T
is fixed to a constant value when calculating the EM in Section 3). Since we do not know ng from the observations,
we assumed a typical range of ng = 1019712 cm™3 from the X-ray grating observations in Ness et al. (2004). As a
result, we estimated L = (1.0 — 6.2) x 10!* ¢cm = 0.4 — 2.6Rp. If H is thought to be half the flare loop length, then
H = (0.5-3.1) x 101! cm = 0.2 — 1.3Rp is derived. The loop height from the eclipse geometry (in the above) is in
the range estimated here, and this suggests the both estimates can be consistent.

We also conduct a similar calculation using the NICER first observation data (MJD 58303.83; ObsID 1200260101)
without assuming the fixed temperature. The parameters used are EM = 4.7 x 10°* cm™ and T = 4.6 x 107 K.
T is calculated as the EM-weighted average. As a result, we estimated L = (0.6 — 3.5) x 10! cm = 0.2 — 1.4Rp
and H = (0.3 — 1.7) x 10* ¢m = 0.1 — 0.7Rp. This flare height is slightly shorter than the value estimated from
the geometry of Example A, but considering that the spectral values used in this estimation were taken slightly
after the flare peak, the results show a good agreement. The equation (1) holds when the energy balance between
conduction heating and reconnection heating is maintained, we also calculate L using the NICER data before the
eclipse (MJD 58304.34; ObsID 1200260102). The used parameters are EM = 2.0 x 10°* ecm ™3 and T = 4.3 x 107 K.
T is calculated as the EM-weighted average. As a result, we estimated L = (0.4 — 2.3) x 10! ecm = 0.2 — 1.0Rp and
H =(0.2-1.2) x 10* ¢cm = 0.1 — 0.5Rp. Thus, the flare height derived from the eclipse light curve profile and that
derived from the X-ray energy spectrum are consistent with each other.

We compared the present flare with previously reported two eclipsing flares as summarised in Table 3. All three
stellar flares in 1997, 2002, and 2018 were estimated to occur on Algol B. The peak luminosity of the present 2018
flare was 7.04f(1):g x 1032 erg s~! and this was one of the largest X-ray flares ever reported from Algol. This luminosity
is comparable to that of the 1997 event (3.2 x 1032 erg s~!), whereas the 2018 loop size (0.6Rp or 0.8Rp) is slightly
larger than the 1997 size (0.6Rp). The peak luminosity (6.7 x 10%° erg s7!) and flare size (0.1Rp) in 2002 are smaller
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Figure 5. The observed configurations around and during the second eclipse shown in the line of sight of Algol and two
possible examples of the flare. The upper panels al-a3 show the flare occurring in the mid-latitude region of the southern
hemisphere of Algol B (Example A), whereas the lower panels b1-b3 show the flare in the low-latitude region of the northern
hemisphere (Example B). The green arrows indicate the moving orbital direction of Algol B. As the orbital motion progresses,
the flare loop moves to the near side due to the tidally-locked rotation of Algol B. Panels al and bl correspond to the eclipse
start (¢orb = 0.414) when the flare loop begins to be obscured by Algol A. Panels a2 and b2 are at the center of the eclipse
(¢orb = 0.468) when 80% of the flare loop is obscured. Panels a3 and b3 are the end of the eclipse (¢orb = 0.522), when the
flare loop completely moves out of the region blocked by Algol A.

than the present 2018 event. Thus, our reported 2018 event is the largest, or one of the largest, eclipsing X-ray flares
ever observed. As a comparison, there were two radio and X-ray observations on Algol in 2008 and 2000, respectively,
during the quiescent state without a clear flare and the reported coronal loop heights were the order of a stellar radius
both (Peterson et al. 2010; Chung et al. 2004). These are slightly larger than the loop size estimated in this study,
which could originate from the difference in the emitting region of the persistent corona and flares or from long-term
variations.

Finally, in Figure 1, the NICER count rate before the eclipse did not decrease monotonically, but remained constant
at the elapsed day of 0.8-1.1 day (the second component). The spectral parameters also remain constant during this
interval, as shown in Figure 4. This “plateau” is an interesting feature, and has been observed several times (ex.
Giinther et al. 2024). This is rarely seen in M stars compared to RS CVn stars (ex. Tristan et al. 2023), but detailed
studies have not yet been conducted. A statistical comparison will be necessary in the future. Moreover, in the case
of Ny, it even starts to increase. When the tbabs component was removed from the best-fit model of the observation
where Ny reached its maximum before the eclipse, the chi-square value worsened from 441.2 to 2313.6 at the degree
of freedom of 384, indicating that absorption is statistically required. These facts suggest that another flare could
occur during the ongoing flare. The increase in Ny can be interpreted as an effect a coronal mass ejection (CME) due
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to the second flare, which provides the increase of absorbing material. A similar Ny increases were also observed in
the previous flares on 1997 August 3 (Favata & Schmitt 1999) and 1997 August 30 (Moschou et al. 2017), where the
possibility of a CME was also suggested. Moschou et al. (2019) also reported a potential CME based on the variation
of Ny. More studies are needed how we estimate the CME physical parameters from these Ny changes. Another
hypothesis is that, over time, another X-ray active region might have emerged or rotated into view. However, there is
no definitive evidence to distinguish this from a second flare occurring in the same active region.

5. SUMMARY

We detected a stellar flare from the binary system Algol at 05:52 UT on 2018 July 4 with MAXI. The flare peak was
covered during the second MAXI scan. We carried out follow-up observations with NICER starting 14 hours after the
flare peak until 06:02 UT on 2018 July 6. We derived the following conclusions from these observations;

e We detected the secondary eclipse in X-ray at 09:30-15:20 UT on 2018 July 5 lasting for 5.8 hours when Algol A
passed in front of Algol B. The X-ray spectra of the flare observed with NICER are well reproduced the absorved
four-component CIE model, in which two components were fixed to the quiescent-phase parameters the other
two for the flare component with its plasma temperature of about 4.15 and 0.90 keV. The peak luminosity at
the second MAXI scan is the 5.2579 % x 1032 erg s~!, and this is comparable to that of the 1997 event (Schnitt &
Favata 1999). This is one of the largest among the eclipsing X-ray flares. During the eclipse, the 2-10 keV flux
decreased by 80% compared to the out-of-eclipse flux and the temperatures of two CIE components decreased
from about 3.96 to 3.26 keV and from 1.15 to 0.14 keV.

e We found one example of flare configurations to explain the eclipsing stellar flare, with height and location on
the stellar surface are H = 0.8Rp at 45°S using the eclipse timnig in X-rays. The flare loop length and height
are also estimated from the peak emission measure EM, the peak temperature T, and the preflare electron
density ny by using the equation of the magnetic reconnection model in Shibata & Yokoyama (2002). The
spetral parametes EM = 4.7 x 10°* cm™3, T = 4.6 x 107 K, and ng = 10713 cm =3 give the estimation of
L=(0.2-35)x 10" cm = 0.1 — 1.4Rp, and H = (0.1 — 1.7) x 10" cm = 0.1 — 0.7Rp. This flare height is
consistent with the values estimated from the eclipse geometry.

e The re-increase in the X-ray count, flux, temperature, EM, and Ny was observed before the eclipse at MJD
58304.0-58304.4 (Figure 1, 4). This suggests that another flare occurred during the ongoing flare. The simulta-
neous increase in Ny suggests the possible detection of a CME.
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To verify whether the observed spectrum during the eclipse can be reproduced by these configurations, we tried
3D radiation transfer simulations with the Stellar Kinematics Including Radiative Transfer (SKIRT) toolkit (Baes
et al. 2003; Vander et al. 2023). It is a Monte Carlo simulation to emulate scattering, absorption, and emission by
the surrounding medium around the X-ray source. Using this, we tried to simulate the observed eclipsing spectrum
by assuming the incident non-eclipsing spectral energy distribution (SED). The stellar positions of the Algol binary
system are assumed to be at mid-eclipse (Figure 5 panels bl, b2). We approximate the emission region by placing
three point sources at the base, middle, and top of the flare loop in the cylinder shape, with each emitting intensity
at one-third of the total non-eclipse incident X-ray flux. As the incident SED setup, we assumed the NICER best-
fit spectral model observed before and after the eclipse (MJD 58304.34 and 58304.67, ObsID 1200260102). Under
these assumptions, we confirmed that the normalization of the eclipsing spectra is reduced by 70% from the incident
model in both configurations. The input model assuming the post-eclipse showed a better match to the observed data
than the model of the pre-eclipse case. The simulated spectrum assuming the post-eclipse model as the input stays
within 0.8-1.2 level of the observed spectral shape in the 0.3-3.0 keV. Thus, we confirmed the assumed configuration
approximately reproduce the observed spectrum.
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