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Abstract

We investigate the long-term magnetic variability of OP And, a magnetically active single
K giant, between 1993 and 2025. To track magnetic activity, we analyze the variability of
the Ha line and two lines of the calcium infrared triplet. The variability of the Ha line
reveals that the activity level of OP And is higher in the period 1993-2000, while during
the period 2010-2016 it is lower, possibly close to an eventual minimum. Recent data
(2020-2025) indicate an increase of the activity level again. The flare frequency rate and the
calcium infrared triplet data (when available) follow the same behavior. In addition, the
structure of the Ha line also changes with the activity level: when the activity is higher, we
observe a blue-shifted component of this line, interpreted as an expanding hot area above
the photosphere, but during the lower activity interval it is almost absent. Our results are
in a good agreement with the idea that the magnetic field influences the mass outflow in
this giant. Additionally, we examine how flare frequency correlates with overall activity.
While a complete activity cycle remains undetermined, the recent upward trend suggests
that the eventual activity cycle of OP And seems to be slightly longer than 30 years. More
years of observations are necessary to reach the next maximum and to determine the exact
duration of the cycle.

Keywords: cool giant star; magnetic activity; activity cycle

1. Introduction

OP And (HD 9746) is a K1 III single active giant. The rotational period is
Prot = 76 d [1,2] and a projected rotational velocity of 8.7 km s~ 1 is determined [3]. The
mass of this star is about 2.0 Mg, the effective temperature is Toir = 4420 K, the surface
gravity log ¢ = 2.3 [4] and the metallicity [Fe/H] = 0.0 [5]. From an evolutionary point of
view, the star is situated at the end of the first dredge-up phase, just beginning to climb
the red giant branch (RGB). Only one giant with fast rotation and high magnetic activity
is known at this position on the Hertzsprung—Russel diagram (HRD): V1192 Ori [4]. The
Rossby number of OP And is estimated to be 0.47 [6] and is in agreement with its observed
high activity level. Its value below unity presumes that the « — () dynamo operates there.
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In addition, the star also follows the magnetic field-rotational period relation for single
cool giants [4].

This giant is also known for its high lithium abundance, loge(Li) = 3.5 [7]. This
means that OP And is among the giants with the highest lithium abundance known. Taking
into account that it is situated on the right from the majority of fast rotating and active stars
on the so-called “first magnetic strip” on the HRD, shown in [4,6], a planet engulfment
episode is not excluded for this cool giant.

No radial velocity variations were observed by [3], down to a measurement accuracy
of 0.33 km s~ 1. A similar result has been reported by [8,9], and so it seems that OP And
is a single star. Further studies [10-12] also support this conclusion. In any case, no
evidence for a close companion to contaminate the rotation and activity of the giant is
found. Furthermore, our spectral studies covering more than 30 years found no long-term
radial velocity variation, excluding a distant secondary.

The spectrum of OP And is characterized by significant variability in Ha, the lines
of the Call infrared triplet (hereafter CalRT) and the Call H&K lines, all of which are
well-known indicators of magnetic activity. The spectral profiles of these lines in OP And
are those of absorption lines but with an emission component in their cores, which fills
the absorption to a variable degree in time [2,11-13]. In addition, the profile of the Ha line
also displays a blue-shifted (at 79 km s~!) emission component of variable intensity [10],
which is considered to be caused by a hot expanding area located above the photosphere,
linked to mass loss [14]. Sometimes during flare events, Ha also displays a red-shifted
emission component [10]. In the literature, examples of the profiles of the mentioned
activity indicators in the spectrum of OP And can be seen in [10,12] both in a quiet state
and during flares.

Ref. [15] suggested the presence of circumstellar material around this giant on the
basis of infrared data. Later, ref. [2] found the position of OP And with respect to the
Mgll Dividing line [16]. It illustrates that on the RGB, OP And has just crossed the MgllI
Dividing line, with it being at the onset of chromospheric outflow. How the magnetic
field contaminates the outflow during the eventual activity cycle is a topic of interest for
our study.

The eventual activity cycle of OP And refers to a possible long-term variability in its
magnetic activity, possibly similar to the solar cycle. Such a variability is not necessarily
strictly periodic: both the amplitude and duration of individual cycles may vary, and
successive cycles can differ from one another, as it is in the Sun [17]. This variability
can influence the chromospheric and coronal environment, governing the strength and
structure of stellar mass outflow.

Our spectral dataset covers the time interval 1993-2025, more than 30 years. The
length of this dataset presents a unique possibility to study the long-term activity behavior
of this unusual magnetic K giant and to search for an eventual cycle.

2. Observations and Methods

In this work, we present previously unpublished observations of OP And in high
resolution spectroscopy which correspond to 38 observations that span over 6 years. These
new observations were obtained with the high-resolution (R = 32,000) spectrograph ES-
peRo [18] at the 2-m telescope of the Rozhen National Astronomical Observatory (NAO),
Bulgaria. In order to study the long-term magnetic activity variability of the star, we also
use data from previous studies, which together with our new measurements compound to
110 individual dates of observations taken over the course of 31 years. These observations
are presented in [12]. For our analysis, we use three spectral lines which are known indica-
tors of flare activity: Ha (A 6563 A) and two lines of the CaIRT, A 8498 A and A 8662 A. In
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the previous studies of OP And we refer to in this work, other spectral lines were used as
well: the calcium H&K lines (at 3968 A and 3933 A, respectively) and the remaining middle
line of the CalRT (at 8542 A). These lines are widely used as indicators of stellar chromo-
spheric activity; however, we do not use them in our present study due to instrumental
limitations. The Ca H&K lines are at the very end of the spectral range of ESpeRo, where
the signal-to-noise ratio is too low in the case of the relatively cool OP And. The CalRT
lines are well-known indicators of stellar chromospheric activity. Ref. [19] demonstrated
through non-local thermodynamic equilibrium modeling that these lines trace changes in
chromospheric temperature and density, making them reliable indicators of stellar activity,
especially in late-type stars. Building on this, ref. [20] compared the CalRT lines with
the classical calcium H&K lines and found that the triplet can also be used as an activity
indicator, although it is not as sensitive as the H&K lines. The CaIRT offers observational
advantages for cooler stars, where the H&K lines become weak or inaccessible (as in the
present case). However, in the spectra obtained with ESpeRo, the middle line of the CaIRT
is located in an overlapping region of the echelle orders: at the very end of one and also at
the very beginning of the next. This introduces a significant error to the measured intensity
of the spectral line due to it being at the very edge of the CCD matrix. In principle, the
line profile can be obtained by averaging the profiles obtained from both echelle orders,
but it is unclear how reliable the result would be. To avoid working with such uncertain
measurements, we decided not to include the 8542 A line in our analysis. Nevertheless, the
Narval spectra obtained in 2008 and 2010, in which all three lines of the CalRT are present,
clearly show that these lines exhibit the same behavior. Consequently, the exclusion of the
8542 A line does not compromise the validity of our results. Since Ha is the only spectral
line for which measurements are available over the entire time span of the observational
dataset, we will primarily focus on this line in our analysis, and the measurements of the
CalRT lines, when they are available, will be used mainly as confirmation of the overall
behavior of the activity level inferred from the variability of Ha.

The newly presented observations were reduced using DESpeRo (v1.0.0) [21], a fully
automated data reduction software (DRS) written specifically for the ESpeRo instrument.
The DRS is written in Python3 and extracts high-resolution stellar spectra from raw fits
images. From the resulting spectra, the Image Reduction and Analysis Facility [22] (IRAF,
v2.17.1) was used to measure the relative intensity R. of the spectral lines—the intensity at
the bottom of the spectral line divided by the intensity of the adjacent continuum, following
the procedure described in [23].

The full log of observations is shown in Table A1 in the Appendix A. The first column
of the table lists the calendar dates of observations, as well as the instrument used to obtain
them, denoted as follows:

*  C—the Coude spectrograph (R ~ 20,000) at the 2-m telescope of the Rozhen NAO,
data presented in [24];

*  N—the Narval spectropolarimeter (R ~ 65,000) at the 2-m telescope Bernard-Lyot,
France, data presented in [11];

e  E—the ESpeRo spectrograph (R ~ 32,000) at the 2-m telescope of the Rozhen NAO,
previously published data presented in [12].

All data up to and including 7 March 2018 have been previously presented in [12]
(as discussed in this paper, the observations obtained with Narval in 2008 and 2010 had
their spectral resolution lowered in order to enable comparison of the relative intensities
measured from them to those in the rest of the dataset). The last 38 observations spanning
over 6 years have not been previously published and were all obtained with ESpeRo.
Many of the observations consist of more than a single exposure. In these cases, all the
spectra obtained in the same night were examined individually to check if the profiles of
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the selected three spectral lines show noticeable differences in their depth and/or shape
between the individual exposures. Such differences could occur in the event of a flare,
observed in a state with significant short-term variability. For most observations, this was
not the case and these spectra were combined into a median spectra in order to reduce noise.
In some cases, however (the dates 18 August 1994, 9 June 1996), the spectral lines show
clear differences in individual spectra obtained during the same night. These exposures
were not combined into a median one, but instead were measured separately and so appear
in the Table A1 as two separate observations. The second column shows the Julian date (JD)
of the observations. Columns number 3 to 8 show the relative intensities R, and their error
of measurement ¢ of the three spectral lines studied in this paper: Ha, Call A 8498 A, and
Call A 8662 A. The last column lists whether the observation shows a flare. We consider an
observation to be a certain flare if (a) several activity indicators show significantly higher
values than those measured in proximate dates, caused by increased emission at the line
core (i.e., we observe the flare in several indicators); (b) different spectra taken during
the same night show differences which are typical for a flare event (i.e., we observe the
temporal evolution of the flare). An observation is considered a suspected flare if only
a single spectral indicator shows an increased emission component. These are the same
criteria that are used in [12]. In the last column, observations that are considered a certain
flare are noted with a “C”, and those that are considered a suspected flare are noted with
an “S”, and next to this notation, the reason for this classification is also noted: “Ha” or
“CalRT” means that the flare is observed in the respective indicator, “SI” means it has been
observed in several indicators, and “SS” means it has been observed in several consecutive
spectra obtained during the same night or during consecutive nights. The horizontal line at
7 March 2018 indicates where data from previous studies end and where the previously
unpublished observations begin.

3. Results
3.1. The Hx Line

Figure 1 shows the temporal evolution of the relative intensity R. of Ha (top panel) and
its blue-shifted component (bottom panel) between 1993 and 2025. In the figure, judging
from the relative intensity at the bottom of Ha, it can be seen that the activity of OP And is
at a relatively high level between 1993 and 2000. The activity level is significantly lower
between 2010 and 2016, indicating a possible minimum. After that, it appears to be steadily
increasing again. If we exclude the points which show flares, either certain or suspected,
we can demonstrate the activity level of the star in the quiescent state (not perturbed by
flares) by fitting the remaining points (which are represented by black circles in Figure 1)
with a function (represented by the black curve in the top panel of Figure 1). To fit the data,
a polynomial of the fifth degree was used, because it describes the general trends in the
dataset without overfitting. We point out that this fit is not intended to be used as a strict
measurement of the activity level, but is only a rough quantitative evaluation of it. Due to
the fact that no data is available between 22 October 2000 and 10 November 2005 (as shown
in Figure 1), the true behavior of the activity level during this period remains unknown.
However, this data gap is relatively short, covering only about 16% of the dataset, and so it
is not expected to significantly affect the overall variability trend.

The blue-shifted component of Ha (whose evolution is shown in the bottom panel
of Figure 1) shifted by about 79 km s~! with respect to the restframe velocity of the
star [10], and shows significant variability throughout the studied time window. During the
perceived maximum of 1993-2000, this component is mostly present and in emission, being
significantly above the level of the pseudo-continuum (shown with a dashed horizontal
line), and during flares it is visibly higher than during the quiescent state. During the
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lower activity phase (2005-2016), this blue-shifted component is almost never present—its
relative intensity is at or below unity. From 2016 onward, the emission component is again
occasionally present; however, in contrast with the interval 1993-2000, it is not stronger
during flares. Since the blue-shifted component is linked to mass loss [12], this suggests
that mass loss is not as strong in recent times as it was in 1993-2000. A possible reason
for the difference in the emission level of the blue-shifted component of Hx during flares
between the previous (1993-2000) and current (2016-2025) higher activity states might be a
difference in the height of the magnetic loops. More on the topic can be found in Section 4.
Calendar year
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Figure 1. Variability of the relative intensity R. of Ha (top panel) and its blue-shifted emission
component (bottom panel) in the spectrum of OP And between 1993 and 2025. The x-axes show
time in Julian dates JD (starting from the JD of the first observation in the dataset, 2,449,228, bottom)
and calendar year (top). The different symbols of the scatter plot represent whether the observation
shows a flare or not, as described in Section 2. Error bars are present for all points, but in most cases
they are smaller than the point marker. The typical value of the error for the measurements of Ha
is 0.005, and for those of its blue wing is 0.004 (see Table A1 for more details). The black curve in
the top panel represents the quiescent (when no flare is present) activity level, approximated by a
polynomial of the fifth degree (see the text), and the dashed horizontal line represents the level of
the continuum. The dashed portion of the figure indicates the period between 22 October 2000 and
10 November 2005 for which no data are available; consequently, the true behavior of the activity
level during this interval remains unknown.

Figure 2 gives an illustration of the temporal variability of the spectrum of OP And
in the region of the Hu line. In the figure, spectra of the star are shown both during the
quiescent state and during flares for six different observational seasons. It can be seen
that the spectrum of OP And evolves significantly with time. The Ha line is much more
shallow in the beginning of the dataset and begins to deepen as time advances up to around
2016, from which point on it starts to slowly become more shallow again. In the early
seasons, a blue-shifted emission component of Ha, likely associated with mass loss [12], is
often visible. This feature is absent in the spectrum of the star between 2010 and 2016, but
reappears from 2016 onward.
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Figure 2. Temporal variability of the profile of the Hx line in the spectrum of OP And. The vertical
dotted gray line indicates the wavelength of Ha. Spectra taken during the same calendar year are
shown using the same vertical shift, and the year itself is noted next to the relevant spectra, on the
right. For each season, a spectrum obtained during the quiescent state (solid line) and during a flare
event (dashed line) are displayed, except for the 2017 season, which is close to the perceived activity
minimum and for which no flares are observed.

3.2. The Calcium Infrared Triplet

Figure 3 shows the temporal evolution of the activity indicators Ha and the two lines
of the CalRT between 2008 and 2025. Measurements of the CalRT lines are only available
from 2008 onward and are used as a confirmation of the long-term activity level estimated
from the profile of Ha, as well as to confirm the presence of a flare, as described in Section 2.
In Figure 3, it can be seen that the behavior of the CalRT lines generally follows that of Hu,
with some particular flares (in 2020 and 2021) being more pronounced in the CalRT lines.
The behavior of these two lines helps identify possible flares in the dataset.
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9 9O AN O D X v o A ® 9 O AN A D xS
L T S N N T v N X Gy A e () SR
M N M N e G T M PN AN AN PR LN SR LN AN
0.6 *
Yo o o 8
) | * °® °
0.4 ¢ o o % ®e o
‘. # ° .° ° o" ° ¢ ¢ ° .. % Ha
0.6 ¢
i ¢ AU R i}
o o ° s es® %
< 0.4 e
[ ] & o © ° oo ®
[ ]
*% ‘e o * e CalRT 8498
0.2
0.6
$ * * b4 <>..‘
0.4 o o ..® :: o (Y
¢ ° o® 0® o
0.2 [ 1Y Y o4 o R % S o CalRT 8662
6000 7000 8000 9000 10,000 11,000
JD - 2,449,228
@ Certain flare B Suspected flare ® Nota flare ‘

Figure 3. Variability of the relative intensity R, of Hax and the two lines of the CalRT (at 8498 and
8662 A) in the spectrum of OP And between 2008 and 2025. See the legend of Figure 1.

3.3. Flare Frequency

Our dataset consists of a total of 110 different dates of observations, of which 23 show
the presence of a flare (18 with certainty, while the remaining 5 are suspected—see Table A1l
for details). However, flares do not seem to occur at the same rate over the course of time.
The observed ratio of flares to the total number of observations for each calendar year
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over the course of the dataset is shown graphically in Figure 4. When comparing these
results with the estimation of the quiescent activity level shown in Figure 1, it appears
that the observed flare rate has a close correlation with the activity level: considering that
the suspected flares are indeed such, the flare rate appears highest during 1996, which
roughly coincides with the maximum of the estimated quiescent activity level; conversely,
between 2008 and 2018 there is only a single registered flare in 34 observations, which in
turn coincides with the observed lower activity level. In the last few years of the dataset,
flares are observed more often than during the perceived minimum. However, as we have
previously seen in Figures 1 and 2, their intensity during the 2020s is clearly below the level
registered in the 1990s.
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Figure 4. (Top panel): the ratio of the number of detected flares to the total number of observations
per calendar year. (Bottom panel): the total number of observations per calendar year.

4. Discussion

From the available data, it can be seen that the activity level of OP And was much
higher between 1993 and 2000 than at any other time the star was observed. The higher
activity is characterized by the following:

* A higher quiescent (flares excluded) activity level;

¢  Stronger flares;

. More frequent flares;

¢  Presence of a blue-shifted emission component of Ha that is likely associated with
mass loss [12].

Since this period, the activity level has been steadily decreasing until it reached a
perceived minimum around 2010-2016, which all the studied indicators of flare activity
in this work point to. After this time, the activity level has been steadily increasing, and
although the quiescent level of Ha in 2024 and 2025 approaches that of the previous
perceived maximum around the year 1996 (see Figure 1), it does not match it completely. It
seems that the activity level of the star is increasing gradually, but the eventual period could
be more than 30 years (the length of our dataset). The Ha blue-shifted emission component
also follows this variability behavior. During the minimum it completely disappears and
only reappears after 2016. Since this component is linked to mass loss, this means that mass
outflow depends on the activity level in OP And. The blue-shifted emission component
of Ha shows greater intensity during the 1993-2000 high activity state than during the
20162025 one. A possible reason for this difference might be a difference in the height of
the magnetic loops. We suspect that the magnetic loops during the 1993-2000 active state
were, on average, much higher above the photosphere of the star than they are during the
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present one. At higher altitudes 7, the escape velocity vesc is lower (vesc ~ V1 ). During a
flare, the magnetic loops reconnect and the plasma is no longer bound to them, and if its
velocity is greater than vesc, mass loss may occur. Thus, a greater height of the magnetic
loops during the 1993-2000 period than during the 20162025 one may explain the stronger
emission in the blue-shifted component of Ha. Alternatively, the different behavior of
the blue-shifted Ha emission component between the 19932000 and 2016-2025 periods
may reflect variations in the filling factor, i.e., the fraction of the stellar surface covered by
magnetic regions. Since OP And has crossed the Mgll Dividing line, its magnetic loops
may already become open at the level of the chromosphere, leading to chromospheric
mass outflow, as discussed in [2]. Consequently, a larger filling factor during the 1993-2000
period could also account for the observed higher mass outflow, traced by a stronger
emission in the blue-shifted component due to the larger number of surfacing magnetic
loops. On the other hand, magnetic loops that reach higher altitudes can lead to flares
that last longer, due to the fact that more mass is trapped inside the loops. This supports
the hypothesis that the magnetic loops were larger in the 1990s than at present times,
because long flares (lasting more than one day) are observed on three occasions during
the 1993-2000 period (18-19 August 1994, 8-9 June 1996, and 24-25 June 2000) but never
during the 2016-2025 one.

Ref. [25] studied the long-term variability (from mid-1983 to mid-1995) of the cal-
cium H&K chromospheric lines of cool giants and found different cases of activity
variability—variable, long-term trend, cyclic, and flat. The authors conclude that about
40% of the 175 giants studied by them show possible cyclic activity. Another nearly 40%
of their sample show variable records. This means that either not all giants go through
magnetic activity cycles, or that part of the cycles might be much longer than 12 years—the
length of their dataset.

In addition, ref. [26] reported a 13 yr cycle of the G giant 37 Com from photometric
measurements. The rotational period of this giant is 110 days [4]. Ref. [27] use datasets from
the “HK project” at Mount Wilson Observatory [28,29] to search for chromospheric activity
cycles through the variations of the S-index. Their sample consists mostly of dwarf stars,
but it also includes three giants. Their rotational periods are 43, 35, and 42 days and the
length of their cycles is 6, 9, and 8 years, respectively. Hence, from the scanty information
known for the activity cycles in cool giants, we find no clear correlation between the cycle
length and the rotational period. More studies in this direction could clarify the picture.
However, from the present study it is clear that the eventual activity cycle of OP And is
longer than 30 years. From the latest data (after 2016), it appears that the activity level is
steadily increasing, possibly towards a new maximum. As discussed in the Introduction,
the amplitude of the new maximum must not necessarily match that of the previous one.
Consequently, it is not excluded that our dataset already contains the new maximum. In
order to be able to assess the length of the eventual cycle, one must first observe that
the activity level begins to decline again. That could become clear after 5-10 more years
of observations.

Long-term photometric and Call S-index observations of the Sun and various types of
active stars (e.g., cool dwarfs, RS CVn systems, FK Com stars) have shown that starspot
cycles are often multiple and that the period of each cycle can vary [30,31]. It was also found
that for the faster rotators more than one activity cycle is often met. A recent long-term
study of magnetic field variability in solar-type dwarfs by [32] confirms these findings.

In the case of OP And, our data reveal a smooth variability pattern consistent with a
single cycle, in agreement with the findings of [30].



Universe 2025, 11, 399

9of 15

5. Conclusions

Our spectral study of the activity indicator Ha in the period 1993-2025 revealed that
the activity level of OP And varies smoothly in time. In the period 1993-1999 it was near
maximum, and in the period 2005-2016 the activity reached its minimum. Later on, it
begins to increase gradually and in 2025 it is approaching the maximum level detected in
the 1990s. The behavior of the two lines of the Call infrared triplet (CalRT)—A 8498 A and
A 8662 A—(when observed) is similar to that of the core of Ha. In total, 23 flares were
detected and the flare frequency follows the maximum and minimum determined by the
activity indicator Ha.

We also studied the long-term behavior of the blue-shifted emission component of Hu
that is interpreted as a hot expanding area located above the photosphere, linked to mass
outflow. We found that during the minimum, the emission is absent, but appeared again
with the increase of the activity level after it. This is an indication that the magnetic activity
also controls the mass loss in OP And. We suspect that the lower level of the intensity of
this emission component between 2016 and 2025 with respect to the 1990s could be due to
a smaller on-average height of the magnetic loops in the more recent high activity period.

It seems that the suspected activity cycle of this cool giant is longer than 30 years. To
date, it appears to be the longest one known in such an evolved star. More observations are
necessary to determine its exact length.
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Appendix A. Log of Observations

Table A1. Log of observations of OP And. The columns show the calendar date of the observation and the instrument with which it was obtained (see Section 2), the
Julian date (JD) starting from 2,449,228 (the JD of the first observation in the dataset), relative intensities of the Ha line, its blue-shifted emission component (“HaB”
for short) and the 8498 A and 8662 A lines of the calcium infrared triplet, along with their respective error of measurement (the root-mean-square scatter of the pixel
intensities within a narrow interval containing the core of the measured line), and, in the last column, whether the observation is considered a flare (“C” for “Certain”
or “S” for “Suspected”) together with the justification for this (“SS” means the flare is seen in several spectra, and “SI” means it is seen in several indicators). See
Section 2 for a detailed explanation.

Elzt;h oy JD+ Ha o(He) HaB o (HaB) g:;? TA (8498) ggg ; (8662) E:::on
1993/08/29C 0  0.630 0.010 1.110 0.010 _ _ _ _ _
1993/11/02C 65  0.670 0.010 1.080 0.010 - - - - -
1994/02/01C 157  0.620 0.010 1.050 0.010 - - - - -
1994/02/02C 158  0.630 0.010 1.050 0.010 - - - - -
1994/08/17C 353  0.690 0.010 1.050 0.010 - - - - -
1994/08/18C 354  0.640 0.010 1.050 0.010 - - - - C,SS
1994/08/18C 355  0.740 0.010 1.080 0.010 - - - - C,SS
1994/08/19C 355  0.790 0.010 1.080 0.010 - - - - C,SS
1994/08/23C 359  0.760 0.010 1.060 0.010 - - - _ S, Ha
1996/02/02C 888  0.890 0.010 1.150 0.010 - - - - S, Ha
1996/04/08C 954  0.700 0.010 1.100 0.010 - - - - -
1996/06/08C 1015 0.890 0.010 1.170 0.010 - - - - C,SS
1996/06/09C 1015 0.830 0.010 1.150 0.010 - - - - C,SS
1996/06/09C 1016 0.790 0.010 1.130 0.010 - - - - C,SS
1997/01/23C 1244 0711 0.009 0.984 0.007 - - - - -
1997/01/24C 1245 0.689 0.002 0.966 0.004 - - _ _ _
1997/01/25C 1246 0.694 0.002 0.972 0.003 - - - - -
1997/08/14C 1447 0.676 0.005 0.920 0.002 - - - _ _
1997/08/15C 1448 0.673 0.002 0.955 0.002 - - - - -
1997/10/16C 1510 0.823 0.004 1.009 0.004 - - - - S, Ha
1998/09/30C 1859 0.656 0.008 1.090 0.008 - - - - -
1998/10/28C 1887 0.771 0.002 1.072 0.003 - - - - S, Ha
1999/01/10C 1961 0.599 0.006 1.053 0.002 _ - _ _ _
1999/03/03C 2013 0.587 0.005 1.021 0.000 - - - -

2000/06/24C 2492 0.748 0.011 1.166 0.003 - - - - C,SS
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Table Al. Cont.

E;tt‘;'u et D+ Ha o(He) HaB o (HaB) g:;;{z (8498) gggg (8662) E:::on
2000/06/25C 2493 0.767 0.011 1.194 0.010 - - - - C, S5
2000/07/11C 2509 0.777 0.006 1211 0.001 - - - - S, Ha
2000/08/15C 2544 0.620 0.004 1.050 0.002 - - - _ _
2000/09/09C 2569 0.632 0.010 1.065 0.003 - - - - -
2000/10/22C 2612 0.640 0.001 1.043 0.005 - - - - -
2005/11/10C 4457 0.319 0.008 1.017 0.008 - - - - -
2006/08/09C 4729 0.320 0.004 1.044 0.002 - - - - -
2006/08/12C 4732  0.426 0.003 1.038 0.001 - - - - -
2006/10/03C 4784 0.416 0.001 0.968 0.002 - - - _ _
2006/12/01 C 4843 0.428 0.001 0.973 0.002 - - _ _ -
2007/07/01C 5055 0.413 0.004 0.960 0.008 - - - - -
2007/07/30C 5083 0.571 0.010 1.018 0.006 - - - - C,SS
2007/08/02C 5086 0.498 0.007 1.003 0.001 - - - - C,SS
2007/08/03C 5088 0.475 0.004 1.009 0.008 - - - - C,SS
2007/11/27C 5204 0371 0.004 0.976 0.005 - - - - -
2008/09/15N 5496 0.362 0.003 0.943 0.002 0.356 0.015 0.252 0011 -
2008/09/20 N 5501  0.349 0.004 0.929 0.008 0.367 0.021 0.248 0012 -
2008/09/25N 5506 0.385 0.003 0.993 0.005 0.376 0.021 0.260 0013 -
2008/09/27 N 5508 0.378 0.004 0.975 0.006 0.353 0.007 0.264 0.021 -
2008/09/29N 5510 0.392 0.003 0.992 0.006 0.352 0.011 0.248 0010 -
2008/12/21 N 5593 0.361 0.001 1.003 0.005 0.332 0.022 0.246 002 -
2010/06/21 N 6140 0.340 0.005 1.004 0.005 0.349 0.027 0.231 0.003 -
2010/06/22N 6141 0.333 0.005 0.980 0.006 0.334 0.018 0.233 0.009 -
2010/07/14N 6163 0.313 0.001 0.995 0.007 0.331 0.002 0.232 002 -
2010/07/23N 6172 0.356 0.003 0.984 0.003 0.333 0.022 0.233 0.007 -
2010/08/02N 6182 0.424 0.004 0.920 0.007 0.414 0.009 0.317 0019  C,SI
2010/08/12N 6192 0.364 0.003 0.920 0.004 0.380 0.015 0.269 0.009 -
2010/08/20N 6200 0.323 0.003 0.964 0.004 0.351 0.010 0.251 0014 -
2010/09/03N 6214 0.303 0.006 0.989 0.006 0.324 0.018 0.222 0016 -
2010/09/15N 6226 0.316 0.004 0.916 0.000 0.323 0.015 0.233 0.005 -
2010/09/26 N 6237 0.346 0.004 0.934 0.010 0.345 0.018 0.246 002 -

2010/10/13N 6254 0.365 0.004 1.014 0.006 0.334 0.027 0.221 0.006 -




Universe 2025, 11, 399

12 of 15

Table Al. Cont.

E;tt‘;'u ten¢ | JD+ Ha o(Ha) HaB o(HaB) 5:91?1 (8498) g;;g (8662) E:::OH
2013/08/17C 7294  0.346 0.006 0.967 0.005 - - - - -
2015/09/02E 8039  0.375 0.015 1.052 0.004 0.309 0.012 0.224 0.009 -
2015/10/04E 8072  0.323 0.010 1.016 0.013 0.317 0.030 0.196 0016 -
2015/12/28E 8157  0.387 0.011 1.044 0.015 0.324 0.024 0.235 0023 -
2016/01/27E 8187  0.346 0.009 1.016 0.005 0.300 0.028 0.214 0018 -
2016/07/26 E 8367  0.305 0.006 0.981 0.005 0.312 0.013 0.228 0012 -
2016/09/18E 8422 0.327 0.009 1.001 0.005 0.299 0.015 0.202 0.007 -
2016/10/10E 8443  0.337 0.010 1.041 0.011 0.290 0.019 0.204 0011 -
2016/11/13E 8478  0.233 0.002 - - 0.285 0.002 0.180 0001 -
2016/11/19E 8484  0.357 0.001 - - 0.290 0.001 0.178 0001 -
2016/11/20E 8485  0.363 0.002 - - 0.298 0.002 0.179 0002 -
2016/12/09E 8504  0.377 0.011 1.006 0.008 0.301 0.002 0.207 0.007 -
2017/06/30E 8707  0.367 0.008 1.018 0.008 0.302 0.017 0.187 0.008 -
2018/01/06E 8897  0.375 0.003 0.962 0.007 0.377 0.004 0.260 0001 -
2018/03/07E 8957  0.377 0.001 1.060 0.015 0.369 0.000 0.245 0002 -
2018/09/24E 9158  0.391 0.005 1.052 0.003 0.381 0.007 0315 0003 -
2018/09/25E 9159  0.396 0.005 1.068 0.003 0.434 0.002 0.379 0006 -
2019/03/22E 9337  0.364 0.001 0.965 0.004 0.479 0.008 0371 0010 -
2019/08/14E 9482  0.411 0.002 1.052 0.007 0.406 0.002 0.318 0.005 -
2019/10/14E 9543  0.464 0.002 0.992 0.004 0.585 0.003 0.547 0002  GC,SILSS
2019/10/15E 9544  0.425 0.002 0.964 0.000 0.560 0.001 0.505 0004  GC,SISS
2019/10/16 E 9545  0.386 0.004 1.039 0.000 0.431 0.003 0.329 0001 -
2019/10/18 E 9547  0.444 0.001 0.997 0.008 0.552 0.003 0.516 0.001 S, Cal
2019/10/19E 9548  0.379 0.002 0.983 0.004 0413 0.003 0.323 0002 -
2019/12/05E 9595  0.407 0.002 0.994 0.000 0.363 0.003 0.266 0001 -
2020/01/13E 9634  0.360 0.002 1.035 0.002 0.325 0.009 0.249 0011 -
2020/08/04E 9838  0.310 0.002 1.005 0.000 0.310 0.003 0.232 0004 -
2020/12/02E 9958  0.312 0.002 0.970 0.001 0.351 0.003 0.284 0002 -
2021/02/03E 10,021 0.435 0.003 0.899 0.006 0.555 0.001 0.539 0002  C,SI
2021/02/26 E 10,044 0.366 0.003 1.008 0.003 0.368 0.004 0.305 0003 -
2021/06/22E 10,160 0.355 0.005 1.005 0.003 0.383 0.004 0.308 0001 -
2021/07/27E 10,195 0.318 0.003 0.966 0.005 0.377 0.006 0.277 0004 -
2022/06/20E 10,523 0.419 0.008 1.001 0.012 0.451 0.003 0.364 0003 -




Universe 2025, 11, 399

13 of 15

Table Al. Cont.

E;tt‘;'u meng | JD+ Ha o(Ha) HaB o(HaB) 5:91?1 (8498) g;;g 7 (8662) E:::On
2022/07/11E 10,544 0.478 0.005 0.943 0.016 0.570 0.005 0.525 0022  C,SI
2022/09/15E 10,610 0.402 0.004 0.958 0.012 0.449 0.007 0.390 0.006 -
2022/10/16 E 10,641 0.524 0.021 0.990 0.008 0.491 0.008 0.449 0.008  C,SI
2023/01/08 E 10,725 0.509 0.006 0.964 0.008 0.469 0.003 - - -
2023/08/02E 10,931 0.424 0.003 1.027 0.001 0.479 0.004 0.402 0007 -
2023/08/03E 10,932 0.502 0.005 1.039 0.007 0.531 0.005 0.451 0.004 -
2023/09/29E 10,989 0.436 0.003 0.983 0.001 0.524 0.005 0.439 0.006 -
2023/09/30E 10,990 0.397 0.003 0.989 0.002 0.458 0.004 0.379 0.007 -
2024/01/23E 11,105 0.594 0.014 1.031 0.005 0.578 0.004 0.505 0005  C,SI
2024/01/24E 11,106 0.596 0.019 0.996 0.014 0.592 0.007 0.543 0019  C,SI
2024/06/15E 11,249 0512 0.009 1.081 0.004 0.502 0.004 0.441 0.004 -
2024/07/17E 11,281  0.500 0.008 0.911 0.005 0.603 0.004 0.526 0002  C,SI
2024/08/17E 11,312 0.499 0.006 1.045 0.001 0.545 0.007 0.475 0001 -
2024/08/18E 11,313 0.506 0.006 1.066 0.001 0.513 0.005 0.431 0002 -
2024/10/14E 11,370 0.536 0.004 1.020 0.015 0.567 0.004 0.469 0.005 -
2024/10/15E 11,371 0.526 0.004 1.031 0.002 0.551 0.005 0.455 0017 -
2024/12/19E 11,436 0537 0.003 - - 0.601 0.008 0.553 0020 -
2025/06/03E 11,602 0.521 0.011 1.081 0.008 0.522 0.004 0.442 0001 -
2025/06/04E 11,603 0.545 0.005 1.063 0.014 0.563 0.008 0.449 0003 -
2025/07/06 E 11,635 0.439 0.005 1.039 0.030 0.514 0.007 0.432 0001 -
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