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ABSTRACT

Context. Homogeneous photometric time series spanning decades provide a unique opportunity to study the long-term cyclic behavior
of active spotted stars such as our target EI Eridani. In addition, with ultraprecise space photometry data, it is possible to investigate the
accompanying flare activity in detail. However, the rotation period of ~2 days for EI Eri makes it impossible to achieve time-resolved
surface images from a single ground-based observing site. Therefore, for this purpose, spectroscopic data from a multi-site observing
campaign are needed.

Aims. We use our photometric time series of more than 40 yr to analyze the long-term behavior of EI Eri. We investigate flare activity
using photometric data obtained with the Transiting Exoplanet Survey Satellite (TESS). The MUIti-SIte COntinuous Spectroscopy
(MUSICOS) campaign in 1998 was designed to achieve high-resolution, multi-wavelength spectroscopic observations from many sites
around the globe, which meant that uninterrupted phase coverage of EI Eri became available. We use these data to reconstruct succes-
sive surface-temperature maps of the star in order to study the changes of starspots on a very short timescale.

Methods. We used long-term seasonal period analysis of our photometric time series to study changes in the rotational period. We
also applied short-term Fourier-transform to look for activity cycle-like changes. We also studied the phase and frequency distribu-
tion of hand-selected flares. We applied our multi-line Doppler imaging code to reconstruct four consecutive Doppler images. These
images were also used to measure surface differential rotation with our cross-correlation technique. In addition, we carried out tests to
demonstrate how Doppler imaging is affected by the fact that the data came from several different instruments with different spectral
resolutions.

Results. Seasonal period analysis of the light curve reveals a smooth, significant change in period, possibly indicating the evolution
of active latitudes. Temperature curves from B — V and V — I show slight differences, indicating the activity of EI Eri is spot domi-
nated. Short-term Fourier transform reveals smoothly changing cycles of between 4.5 and 5.5 yr and of between 8.9 and 11.6 yr. The
time-resolved spotted surface of EI Eri from Doppler imaging enabled us to follow the evolution of the different surface features. Cross-
correlating the consecutive Doppler maps reveals surface shear of @ = 0.036 +0.007. Our tests validate our approach and show that the
surface-temperature distribution is adequately reconstructed by our method. The tests also indicate how accurately the cross-correlation
method can reproduce the surface shear as a function of the spectral resolution.

Key words. stars: activity — stars: imaging — starspots — stars: individual: EI Eridani

1. Introduction

El Eridani = HD 26337 (G51V, P,y = 1.945 days, V = 7"1)
is a well-known, rapidly rotating (vsini = 51kms™!), active
RS CVn-type, non-eclipsing, single-lined spectroscopic binary.
It was identified as an active star by Bidelman & MacConnell
(1973) based on its Ca 11 H&K emission, which was later con-
firmed by Fekel (1980). Later on, Fekel et al. (1982) identified
it as an RS CVn type variable. These authors also detected pho-
tometric variability with an amplitude of V ~ (72 and a period

* Original spectroscopic data acquisition was coordinated by Albert
Washuettl (former researcher at AIP) and was carried out within the
framework of the MUIti-SIte COntinuous Spectroscopy (MUSICOS)
campaign in 1998.

of roughly two days. Fekel et al. (1986) derived an orbital period
of 1.9472 days, while Hall et al. (1987) detected a photometric
period of 1.945 + 0.005 days from UBYV photometry.

Its long-term photometric variability and behavior have been
extensively studied over the last four decades. Hall et al. (1987)
reported seasonal changes in the photometric period on the order
of one percent. Strassmeier et al. (1989) found a seasonal change
of 0.043 days in the rotational period throughout three seasons.
Olah et al. (2012) also reported a +2% deviation from the orbital
period on a three-decade-long dataset.

It was Rodono & Cutispoto (1992) who first suggested a
long-term cycle of roughly 10 yr. Strassmeier et al. (1997) also
found an 11 + 1 yr cycle in the sinusoidal change of a 16 yr pho-
tometric time series, without any apparent relation between the
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cycle and the change of the seasonal periods. Oldh & Strassmeier
(2002) also found photometric cycles of roughly 2.4 and 12.2 yr,
which were later confirmed and refined by Olah et al. (2009),
who provided values of %2.9-3.1 and ~14 yr. Moreover, these
authors reported a cycle with a length of roughly 4.1-4.9yr.
ElEri is also known to exhibit flares. Pandey & Singh (2012)
estimates the peak energy during flares in the 0.3—-10keV energy
band to be ~10°'-10%? erg using observations obtained by the
XMM-Newton X-ray observatory.

EI Eri has been among the prime targets for Doppler imaging
over recent decades since the first application of the technique.
Strassmeier (1990), Strassmeier et al. (1991), and Hatzes & Vogt
(1992) reported a permanent polar spot with a radically chang-
ing appendage. The presence of the polar feature was confirmed
by Washuettl et al. (2001), and later by Washuettl et al. (2009)
and Kévdri et al. (2009). These authors also reported constantly
changing low-latitude features over 6-10 rotations (approxi-
mately two-three weeks). However, as the rotational period of
ElEri is very close to two days, covering a rotation with opti-
mal phase coverage from a singular observing site takes around
a month, but reaching adequate coverage also requires at least
two weeks of time series. On images reconstructed using these
datasets, shorter-lived features are suppressed and smeared out,
which means the resulting Doppler images cannot be used to
show rapid changes. It also makes differential rotation mea-
surements less reliable. As conventional, ground-based optical
observing runs are regularly interrupted by daybreak, the only
solution to this issue is a multisite campaign. Consequently,
EI Eri was chosen as one of the main targets for the MUSICOS
campaign in 1998 organized at ESTEC/ESA by Bernard Foing
and Joana Oliveira (for general details of the campaign, see
Catala & Foing 1988). MUSICOS stands for MUIti-SIte COntin-
uous Spectroscopy and was designed to achieve high-resolution,
multiwavelength spectroscopic observations from many sites
around the globe so that uninterrupted phase coverage of selected
objects can be obtained.

The MUSICOS dataset presented in this paper was used to
create preliminary Doppler images in order to measure surface
differential rotation by Kovari et al. (2009). These authors also
confirm the presence of a stable polar spot with a slightly chang-
ing shape, and short-lived spots at lower latitudes, even though
the rapid changes are somewhat masked by the artifacts that
could be the result of the single-line inversion approach that
was used. Kdvari et al. (2009) also derived a surface differential
rotation parameter of & = AQ/Q.q = 0.0037. This is congru-
ent with the estimation of Olédh et al. (2012) based on long-term
photometry.

This paper is structured as follows. After presenting the
observations in Sect. 2, we present our study of the long-term
spot activity — including photometric cycles — and the seasonal
change of rotational periods of EIEri using a photometric time
series covering four decades, an unprecedented length (see
Sect. 3.1). In Sect. 3.2, we describe how we used photometric
data from the Transiting Exoplanet Survey Satellite (TESS)
to investigate the flaring activity. In Sect. 4, we present our
investigation of the rapid changes of the spot configuration
using spectral time series from the MUSICOS 98 campaign. We
show how we applied a multi-line Doppler imaging code on the
MUSICOS dataset to reconstruct four Doppler images of EI Eri
in order to investigate the short-term changes of the spotted
surface. In Appendix A, we present the tests we performed in
order to verify that the spectra with different spectral resolutions
used for Doppler imaging do not introduce artifacts and bias
the results.
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Table 1. Sites and telescopes involved in this work.

Site Telescope Instrument Resolving power
OHP 1.93m ELODIE 43000
ESO90 09m HEROS 20000
ESO152 1.52m FEROS 48 000
KPNO 0.9m Echelle 65000
BXO 22m Echelle 35000
MSO 19m Echelle 35000
INT 2.5m MUSICOS 35000

Notes. Telescope abbreviations are as follows: the 1.93 m telescope at
Observatoire Haute-Provence (OHP), the 90 cm and 152cm telescopes
at ESO La Silla (ESO90 and ESO152 respectively), the McMath-Pierce
telescope at Kitt Peak National Observatory, Xinglong Observatory,
Beijing (BXO), Mt. Stromlo, Australia (MSO), and the Isaac Newton
Telescope at La Palma (INT).

2. Observations
2.1. Photometric observations

Photometric observations in Johnson V and I- colors were
carried out with the Wolfgang—Amadeus twin Automatic Pho-
toelectric Telescope (APT), two robotic 75cm telescopes for
photoelectric photometry at Fairborn Observatory in the Sono-
ran desert near Tucson, Arizona (Strassmeier et al. 1997). The
observations were made differentially with HD 25852 as the
comparison star (V = 7783,V — I = 1703) and HD 26409 as
the check star.

Johnson B and V data were gathered with the Tennessee
State University’s T3 0.4 m Automatic Photoelectric Telescope
(APT) located also at Fairborn Observatory. For this dataset,
HD 26409 was used as a comparison star. Part of the V dataset
was published in Jetsu et al. (2017). All photometry was trans-
formed to the Johnson—Cousins BV(RI)¢ system. In addition,
older photometric observations starting from 1980 were used
from the literature (see Olah et al. 2009; Strassmeier et al. 1997,
Table 5). The light curves of the ground-based photometry are
shown in Fig. 1. TESS 120 s cadence data from sectors 5 and 32
are also available for EI Eri and were included in the photometric
analysis, see Sect. 3.2.

2.2. Spectroscopic observations

The MUSICOS 1998 campaign involved eight northern and
southern sites and ten telescopes to fulfill the needs of six sci-
entific programs and took place from November 20 to December
14, 1998. For this work, we used data from seven instru-
ments at six observing sites. These instruments are summa-
rized in Table 1. Figure 2 shows the distribution of these
observatories: Observatoire Haute-Provence (OHP), Xinglong
Observatory (BXO), Kitt Peak National Observatory (KPNO),
ESO La Silla (ESO), La Palma (INT), and Mt. Stromlo
Observatory (MSO).

For this specific program, a total of 90 high-resolution spec-
tra of EIEri were obtained within a time period of 21 days
(November 23-December 13). The observing log is summa-
rized in Table B.l1. The various observing sites made use of
different spectrographs (long slit, echelle), which leads to data
sets of different quality, different wavelength range, and dif-
ferent spectral resolution. Fortunately, the region around 6400—
6450 A — which contains frequently used Doppler imaging lines
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Fig. 1. Available ground-based photometry, calculated temperature curves and yearly rotational periods for EI Eri. Top panel: ground-based Johnson
V light curve of EI Eri from the Potsdam Wolfgang APT at Fairborn Observatory and from the literature (grey dots) and from Jetsu et al. (2017) and
present paper (black dots). Middle panel: temperatures from B — V (blue) and V — I (red). The dashed line and the grey area denote the effective
temperature from spectral synthesis with 1o~ error (T = 5580 + 70K, see Sect. 4.1). Black dot shows the averaged surface temperature value from
the four Doppler maps ((T') = 5467 + 25K, see Sect. 4.3). Bottom panel: yearly rotational periods from the V light curves with grey and black
points, as on the upper panel and the two available TESS sectors (grey triangles). The dashed lines show the maximal (pole) and minimal (equator)
rotational periods calculated using the differential rotation from the Doppler maps (see Sect. 4.4), while the dotted line denotes the orbital period.
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Fig. 2. Observing sites and phase distribution of the data. Left panel: MUSICOS sites involved in this work, namely Observatoire Haute-Provence
(OHP), Xinglong Observatory (BXO), Kitt Peak National Observatory (KPNO), ESO La Silla (ESO), La Palma (INT), and Mt. Stromlo Obser-
vatory (MSO). Right panel: phases of the observations plotted against the reduced Julian Date. Different colors denote different instruments (see
legend). Observations plotted with filled circles were used for Doppler imaging, while the empty circles denote omitted observations. The vertical
dashed lines separate the four subsets used for Doppler imaging.
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Fig. 3. Short-term Fourier transform of all available V observations
of EIEri. A smoothly changing cycle is seen between 4.5 and 5.5 yr
(and between the half of these values), and a longer one which moves
between 8.9 and 11.6 yr.

(Fe16400, Fe16408, Fe16421, Fe1 6430 and Ca16439) — is
present in all of them. Several spectra were discarded due to
low signal-to-noise ratio or contaminated line profiles, result-
ing in 59 selected spectra. The data were reduced using standard
reduction techniques for echelle spectra in the NOAO packages
of IRAF: bias subtraction, flat-field correction to remove pixel-
to-pixel variations, and the curvature of the blaze function. For
OHP, HEROS, and Xinglong observations, the MIDAS package
was used. Background subtraction and flat-field correction using
exposures of a tungsten lamp were applied. Wavelength calibra-
tion was performed by taking the spectra of a Thorium—Argon
lamp. The spectra were normalized by a low-order polynomial
fit or a cubic spline fit to the observed continuum.

As the dataset is comprised of spectra from seven different
instruments with different spectral resolutions, which can cause
problems during the Doppler inversions, we decided to decrease
the resolution of all spectra to the lowest available resolution of
20000. In Appendix A, we present a series of tests to validate
this approach.

The observations are phased with the following ephemeris
(Koviri et al. 2009):

HJD = 2448054.7130 + 1.9472287 x E. (1)

Table B.1 shows the observing log, while Fig. 2 shows the phase
distribution of the different measurements.

3. Photometric analysis
3.1. Analysis of the long-term photometry

Due to differential rotation, the period measured from pho-
tometry can change slightly depending on the latitude where
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the dominant spots reside. Figure 1 shows the measured rota-
tional period of EIEri in seasonal blocks using the peak of the
Lomb-Scargle periodogram (Lomb 1976; Scargle 1982) with
uncertainties calculated from the width of the peaks at 90%
power. The periods from the literature and Potsdam APT data
(gray dots) are consistent with the data from Jetsu et al. (2017)
and the present paper (black dots), and with the two points from
the TESS light curves (gray triangles) within one season. There
is a smooth and significant change in the period, indicating the
evolution of active latitudes.

The middle panel of Fig. 1 shows the temperatures calculated
from B — V and V — I color indices by linearly interpolating the
grid of Worthey & Lee (2011) at the given log g and metallicity.
The dashed line and the gray area denote 7. = 5580 + 70K
from spectral synthesis with 1o error (for details, see Sect. 4.1).
The average temperature calculated from the Doppler maps is
plotted with a black dot, and the 1o error is computed from the
four different values for the four different maps (for details on
the inversion, see Sect. 4.3).

To look for activity cycles, we used short-term Fourier trans-
form (Kollath & Olah 2009) for the present dataset, which is
41 yr in length, 13 yr longer than the one used in Olah et al.
(2009). As the algorithm requires uniform sampling in time,
a cubic spline interpolation was used. We find that the previ-
ously identified structures on the STFT diagram are still present,
indicating roughly the same cyclic behavior. The signal of the
longest, high-amplitude feature in Fig. 3 is suppressed, but above
about 13.6 yr, which is one-third of the length of the data, all sig-
nals have the same amplification. Smoothly changing cycles are
seen between 4.5 and 5.5, and between 8.9 and 11.6 yr, which are
not harmonics, as the speed and the direction of their changes are
different. A weak cycle-like feature of about 2.5 yr is also seen
at the beginning of the time span.

3.2. Flares

We manually identified 41 flares in the two available TESS sec-
tors (see Fig. 4). To calculate their energies in the TESS band,
we followed similar procedures as in Oldh et al. (2022), using
a BT-NextGen model spectrum (Hauschildt et al. 1999) con-
volved with the TESS transmission curve to get the quiescent
stellar luminosity of Lrgss = 4.69 x 1033 ergs™!, and integrat-
ing over the flare light curves to get the equivalent durations.
The flare frequency distribution (FFD) in Fig. 5 shows a broken
power-law shape. Two-component fits of the FFD yield power-
law indices of 1.41 + 0.02 and 2.26 + 0.08 (one minus the slope
of the fitted line) for the first and second parts, respectively, while
a fit for all datapoints gives 1.66 + 0.04 (for further discussion,
see Sect. 5).

Figure 6 shows the phase distribution of flares in the refer-
ence frame of the orbit using the ephemeris from Eq. (1). While
the spot configuration of EI Eri changes quickly, the orbiting
secondary component provides a solid reference frame. To test
whether there is a significant increase in the occurrence of flares
at given phases, we ran a two-sided Kuiper’s test (Kuiper 1960).
This test compares the measured data to a given distribution; it is
similar to the Kolmogorov—Smirnov test, but is invariant under
a cyclic transformation, which makes it applicable for compar-
ing cyclic phase distributions (the Kolmogorov—Smirnov test
would give different results for different starting epochs). The
test rejects the null hypothesis of a uniform flare-phase distribu-
tion with a p-value of 0.006. The increase in flare rate appears
on the side facing the secondary component.



Kriskovics, L., et al.: A&A proofs, manuscript no. aa45767-22

Sector 5
6.37 !

6.38{ [ | |

tude

ni

6.39

ma

¢ 6.40 {

w
F6.41

1440 1445 1450 1455

Time (JD - 2457000)

1460 1465

Sector 32

6.38
) \
3 f I
£6.40
e f \
E i
> 6.42 | J
z } \: I
F6.44 } }

2175 2180 2185 2190

Time (JD - 2457000)

2195 2200

Fig. 4. TESS observations from Sector 5 (left) and Sector 32 (right). The identified flares are marked in black.

100 1

L ) ~.‘.
L)

N

1071, .

cumulative flare rate [day~1]
o

34.5 35.0 35.5

log Etess [erg]

33.5 34.0
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0.04, while the two solid lines show a two-component fit (1.41 + 0.02
and 2.26 + 0.08); see Sect. 3.2.

Fig. 6. Phase distribution of the TESS flares on the primary component
in the reference frame of the binary orbit. The relative radii and sepa-
ration of the circles are for scale. The colors are realistic digital colors
for the given spectral types from Harre & Heller (2021). The gray area
shows a Gaussian kernel density estimation with the bandwidth of 2°.
Black ticks denote the orbital phase values of the flare observations.

4. Doppler imaging
4.1. Astrophysical parameters for the inversion

Precise astrophysical parameters are fundamental for Doppler
inversion. Therefore, we carried out a detailed spectro-
scopic analysis based on spectral synthesis using the code
SME (Piskunov & Valenti 2017) and MARCS atmospheric
models (Gustafsson et al. 2008). Atomic line parameters
were taken from the VALD database (Kupka et al. 1999).
Macroturbulence was estimated using the following equation

Table 2. Astrophysical parameters from spectral synthesis.

Tes 5580+ 70K
logg 3.75£0.35
[Fe/H] -0.27 £0.18
Umic 2.0+0.5kms™!
vsini 51+ 1kms™!
(Valenti & Fischer 2005):
Tegr —5770K 1
mac = 398 — —— |k . 2
v 9 0K ms 2)

Astrophysical parameters were fitted one-by-one iteratively
as described in Kriskovics et al. (2019). The results are summa-
rized in Table 2.

4.2. The Doppler imaging code iMap

The Doppler imaging code iMap (Carroll et al. 2012) used in
this work carries out multi-line Doppler inversion on a list of
photospheric lines. As the wavelength coverage of our dataset
is limited, we used five (Fe16400, Fe16408, Fe16421, Fel
6430 and Ca16439) virtually unblended lines with well-defined
continuum, suitable line depth, and temperature sensitivity. The
stellar surface was divided into 6° x 6° segments. For each local
line profile, the code utilizes a full radiative solver (Carroll et al.
2008).

The local line profiles are then disk integrated, and the indi-
vidually modeled, disk-integrated lines are averaged. Atomic
line data are taken from VALD (Kupka et al. 1999). Model
atmospheres are taken from Castelli & Kurucz (2003) and are
interpolated for the necessary temperature, gravity, and metallic-
ity values. Due to the high computational capacity requirements,
local thermodynamic equilibrium (LTE) radiative transfer is
used instead of spherical model atmospheres, but imperfections
in the fitted line shapes are well compensated by the multi-line
approach. Additional input parameters are micro- and macro-
turbulence, and wvsini. Table 2 summarizes the astrophysical
parameters used during the inversion. Inclination was set to
i = 56° (adopted from Washuettl et al. 2009).

For the surface reconstruction, an iterative regularization
method based on a Landweber algorithm is used (Carroll et al.
2012), meaning no additional constraints are imposed in the
image domain.

4.3. Time-resolved surface evolution

The 59 selected spectra were divided into four subsets
(hereafter DI1, DI2, DI3, and DI4) corresponding to the

Al143, page 5 of 13
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Fig. 7. Four consecutive Doppler images of EI Eri obtained for the MUSICOS 1998 data. The corresponding time intervals for the four images
from top to bottom are 2451141.3758-2451144.9045, 2451145.6007-2451148.7618, 2451148.9391-2451150.7474, and 2451150.9827-2451156.5520.

following Julian Date intervals: 2451141.3758-2451144.9045,
2451145.6007-2451148.7618, 2451148.9391-2451150.7474 and
2451150.9827-2451156.5520, with lengths of roughly 1.8, 1.6,
1.0, and 2.9 rotations, respectively. Imaging lines were selected
from the spectral region that was covered by all of the spec-
tra in order to make the resulting maps comparable. This gives
us a unique opportunity to study the short-term spot evolution
of EIEri. The selected spectral lines are Fe16400, Fe 16408,
Fe 16421, Fe1 6430, and Ca16439.

The resulting four Doppler images (DI1-DI4) are shown
in Fig. 7. The corresponding line profile fits are shown in
Fig. C.1, with corresponding root mean square deviations of
0.0030, 0.0030, 0.0036, and 0.0040, respectively. The four
maps show a persistent polar feature (with a spot temperature
of AT =~ 1100K below the temperature of the unspotted sur-
face. (Here we refer to our tests presented in Appendix A,
where we also discuss the accuracy of the spot temperature
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determination.) Associated with the dominant polar spot, a less
prominent appendage appears in DI2 around the phase value
of ¢ ~ 0.35, which is further strengthened in DI3. In DI4, the
appendage starts to fade, but is still present. The overall con-
trast of the polar feature seems to increase from DIl towards
DI4. In addition, several low-latitude features show rapid evolu-
tion as well. In DII, the barely visible spot at ¢ = 0.45 in the
lower hemisphere becomes stronger in DI2, and after a slight
retrograde shift seen in DI3, it disappears completely in DI4,
being present for ~4.5 rotations. Around the phase value of 0.2,
a low-latitude feature emerges in DI2 and becomes increasingly
prominent over time. In DI2 at ¢ =~ 0.7, a low-latitude spot forms
and strengthens along DI3 and DI4, while gradually shifting
toward the visible pole.

It is worth emphasizing that the evolution of the differ-
ent surface features can be followed quite nicely through the
four independently reconstructed maps. Therefore, we believe
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Fig. 8. Measured surface differential rotation of EI Eri and its comparison to other stars. Left panel: average cross-correlation map for EI Eri.
The correlation peaks (white circles) are fitted with a quadratic differential rotation law. The resulting fit (continuous line) indicates a solar-type
differential rotation with a shear parameter @ = 0.036 = 0.007. Right panel: extended version of the surface shear coefficient versus rotational period
plot from K&vdri et al. (2017). Squares denote results from the cross-correlation technique, while circles show differential rotational coefficients
from the sheared image method. White and gray symbols correspond to single and binary stars, respectively. Symbol size increases from dwarfs
to subgiants to giants. EIEri is represented by the blue square at P, ~ 2 days. The Sun is plotted with a dotted circle. The dotted and dash-
dotted lines denote the linear fits to the points corresponding to singles and binaries, respectively, with slopes of |a| o< (0.0049 + 0.00001) P, and

|| o< (0.0014 + 0.00003) Pyr.

that most of the recovered surface features are real and not
imaging artifacts.

4.4. Differential rotation

A method often used to measure surface differential rotation
is cross-correlation of consecutive Doppler images (Donati &
Collier Cameron 1997). However, rapid spot evolution can easily
hinder the correlation pattern; for example, through the forma-
tion or dimming of spots or interaction between nearby spots,
all of which can be seen in the Doppler images of EIFEri. To
overcome this, and strengthen the signal of differential rotation,
we used our code ACCORD (e.g Kévdri et al. 2012), which
uses the average of the cross-correlations of consecutive Doppler
images. The latitudinal correlation peaks in the resulting aver-
age correlation map are fitted with a quadratic rotational law in
the form

Q) = Qeq — AQsin’ B, (3)

where Q(p) is the angular velocity at 3 latitude, ¢4 is the angular
velocity of the equator, and AQ = Q¢4 — Qpole gives the differ-
ence between the equatorial and polar angular velocities. With
these, the dimensionless surface shear parameter « is defined as
a = AQ/Qqy.

For the average cross-correlation, we formed three pairs of
consecutive Doppler images, that is DI1-DI2, DI2-DI3, and
DI3-DI4. After the cross-correlation of the image pairs, we
normalized each resulting correlation map to the same time
difference so that they can be averaged. For a more detailed
description of the ACCORD method, see Kovari et al. (2015)
and their references. In the left panel of Fig. 8, the average cor-
relation pattern is fitted with a quadratic differential rotation
law, which yields @ = 0.036 + 0.007 (Q¢q = 186.922 + 0.384
degreesday™!, AQ = 6.768 + 1.349 degreesday'). The errors
are estimated from the amplitudes and the full width at half max-
imum values (FWHMs) of the Gaussian functions fitted to each
longitudinal strip.

In the right panel of Fig. 8 (an updated plot of Kévari et al.
2017), we compare the surface shear of EI Eri to the surface shear

of other well-known active stars as a function of the correspond-
ing rotational periods. Our resulting shear value of 3.6% for
El Eri is in good agreement with the value expected according
to the plot. However, we note that the differential rotation pat-
tern can be somewhat diminished by the relatively low spectral
resolution; see the tests we performed to investigate this question
in Appendix A.

5. Discussion
5.1. Long-term photometric behavior

Kollath & Oldh (2009) found shorter cycles of 2.9-3.1 and 4.1—
4.9yr and a longer cycle of roughly 14 yr on EIEri. Our cycle
lengths derived from a dataset of 13 yr longer, that is, of roughly
2.5, 4.5-5.5, and 8.9-11.6 yr, are in good agreement with these
previous findings (in Fig. 3, the longest 13.6yr cycle is sup-
pressed because the dataset is only three times longer than this
value). The cycle lengths are smoothly changing, which is a well-
documented behavior of activity cycles; see examples in Oldh
et al. (2009), or the solar case in Kollath & Olah (2009). Visual
inspection of the curve of seasonal rotational period changes
(bottom panel of Fig. 1) hints at a cycle-like behavior of around
3500-4000 days (roughly 9.5-11 yr). The similarity between
the lengths of the cycle-like features of the long-term photom-
etry and the change of the seasonal rotational periods at around
9-11 yr is indeed remarkable. However, there are problems in
interpreting the photometric results due to the huge spots and
the inclination of the stellar disk to the line of sight, which
makes the tracing of the positions and sizes of the spots com-
plicated. Therefore, we are not able to match brightness changes
to changes in rotational periods (as in a butterfly diagram).

The temperatures calculated from B — V and V — I color
indices show slightly different amplitudes. The higher temper-
ature of the facular—plage regions contributes to the signal in the
B bandpass, although the spots from the photosphere also have
a lower contribution in B, whereas the signal in the [/ filter has
no or negligible contribution from the areas of higher tempera-
ture. The spot/plage ratio can be different from star to star, and
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also within spot cycles of the same star. The difference between
the B— V and V — I color indices could indicate that the activ-
ity of EIEri is dominated by spots rather than plages. This is
also supported by the large spotted areas present on the Doppler
maps and the fact that the temperature from B — V correlates
with the effective temperature from the spectral synthesis, while
the average temperature from the Doppler images is within the
interval of the temperatures calculated from V — I. However, we
note that the photometric accuracy of the color indices may hin-
der this result. Uncertainties of on the order of 0.01 magnitudes
translate to an error of about 30 K in temperature. Nevertheless,
the average temperature calculated by summing up the tempera-
ture elements of the surface of the Doppler images agrees very
well with the temperature values of the same season resulting
from V — I, which suggests the results from the color indices are
reasonably accurate.

5.2. Flare activity

The possible origin of breakpoints in FFDs was discussed by
Mullan & Paudel (2018) for flare stars showing a critical energy
value on the FFD when the flaring loop size exceeds the local
scale height (which depends on local field strengths and densi-
ties). On the high energy side of this breakpoint, the power-law
index is steeper, and the opposite is true for the other part of
the curve.

Extrapolating their results, Olah et al. (2021) gave examples
of broken power-law FFDs for two giant stars with FFDs with
different breakpoints but similar energy ranges suggesting dif-
ferent atmospheric properties and strengths of magnetic fields.
In the case of the subgiant EIEri, this rationale may hold as
well. The median flare duration of about 1.5h and the energy
range shown in Fig. 5 are fully consistent with the general trends
seen in the flare energy—flare duration diagram given by Maehara
et al. (2021, see their Fig. 14), placing EI Eri somewhere between
G dwarfs and giants on the flare energy—flare duration diagram.

When an active star is in a close binary system, tidal effects
may play a role in determining the position of the emerging mag-
netic flux tubes that are supposed to be the origin of activity on
stars. Such effects, supposing different physical circumstances
(such as the strength of the magnetic field, the depth of the
convection zone where the flux tubes originate, local density,
etc.), were investigated in two papers by Holzwarth & Schiissler
(2003a,b), who showed that clustering of flux-tube emergence
positions in the orbital reference frame of close binaries may
appear. Our results, plotted in Fig. 6, where the observed flare
phases are shown in the reference frame of the orbit, show a clus-
tering on the hemisphere facing the secondary that may originate
from the tidal effects described above.

5.3. Rapid spot evolution and differential rotation

Rapid spot evolution is not unheard of on subgiants.
Strassmeier & Bartus (2000) found fast-evolving, low-latitude
features on V711 Tau, a similar binary subgiant (although we
note that V711 Tau is somewhat cooler and its secondary is
more massive). These authors found that in several cases, low-
latitude features changed shape and became cooler on a scale
of a few days, which is similar to what we found on EIEri.
Gradual strengthening of the polar feature is also observed on
V711 Tau and EI Eri; this might indicate spot migration towards
the poles. Moreover, Harutyunyan et al. (2016) reported rapid
spot evolution on another subgiant, HU Vir, with a prominent,
high-latitude, but not polar feature, which drastically changes
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shape from one rotation to the next. However, we note that due
to the nature of Doppler imaging, we have no information about
the spot evolution on timescales shorter than the ~10d rotational
period of HU Vir.

Polar features have been observed to persist for years on
subgiants (see e.g., Hussain 2002, and references therein), and
are also a fairly common and well-explained phenomenon (even
from a theoretical viewpoint) on fast-rotating active stars (e.g.,
Isik et al. 2007). However, rapid spot changes on the scale of a
few days are much more difficult to explain with models. Isik
et al. (2007) even point out that the lifetime of their simulated
bipolar magnetic regions (BMRs) are longer on a star similar to
V711 Tau than on a solar analog. According to the simulation
presented by these latter authors, a large BMR above g = 70°
in latitude can be present for more than 2 yr. This may even be
consistent with the permanent polar features of EI Eri.

However, BMRs and spots can behave differently: BMRs
consist of spots, plages, and short-lived structures. Whether large
spots on Doppler images are single magnetic structures or clus-
ters of smaller spots is also a matter of debate. Accordingly, it
is possible that the evolution timescales applicable to homoge-
neous, large spots are different from those applicable to several
smaller spots. Isik et al. (2007) showed that a cluster of spots
(that still cannot be resolved by Doppler imaging) dissipates
the fastest in their simulation, especially when large-scale flows
(e.g., meridional circulation) are introduced, with a decay time
of at least a few tens of days.

Strassmeier & Bartus (2000) theorized that magnetic recon-
nection could play an important role in this phenomenon: it may
induce magnetic field diffusion from the stronger flux tubes (i.e.,
the cooler spots) toward the weaker (warmer) ones, resulting in
increased magnetic pressure and therefore more suppressed con-
vection and rapid cooling in the warmer spots. These authors
also estimated that on V711 Tau, the Alfvén-velocity for the pho-
tosphere region corresponding to 7 = 1 optical depth results in
a magnetic interaction timescale between spots, which is on the
order of 1 day. Therefore, energy transport by Alfvén-waves may
contribute to the rapid spot changes.

Rempel & Cheung (2014) carried out three-dimensional
numerical simulations to study spot emergence and decay.
These authors found that in the first phase of spot decay,
the process is dominated by downward convective motion,
while in the second phase, plasma intrusions fragment larger
spots. The latter could be consistent with the assumptions of
Strassmeier & Bartus (2000). Also, Rempel & Cheung (2014)
pointed out that strong, subsurface large-scale convective
motions can play a significant role in spot decay (however, their
simulation box was limited to the upper part of the convective
zone).

Namekata et al. (2019, in their Fig. 6,) compare observed
stellar spot lifetimes on different solar-type stars. The results of
these authors suggest that if spot evolution is driven by the same
mechanism in all evolutionary stages, the typical spot lifetime
on EIEri should be in the range of 10-30 days. Our findings
(and previous ones in the literature; see above) are in agree-
ment with these results, as most of the active nests are present
on all of the Doppler images, which altogether cover 15 days,
although with changing shape and contrast (in agreement with
Strassmeier & Bartus 2000). The TESS light curves (Fig. 1) also
supports this; for example, a new nest seems to form around
JD=2457143, which is persistent for at least ~10 days, although
with different amplitude. However, we note that datasets span-
ning a much longer time period are required to confirm or
disprove this.
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The surface differential rotation parameter of @ = 0.036 +
0.007 fits well to the observation that rapidly rotating subgiants
exhibit relatively low surface shear. Harutyunyan et al. (2016)
measured @ = —0.029 + 0.005 on HU Vir, another K subgiant
in a binary. On the K subgiant IL Hya, Kévari & Weber (2004)
reported @ =0.03. Our results are also in good agreement with
the empirical relation of |a| = 0.013P;, for binaries originally
suggested by Kovari et al. (2017) (see also the right panel of
our Fig. 8).

6. Summary

Our study of the main component of the single-lined RS CVn
binary EI Eri based on a photometric time series spanning four
decades and a multisite high-resolution spectroscopic campaign
yielded the following results:

— Based on a 41 yr photometric dataset, we derive a roughly
2.5, a 4.5-5.5, and a 8.9-11.6 yr photometric cycle for EI
Eri. The apparent periodicity in the seasonal changes of the
rotational period coincides with the longest cycle. The long-
term B — V and V — [ multicolor photometry indicates spot-
dominated activity, rather than plage dominated;

— The FFD of 41 flares shows a broken power-law shape with
power-law indices of 1.41 +0.02 and 2.26 + 0.08. According
to Mullan & Paudel (2018), this might indicate that there is
a critical energy break point on the FFD, where the flaring
loop size exceeds the local scale height, resulting in higher
energy flares and steeper power-law indices. The phase dis-
tribution of the flares indicates that magnetic-flux emergence
is affected by tidal effects (Holzwarth & Schiissler 2003a,b),
and flares are concentrated on the hemisphere facing the
secondary;

— Using our MUSICOS spectral time series, we derived four
consecutive, independent Doppler-images of EI Eri, cover-
ing 1.8, 1.6, 1.0, and 2.9 rotations, enabling us to study very
short-term spot evolution on the rapidly evolving surface.
The resolution of the spectra was blurred down to the low-
est available resolution in order to avoid artifacts caused by
different resolution. This approach was validated by a series
of tests. The Doppler images reveal a strong, evolving, but
always present polar cap and several emerging and disap-
pearing low-latitude features of constantly evolving shape
and contrast. The approximate lifetime of these structures
coincides with the lower limit proposed by Namekata et al.
(2019), although datasets covering longer time periods are
needed in order to obtain conclusive verification of this;

— Cross correlating the consecutive Doppler images reveals a
weak, solar-like surface differential rotational pattern of @ =
0.036 +0.007, which is in good agreement with the empirical
law for binaries proposed by K&véri et al. (2017).

Our paper also includes tests to show that our multi-instrument
time series can be used for Doppler imaging without introducing
artifacts, if treated properly. The method presented here could
help in achieving proper phase coverage of stars for which this
can only be achieved in time intervals comparable to or longer
than the typical spot evolution timescale.
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Appendix A: Resolution tests

MUSICOS 1998 data of EI Eri were obtained from seven differ-
ent instruments with different spectral resolutions (and therefore
there are spectra with different resolutions in each subset), which
can induce artifacts on the Doppler maps due to the differ-
ent levels of detail of the spectral features and the different
instrumental profiles. To counteract this, we used a Gaussian
kernel to decrease the resolution of the spectra to our lowest
available resolution. As this has not been done before, we car-
ried out tests in order to explore the effects of this treatment
on the high-resolution dataset of V1358 Ori (Kriskovics et al.
2019). We created datasets of decreased resolution, correspond-
ing to R=20 000, 30 000, 40 000, 50 000, 60 000, and 70 000, and
compared them to the original maps. For details on the origi-
nal dataset, astrophysical parameters, and inversion, we refer to
Kriskovics et al. (2019).

Doppler images for the datasets of decreased resolution
were derived with the same inversion settings and astrophysi-
cal parameters. Hotter features were purposely not suppressed
in order to see whether or not artifacts are introduced on lower
resolutions. Figure A.1 shows examples for both rotations cor-
responding to R=60000, 40000, and 20000, along with the
originals. Visual comparison of the test maps and the original
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ones reveal that the overall structure did not change on the maps
corresponding to lower spectral resolutions, except for a few
smaller features that gradually faded as the resolution decreased.
However, spot temperatures can significantly change in the case
of the strongest active regions, especially on the maps corre-
sponding to R=20000. This is expected, as the blurring makes
the bumps caused by the spots on the line profiles shallower.
Figure A.2 shows the difference maps of the original and the
R = 20000 map. It is apparent that in the case of the strong polar
feature, there is about 600K difference in the recovered spot
temperature, while smaller features did not change significantly.
Finally, it is important to note that artifacts are not introduced by
the lower resolution.

Based on these tests, we conclude that degrading the MUSI-
COS spectra to a reduced spectral resolution of R=20 000 is still
sufficient to investigate the rapid spot evolution and differential
rotation of EI Eri, despite the fact that there is some fading of the
spectral features due to a decrease in contrast, which affects the
measurement of the differential rotation at some level.

The reliability of measuring differential rotation by cross-
correlation of consecutive Doppler maps is based on the reliabil-
ity of the spot reconstruction (for details of the cross-correlation
technique, see Sect. 4.4). Therefore, we tested how the reduced
spectral resolution affects the surface shear parameter derived
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Fig. A.1. Doppler imaging test for two consecutive rotations of V1358 Ori. Images on the left correspond to the first rotation, while images on the
right correspond to the second one. The four rows from top to bottom correspond to data of different spectral resolution: R = 80 000 (original data
taken from Kriskovics et al. 2019), and reduced levels of R = 60000, R = 40000, and R = 20000, respectively.
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Fig. A.2. Difference images of the original V1358 Ori Doppler images (Kriskovics et al. 2019) and those that correspond to a spectral resolution
reduced to R=20000. The left panel corresponds to the first rotation and the right panel to the second; cf. Fig. A.1.
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Fig. A.3. Example cross-correlation test maps of V1358 Ori with their fitted surface differential rotation functions obtained for different spectral
resolutions of R=20000 (left) and R=70 000 (right). The derived surface shear coefficients are @ = 0.010 + 0.0025 and « = 0.015 + 0.003, respec-

tively. For the original cross-correlation map see Kriskovics et al. (2019).
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Fig. A.4. The « surface differential rotation parameter values obtained
for spectroscopic test datasets with different levels of R spectral resolu-
tion.

from cross-correlation. To this end, the two consecutive rotations
of V1358 Ori (see Fig. A.1) were cross-correlated with differ-
ent levels of spectral resolution. Two example cross-correlation
maps are shown in Fig. A.3, which correspond to R=20000
(@ =0.01 £0.0025) and R=70000 (@ = 0.015 £ 0.003). We note
that the original cross-correlation map presented in Kriskovics
et al. (2019) with a spectral resolution of R=80000 resulted in
@=0.016. The derived « surface shear values are plotted against
the spectral resolution in Fig. A.4. It is apparent that the reso-
lution affects the derived shear coefficient in a unique way; that
is, at low resolution the dependence has some linear trend, while
at mid to high resolution (R>40 000) there is no real trend, and
the derived « values agree with each other within the estimated
error bars. Nevertheless, on our lowest resolution (R=20000),
the measured surface differential rotation underestimates the
actual value by ~60%.
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Appendix B: Observing log

Table B.1. Observing log of the MUSICOS 1998 data.

HJD [d] Telescope  Rotational phase  Used \ HJD [d] Telescope  Rotational phase  Used

2451141.3758 OHP 0.157 yes | 2451148.7618  ESO152 0.950 yes
2451141.4856 OHP 0.213 yes | 2451148.9391 MSO 0.041 yes
2451141.6050 OHP 0.274 yes | 2451149.0746 MSO 0.111 no
2451141.6302 KPNO 0.287 yes | 2451149.1508 MSO 0.150 yes
2451141.6797 KPNO 0.313 yes | 2451149.2564 BXO 0.204 no
2451141.7891 KPNO 0.369 no 2451149.5683 ESO90 0.364 yes
2451141.9259 KPNO 0.439 yes | 2451149.7026  ESO152 0.433 yes
2451142.6193 KPNO 0.795 yes | 2451149.7849  ESO152 0.475 yes
2451142.7057 KPNO 0.840 yes | 2451150.1065 BXO 0.640 no
2451142.8025 KPNO 0.889 no 2451150.2155 BXO 0.696 yes
2451142.9096 KPNO 0.944 yes | 2451150.2784 BXO 0.729 yes
2451142.9849 KPNO 0.983 no | 2451150.5648  ESO90 0.876 yes
2451143.7458  ESO152 0.374 no | 2451150.6669 ESO152 0.928 yes
2451143.8030 KPNO 0.403 yes | 2451150.7474  ESO152 0.970 yes
2451143.8529  ESOI152 0.429 no | 2451150.9827 MSO 0.090 yes
2451143.8823 KPNO 0.444 no 2451151.0459 MSO 0.123 yes
2451143.8973 KPNO 0.452 yes 2451151.1061 MSO 0.154 no
2451143.9122 KPNO 0.459 yes | 2451151.5633 ESO90 0.389 yes
2451144.3730 OHP 0.696 yes 2451151.7115  ESO152 0.465 yes
2451144.5975  ESO152 0.811 no 2451151.7969  ESO152 0.509 yes
2451144.7046 KPNO 0.866 yes | 2451152.0938 BXO 0.661 yes
2451144.7232 KPNO 0.876 yes | 2451152.1989 BXO 0.715 yes
2451144.7419 KPNO 0.885 yes | 2451152.2799 BXO 0.757 yes
2451144.8528 ESOI152 0.942 no 2451152.5011 INT 0.870 no
2451144.8673 KPNO 0.950 yes | 2451152.5616 ESO90 0.901 yes
2451144.8859 KPNO 0.959 yes | 2451153.5985  ESO90 0.434 no
2451144.9045 KPNO 0.969 yes | 2451154.5383 INT 0.916 no
2451145.3744 OHP 0.210 yes | 2451154.5934  ESO90 0.945 yes
2451145.6007  ESO152 0.326 yes | 2451155.1511 BXO 0.231 no
2451145.8042  ESOI152 0.431 yes | 2451155.2465 BXO 0.280 no
2451146.3699 OHP 0.722 yes | 2451155.3879 INT 0.353 yes
2451146.5807  ESO90 0.830 yes | 2451155.5990  ESO90 0.461 yes
2451146.7466  ESO152 0.915 yes | 2451155.6447 INT 0.485 no
2451146.8321  ESO152 0.959 yes | 2451156.3677 INT 0.856 no
2451147.0404 MSO 0.066 yes | 2451156.4359 INT 0.891 yes
2451147.0592 MSO 0.076 no 2451156.5991 ESO90 0.975 yes
2451147.1641 MSO 0.129 yes | 2451156.6333 INT 0.992 no
2451147.4508 OHP 0.277 yes | 2451157.3997 INT 0.386 no
2451147.5618 ESO90 0.334 yes | 2451157.4703 INT 0.422 no
24511477280  ESO152 0.419 yes | 2451157.5991 ESO90 0.488 no
2451147.8123  ESO152 0.462 yes | 2451157.6475 INT 0.513 no
2451147.9404 MSO 0.528 no | 2451158.5358 INT 0.969 no
2451148.0240 MSO 0.571 yes | 2451158.5984  ESO90 0.001 no
2451148.1543 MSO 0.638 no | 2451159.5998  ESO90 0.516 no
2451148.6718  ESO152 0.904 yes | 2451160.6313 ESO90 0.045 no

Columns from left to right: the Heliocentric Julian Dates (HJD), the observing facilities, the rotational phases (according to
Eq. 1), and whether the measurement was used or not.
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Appendix C: Line profile fits
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Fig. C.1. Fitted line profile subsets (S1-S4) corresponding to the four Doppler images (DI1-DI4) presented in Fig. 7. The phase distributions of
each subset are shown in the right panel of Fig. 2.
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