Astronomy & Astrophysics manuscript no. eieri
April 27,2023

2304.13234v1 [astro-ph.SR] 26 Apr 2023

2
X
S

El Eridani: a star under the influence*

The effect of magnetic activity in the short and long term

L. Kriskovics! 2, Zs. Kévari!-2, B. Seli’>%3, K. Oldh!-2, K. Vida’>3, G. W. Henry*, T. Granzer’, and A. Gorgei'->3

! Konkoly Observatory, Research Centre for Astronomy and Earth Sciences, Konkoly Thege tt 15-17., H-1121, Budapest, Hungary
e-mail: kriskovics.levente@csfk.org

2 CSFK, MTA Centre of Excellence, Budapest, Konkoly Thege Mikl6s tt 15-17., H-1121, Hungary

3 Eotvos Lorand University, Budapest, Hungary

4 Center of Excellence in Information Systems, Tennessee State University, Nashville, TN 37209, USA

5 Leibniz-Institut fiir Astrophysik Potsdam (AIP), An der Sternwarte 16, D14482 Potsdam, Germany

Received ...; accepted ...

ABSTRACT

Context. Homogeneous photometric time series spanning decades provide a unique opportunity to study the long-term cyclic be-
haviour of active spotted stars such as our target EI Eridani. In addition, with ultra-precise 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 forty years to analyze the long-term behaviour of EIEri. Flare activity
is investigated using space-borne photometric data obtained with the Transiting Exoplanet Survey Satellite (TESS). The MUIti-
SIte COntinuous Spectroscopy (MUSICOS) campaign in 1998 aimed to achieve high-resolution, multi-wavelength spectroscopic
observations from many sites around the globe, so that uninterrupted phase coverage of EI Eri became available. We use these data to
reconstruct successive surface temperature maps of the star in order to study the changes of starspots on a very short timescale.
Methods. We use long-term, seasonal period analysis of our photometric time series to study changes in the rotational period. Short-
term Fourier-transform is also applied to look for activity cycle-like changes. We also study the phase and frequency distribution of
hand-selected flares. We apply our multi-line Doppler imaging code to reconstruct four consecutive Doppler images. These images
are also used to measure surface differential rotation by our cross-correlation technique. In addition, we carry 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 dominated.
Short-term Fourier transform reveals smoothly changing cycles between 4.5-5.5 and 8.9-11.6 years. 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 reveal 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.

©ESO 2023
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1. Introduction

El Eridani = HD 26337 (G51V, P;x = 1.945 days, V = 7m1)
is a well-known, rapidly rotating (vsini = 51 km/s) active
RS CVn type, non-eclipsing, single-lined spectroscopic binary. It
has been identified as an active star by Bidelman & MacConnell
(1973) based on its Ca m1 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. They also detected photometric
variability with an amplitude of V = 0™2 and a period 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.

* 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.

Its long-term photometric variability and behavior were ex-
tensively studied in the last four decades. Hall et al.| (1987) re-
ported 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 years. [Strassmeier et al.| (1997)
also found an 11 + 1 years-long cycle in the sinusoidal change
of a 16 years long photometric time-series, without any apparent
relation between the cycle and the change of the seasonal peri-
ods. |Olah & Strassmeier (2002)) also found photometric cycles
of roughly 2.4 and 12.2 years, which were later confirmed and
refined by |Olah et al.|(2009) with values of ~ 2.9 - 3.1 and ~ 14
years. Moreover, they reported a cycle with a length of roughly
4.1-4.9 years. EIEri is also known to exhibit flares. Pandey &
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Fig. 1. 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.

(2012) estimates the peak energy during flares in the 0.3—
10 keV energy band to be ~ 103! — 10*? erg using observations

obtained by the XMM-Newton X-ray observatory.

EI Eri has been among the prime targets of Doppler imaging
in the past 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, Washuettl et al.| (2009) and
[K&vari et al| (2009). They also reported constantly changing
low latitude features over 6-10 rotations (approximately two-
three weeks). However, since the rotational period of EIEri is
very close to two days, covering a rotation with optimal 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
renders the resulting Doppler images unfeasible to show rapid
changes. It also makes differential rotation measurements less
reliable. As conventional, ground-based optical observing runs
are regularly interrupted by daybreak, the only solution for this
issue is a multi-site 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 on the campaign, see Catala & Foing[T1988).
MUSICOS stands for MUIti-SIte COntinuous Spectroscopy and
aims to achieve high-resolution, multi-wavelength spectroscopic
observations from many sites around the globe so that uninter-
rupted 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 |[Ké6vari et al.| (2009). They also confirm
the presence of a stable polar spot with a slightly changing 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.
They also derived a surface differential rotation parameter of
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a = AQ/Q.q = 0.0037. This is congruent with the estimation
of based on long-term photometry.

This paper is structured as follows. After presenting the ob-
servations in Sect. 2} we study the long-term spot activity, includ-
ing photometric cycles, and the seasonal change of rotational pe-
riods of EI Eri using a photometric time series of unprecedented
length, covering four decades (see Sect. @) Photometric data
from the Transiting Exoplanet Survey Satellite (TESS) are used
to investigate the flaring activity in Sect.[3.2} The rapid changes
of the spot configuration are investigated using spectral time se-
ries from the MUSICOS 98 campaign in Sect. ] We apply 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 the Appendix
Sect.[A] we perform tests to verify that the spectra with different
spectral resolutions used for Doppler imaging do not introduce
artifacts and bias the results.

2. Observations
2.1. Photometric observations

Photometric observations in Johnson V and I colors were car-
ried out with the Wolfgang—Amadeus twin Automatic Photo-
electric Telescope (APT), two robotic 75-cm telescopes for pho-
toelectric photometry at Fairborn Observatory in the Sonoran
desert near Tucson, Arizona (Strassmeier et al.|[I997). The ob-
servations were made differentially with HD 25852 as the com-
parison star (V = 7183,V — I = 1%03) and HD 26409 as check
star (V = 5m44, B — V = 0m94).

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 comparison star. Part of the V dataset was published
in Jetsu et al] (2017). All photometry was transformed to the
Johnson—Cousins BV(RI)¢ system. In addition, older photomet-
ric observations since 1980 were used from the literature (see
[OIah et al|[2009; [Strassmeier et al|[1997, Table 5). The light
curves of the ground-based photometry are shown in Fig.[2]
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Fig. 2. 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 (Teg

= 5580 + 70K, see Sect. @ Black dot shows the averaged surface temperature

value from the four Doppler maps ((T) = 5467 + 25K, see Sect. f3). 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[d.4), while the dotted line denotes the orbital

period.

TESS 120 s cadence data from sectors 5 and 32 are also avail-
able for EI Eri and were included in the photometric analysis, see

Sect.

2.2. Spectroscopic observations

The MUSICOS 1998 campaign involved eight northern and
southern sites and ten telescopes to fulfill the needs of six scien-
tific programs and took place from November 20 to December
14, 1998. For this work, we used data from seven instruments at
six observing sites. These instruments are summarized in Table
[T} Fig. [T] shows the distribution of these observatories: Obser-
vatoire 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 EI Eri were obtained within a time of 21 days (Novem-
ber 23 — December 13). The observing log is summarized in
Table [B.1] The various observing sites made use of different
spectrographs (long slit, echelle), which leads to data sets of dif-
ferent quality, different wavelength ranges, and spectral resolu-
tions. Fortunately, the region around 6400-6450A, which con-
tains frequently used Doppler imaging lines (Fe 16400, Fe 16408,
Fe16421, Fe1 6430 and Ca16439), is present in all of them. Sev-
eral spectra were discarded due to low signal-to-noise or con-
taminated line profiles, resulting 59 selected spectra. i 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 cur-
vature of the blaze function. For OHP, HEROS and Xinglong
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Table 1. Sites and telescopes involved in this work.

Site Telescope Instrument Resolving Power
OHP 1.93m ELODIE 43000
ES0O90 09m HEROS 20000
ESO152 1.52m FEROS 48000
KPNO 0.9m Echelle 65000
BXO 22m Echelle 35000
MSO 1.9m Echelle 35000
INT 25m MUSICOS 35000

Telescope abbreviations are as follows: the 1.93-m telescope
at Observatoire Haute-Provence (OHP), the 90-cm and 152-cm
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).

observations, the MIDAS package was used. Background sub-
traction and flat-field correction using exposures of a tungsten
lamp were applied. Wavelength calibration 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.

Since 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
(K&vari et al.[2009):

HJD = 2448054.7130 + 1.9472287 X E. Q8
Table [B.T] shows the observing log, while Fig. [T 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 photom-
etry can slightly change, depending on the latitude where the
dominant spots reside. Fig-.[2] shows the measured rotational pe-
riod of EIlEri in seasonal blocks, using the peak of the Lomb-
Scargle periodogram (Lomb|1976; Scargle|1982) with uncertain-
ties calculated from the width of the peaks at 90% power. The
periods from the literature and Potsdam APT data (grey dots)
are consistent with the data from [Jetsu et al.|(2017) and present
paper (black dots) and with the two points from the TESS light
curves (grey triangles) within one season. There is a smooth and

Table 2. Astrophysical parameters from spectral synthesis.

Teft 5580+ 70 K
logg 3.75+0.35
[Fe/H] —0.27 +£0.18
Vimic 2.0 = 0.5 km/s
vsini 51 + 1 km/s
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Fig. 3. Short-term Fourier transform of all available V observations of
EIEri. A smoothly changing cycle is seen between 4.5-5.5 years (and
its half), and a longer one which moves between 8.9-11.6 years.

significant change in the period, indicating the evolution of ac-
tive latitudes.

The middle panel of Fig. 2]shows the temperatures calculated
from B — V and V — [ color indices by linearly interpolating the
grid of [Worthey & Lee| (2011) at the given log g and metallicity.
The dashed line and the grey area denote T.x = 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. @)

To look for activity cycles, we used Short-term Fourier trans-
form (Kollath & Olah/|[2009) for the present dataset, which is
41 years long, 13 years longer than the one used in |Olah et al.
(2009). Since 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 behaviour. The signal of the
longest, high-amplitude feature in Fig. B]is suppressed, but above
about 13.6 years, which is one-third of the length of the data, all
signals have the same amplification. Smoothly changing cycles
are seen between 4.5-5.5, and 8.9-11.6 years, which are not har-
monics, since the speed and the direction of their changes are
different. A weak cycle-like feature of about 2.5 years 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. ). To calculate their energies in the TESS band,
we followed similar procedures as in|Olah et al.| (2022), using a
BT-NextGen model spectrum (Hauschildt et al.[1999) convolved
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Fig. 5. Flare frequency distribution from the TESS data. The dashed line
denotes a fit for all of the points with a power-law index of 1.66 + 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}

with the TESS transmission curve to get the quiescent stellar lu-
minosity of Lrgss = 4.69 - 103ergs™!, and integrating over the
flare light curves to get the equivalent durations. The flare fre-
quency 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).

Fig. [6] shows the phase distribution of flares, in the ref-
erence frame of the orbit, using the ephemeris from Eq. [T]
While the spot configuration of EI Eri changes quickly, the or-
biting secondary component provides a solid reference frame.
To test whether there is a significant increase of flares at given
phases, we run a two-sided Kuiper’s test (Kuiper|1960). It com-
pares the measured data to a given distribution, similar to the
Kolmogorov—Smirnov test, but it is invariant under a cyclic
transformation, which makes it applicable to compare 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 distribution with a
p-value of 0.006. The increase in flare rate appears on the side
facing the secondary component.

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 grey 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 spectroscopic
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 (Valenti & Fischer
2005)):

T — 57T70K

Vimac = (3.98 - 650K

)kms_l. 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), which is
used in this work, carries out multi-line Doppler inversion on a
list of photospheric lines. Since the wavelength coverage of our
dataset is limited, we used five (Fe16400, Fe16408, Fe16421,
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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.

Fer 6430 and Ca16439) virtually unblended lines with well-
defined continuum, suitable line depth, and temperature sensi-
tivity. 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).

Then the local line profiles are disk integrated, and the in-
dividually modeled, disk-integrated lines are averaged. Atomic
line data are taken from VALD (Kupka et al|1999). Model at-
mospheres are taken from |Castelli & Kurucz (2003) and are in-
terpolated for the necessary temperature, gravity, or metallicity
values. Due to the high computational capacity requirements,

Article number, page 6 of 14

LTE radiative transfer is used instead of spherical model atmo-
spheres, but imperfections in the fitted line shapes are well com-
pensated by the multi-line approach. Additional input parame-
ters are micro- and macroturbulence, and vsini. Table|2| summa-
rizes the astrophysical parameters used during the inversion. In-
clination 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

2012), meaning no additional constraints are imposed in the im-
age domain.
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4.3. Time-resolved surface evolution

The 59 selected spectra were divided into four subsets
(hereafter DI1, DI2, DI3 and DI4) corresponding to the fol-
lowing 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 spectra 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 Fer16400,
Fe16408, Fe16421, 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. [C1]
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 ~ 1100 K
below the temperature of the unspotted surface. (Here we refer
to our tests presented in Sect. [A]of the Appendix, during which
we also cover the accuracy of the spot temperature determina-
tion.) Associated with the dominant polar spot, a less prominent
appendage appears in DI2 around ¢ ~0.35 phase value, which is
further strengthened in DI3. In DI4, the appendage starts to fade,
but it is still present. The overall contrast of the polar feature
seems to increase from DI1 towards DI4. With all this, several
low-latitude features show rapid evolution 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 rota-
tions. Around 0.2 phase, a low latitude feature emerges in DI2
and becomes more and more prominent. In DI2 at ¢ = 0.7, a low
latitude spot forms and strengthens along DI3 and DI4, while
gradually shifting toward the visible pole.

In the end, it is worth emphasizing that the evolution of the
different surface features can be followed quite nicely through
the four independently reconstructed maps. Therefore we believe

that most of the recovered surface features are real and not imag-
ing artifacts.

4.4. Differential rotation

A usual way of measuring surface differential rotation is

cross-correlating consecutive Doppler images (Donati & Collie
Cameron|1997). However, rapid spot evolution can easily hinder

the correlation pattern, e.g., through the formation or dimming
of spots or interaction between nearby spots, all of which can
be seen in the Doppler images of EI Eri. To overcome this, and
strengthen the signal of differential rotation, we use our code
ACCORD (e.g [K6vari et al|[2012), which uses the average of
the cross-correlations of consecutive Doppler images. The lati-
tudinal correlation peaks in the resulting average correlation map
are fitted with a quadratic rotational law in the form

QP) = Qeq — AQsin’ 3,

3

where Q(p) is the angular velocity at 8 latitude, 24 is the angular
velocity of the equator, and AQ = Q.,—Q,,1. gives the difference
between the equatorial and polar angular velocities. With these,
the dimensionless surface shear parameter « is defined as @ =
AQ/ Q.

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 nor-
malized each resulting correlation map to the same time dif-
ference so that they can be averaged. For a more detailed de-
scription of the ACCORD method see [K&vari et al| (2015) and
their references. In the left panel of Fig. [§] the average corre-
lation pattern is fitted with a quadratic differential rotation law
which yielded & = 0.036 £ 0.007 (Q¢q = 186.922 + 0.384 de-
gree/day, AQ = 6.768 + 1.349 degree/day). The errors are esti-
mated from the amplitudes and the full width at half maximum
values (FWHMs) of the Gaussian functions fitted to each longi-
tudinal strip.
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In the right panel of Fig. 8| we put the surface shear of EIEri
against the rotation period together with other well-known active
stars as an updated plot of [Kbvari et al.| (2017). Our resulting
shear value of 3.6% for EIEri is in good agreement with the
value expected according to the plot. We note, however, that the
differential rotation pattern can be somewhat diminished by the
relatively low spectral resolution; see our tests to investigate this
question in Appendix [A]

5. Discussion
5.1. Long term photometric behaviour

Kollath & Olah/(2009) found shorter cycles of 2.9-3.1 and 4.1—
4.9 years and a longer cycle of roughly 14 years on EI Eri. Our
cycle lengths derived from a 13 years longer dataset of roughly
2.5, 45-5.5 and 8.9-11.6 years are in good agreement with
these previous findings (in Fig. [3] the longest 13.6 year cycle
is suppressed since 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 e.g. Olah et al.| (2009), or the solar case in |Kollath & Olah
(2009)). Visual inspection of the curve of seasonal rotation pe-
riod changes (bottom panel of Fig.[2) hints at a cycle-like behav-
ior of around 3500-4000 days (roughly 9.5-11 years). The sim-
ilarity between the lengths of the cycle-like features of the long-
term photometry and the change of the seasonal rotational peri-
ods around 9-11 years 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 spot’s position and sizes compli-
cated. Therefore, one-by-one correspondence of the brightness
changes and rotational periods (like a butterfly diagram) cannot
be drawn.

The temperatures calculated from B — V and V — I color in-
dices show slightly different amplitudes. The higher temperature
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 7 filter has
no or negligible contribution from the higher temperature areas.
The spot—plage ratio can be different star by star, and also within
spot cycles of the same star. The difference between the B — V
and V — I color indices could indicate that the activity of EI Eri
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 effec-
tive temperature from the spectral synthesis, while the average
temperature from the Doppler images is in the interval of the
temperatures calculated from V — I. We note, however, that the
photometric accuracy of the color indices may hinder this result.
Uncertainties in the order of 0.01 magnitude translate to an error
of about 30 K in temperature. Nevertheless, average temperature
coming from summing up the temperature elements of the sur-
face of the Doppler images agree very well with the temperature
values of the same season resulting from V — I, which indicates
a reasonable accuracy of the results from the color indices.

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 depend on local field strengths and densities.
Above this value, the flares have higher energy and the power
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law index is steeper, and the opposite stands below this energy
value for smaller loops.

Extrapolating their results, (Olah et al. (2021) gave exam-
ples of broken power-law FFDs for two giant stars with differ-
ent breakpoints of their FFDs but similar energy ranges suggest-
ing different atmospheric properties and strengths of magnetic
fields. In the case of the subgiant EI Eri this rationale may hold
as well. The median flare duration of about 1.5 hours and the en-
ergy range shown in Fig. 5| are fully consistent with the general
picture of flare energy—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, the tidal ef-
fects may play a role in the position of the emerging magnetic
flux tubes that are supposed to be the origin of activity on stars.
Such effects supposing different physical circumstances (like the
strength of the magnetic field, the depth of the convection zone
where the flux tubes originate, local density, etc.) were investi-
gated in two papers by Holzwarth & Schiissler| (2003alb) show-
ing 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 ref-
erence frame of the orbit, show a clustering on the hemisphere
facing the secondary and may originate from such an effect.

5.3. Rapid spot evolution and differential rotation

Rapid spot evolution is not unheard of on subgiants. |Strass-
meier & 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 mas-
sive). They found that in several cases, low-latitude features
changed shape and became cooler on a scale of a few days —
similar to what we found on EI Eri. Gradual strengthening of the
polar feature is also observed on V711 Tau and EI Eri. It might
indicate spot migration towards the poles. Moreover, Harutyun-
yan et al.| (2016) reported rapid spot evolution on another sub-
giant, HU Vir, with a prominent, high-latitude, but not polar fea-
ture, which drastically changes shape from one rotation to the
next. We note, however, that due to the nature of Doppler imag-
ing, we have no information about the spot evolution on time
scales shorter than the ~10-d rotational period of HU Vir).

Polar features persisting for years have been previously ob-
served on subgiants (see e.g. [Hussain/ 2002, and references
therein), also it is a fairly common and well-explained phe-
nomenon (even from a theoretical viewpoint) on fast-rotating ac-
tive 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. [sik 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 their
simulation, a large BMR above § = 70° latitude can be present
for more than two years. 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. It is also de-
bated whether large spots on Doppler images are single magnetic
structures or clusters of smaller spots. Accordingly, it is possible
that different evolution timescales are applicable to a homoge-
neous, large spot than to several smaller spots. |Isik et al.| (2007)
showed that a cluster of spots (that still cannot be resolved by
Doppler imaging) can dissipate 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.
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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) towards the weaker (warmer) ones, resulting in
increased magnetic pressure and thus more suppressed convec-
tion and rapid cooling in the warmer spots. They also estimated
that on V711 Tau, the Alfvén-velocity for the photosphere region
corresponding to 7=1 optical depth results in a magnetic inter-
action timescale between spots, which is on the order of a day.
Thus, energy transport by Alfvén-waves may contribute to the
rapid spot changes.

Rempel & Cheung|(2014) carried out three-dimensional nu-
merical simulations to study spot emergence and decay. They
found that in the first phase of spot decay, the process is dom-
inated 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). Rempel & Cheung| (2014) pointed out that strong, sub-
surface 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} and their Fig. 6) compares observed
stellar spot lifetimes on different solar-type stars. Their result
suggests that if spot evolution is driven by the same mecha-
nism in all evolutionary stages, the typical spot lifetime on EI Eri
should be in the range of 10-30 days. Our findings (and pre-
vious ones in the literature, see above) are in agreement with
these results, since most of the active nests are present on all of
the Doppler images covering altogether 15 days, although with
changing shape and contrast (in agreement with Strassmeier &
Bartus|2000). The TESS light curves (Fig. [2) also support this,
e.g. a new nest seems to form around JD=2457143 which is per-
sistent for at least ~10 days, although with different amplitude.
We note, however, that datasets spanning a much longer time
period is required to confirm or disprove this.

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, |Kévart & Weber (2004)
reported @ ~0.03. Our results are also in good agreement with
the empirical relation of || = 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 compononent of the single lined RS CVn
binary EI Eri based on a 4 decades long photometric time series
and a multi-site high resolution spectroscopic campaign yielded
the following results:

— Based on a 41 year long photometric dataset, we derive a
roughly 2.5, a 4.5-5.5 and a 8.9-11.6 year photometric cy-
cle. The apparent periodicity in the seasonal changes of the
rotational period coincides with the longest cycle. The long
term B — V and V — I 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. Phase distribution of

the flares indicate that magnetic flux emergence is affected
by tidal effects (Holzwarth & Schiissler|2003alb), 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, covering
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 res-
olution of the spectra were blurred down to the lowest avail-
able resolution in order to avoid artifacts caused by different
resolution. This approach was validated by a series of tests.
The Doppler images revealed a strong, evolving, but always
present polar cap and several emerging and disappearing low
latitude features of constantly evolving shape and contrast.
The approximate lifetime of these structures coincide with
the lower limit proposed by Namekata et al.|(2019), although
datasets covering longer time periods are needed in order to
conclusively verify this.

— Cross correlating the consecutive Doppler images revealed 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 |Kovari 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.
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Appendix A: Resolution tests

MUSICOS 1998 data of EIEri were obtained from seven dif-
ferent instruments with different spectral resolutions (and hence,
there are spectra with different resolutions in each subset), which
can induce artifacts on the Doppler maps due to the different
levels of detail of the spectral features and the different instru-
mental profiles. To counteract this, we used a Gaussian kernel to
decrease the resolution of the spectra to our lowest available res-
olution. Since this has not been done before, we carry out tests to
see the effect of this treatment on the high resolution dataset of
V1358 Ori (Kriskovics et al|2019). We created datasets of de-
creased resolution corresponding to R=20000, 30 000, 40 000,
50000, 60000 and 70 000, and compared it to the original maps.
For the details on the original dataset, astrophysical parameters

and inversion, we refer to[Kriskovics et al (2019).

Doppler images for the datasets of decreased resolutions
were derived with the same inversion settings and astrophysi-
cal parameters. Hotter features were not suppressed on purpose,
to see if artifacts are introduced on lower resolutions. Fig.[A]]
shows examples for both rotations corresponding to R=60 000,
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40000 and 20 000, along with the originals. Visual comparison
of the test maps and the original ones reveal that the overall struc-
ture did not change on the maps corresponding to lower spec-
tral resolutions, except for a few smaller features that gradually
faded as the resolution decreased. Spot temperatures however
can significantly change in the case of the the strongest active re-
gions, especially on the maps corresponding to R=20 000. This
is expected, since the blurring makes the bumps caused by the
spots on the line profiles shallower. Fig.[A2] shows the differ-
ence maps of the original and the R = 20 000 map. It is apparent
that in the case of the strong polar feature, there is about 600 K
difference in the recovered spot temperature, while smaller fea-
tures did not change much. 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=20000 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.
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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 resolutions: R = 80000 (original
data taken from [Kriskovics et al.|2019), and reduced levels of R = 60000, R = 40000 and R = 20 000, respectively.
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Fig. A.2. Difference images of the original V1358 Ori Doppler images (Kriskovics et alJ2019) and those that correspond to a spectral resolution
reduced to R=20000. The left panel corresponds to the first rotation and the right panel for the second, cf. Fig.[A]
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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=70000 (right). The derived surface shear coefficients are @ = 0.010 + 0.0025 and @ = 0.015 % 0.003,

respectively. For the original cross-correlation map see [Kriskovics et all| (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.

The reliability of measuring differential rotation by cross-
correlation of consecutive Doppler maps is based on the reli-
ability of the spot reconstruction (for the details of the cross-
correlation technique, see Sect. @) Therefore, here we test how
the reduced spectral resolution affects the surface shear parame-
ter derived from cross-correlation. For the test the two consecu-
tive rotations of V1358 Ori (see Fig. [A-I)) were cross-correlated
with different 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 a surface shear values are plot-
ted against the spectral resolution in Fig.[A.4] It is apparent that
the resolution 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>40000) there is no
real trend, the derived « values agree with each other within
the estimated error bars. Nevertheless, on our lowest resolution
(R=20000), the measured surface differential rotation underesti-
mates 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  ESO152 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
2451144.77046 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 ESO152 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
2451147.7280  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.[I), 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. l The phase distributions of
each subset are shown in the right panel of Fig.[T]
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