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ABSTRACT

We present further evidence of the presence of acoustic oscillations on the slowly-rotating, over-active G8 sub-giant EK Eri. This
star was observed with the 1-m Hertzsprung SONG telescope, at the Observatorio del Teide for two different runs of 8 and 13 nights,
respectively, and separated by about a year. We determined a significant excess of power around vp,x = 253 + 3 uHz in the first
observing run and we were able to determine the large separation Ay = 16.43 + 0.22 yHz. No significant excess of power was
instead detected in a subsequent SONG observing season, as also supported by our analysis of the simultaneous TESS photometric
observations. We propose a new amplitude-luminosity relation in order to account for the missing power in the power spectrum. Based
on the evolutionary stage of this object we argue that standard &>Q dynamo cannot be excluded as a possible origin for the observed

magnetic field.
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1. Introduction

Although with different physical emphasis, both magnetic fields
and acoustic oscillations are ubiquitous along the HR diagram.

In the case of the Sun the level of activity is correlated with
the frequencies and power of the p-mode oscillations (Woodard
& Noyes 1985; Palle et al. 1989; Libbrecht & Woodard 1990;
Elsworth et al. 1990). In recent times, thanks to the high-quality
data of the CoRoT and Kepler missions, it has been possible to
investigate the effect of magnetic activity in solar-like stars in a
systematic fashion (e.g. see Garcia et al. 2010). In Chaplin et al.
(2011) in particular, a sample of about 2000 solar-like stars has
been analyzed and the evidence of pulsations was found only in
about ~ 540 stars. In particular it was found that as the level
of activity increased, the number of detections decreased. A fur-
ther analysis that made use of the Mt. Wilson S-index chromo-
spheric activity indicator, has demonstrated the presence of an
anti-correlation between the S-index and the amplitude of the
acoustic modes (Bonanno et al. 2014). A possible explanation
is the decrease of the turbulent velocities near the surface due
to the presence of the magnetic field that reduces the efficiency
of the convection (Dziembowski & Goode 2005; Jacoutot et al.
2008).

The relevant question is to understand the physical mecha-
nism underlying this process. From this point of view the G8
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sub-giant' EK Eri (HR 1362, HD 27536) represents a unique
opportunity. As first noticed by Dall et al. (2010), analysis of
high-precision radial velocities obtained with the HARPS spec-
trograph has revealed a significant suppression of the oscillation
modes.

Because of its slow-rotation (vsini < 1 kms™!), brightness
variations are consistent with a rotational period of ~ 308 days
due to star spots being rotated across the projected surface of
the star (Strassmeier et al. 1990, 1999). Spectropolarimetric ob-
servations (Auriére et al. 2008, 2011) have determined that the
magnetic field geometry is dominated by a large-scale almost
completely dipolar field of strength ~ 200-250G. This object
is therefore significantly over-active with respect to its rotation
rate and evolutionary state, being severely off the normal period-
activity relation (Auriere et al. 2015).

The physical explanation for the presence of the observed
field in this object is still much debated. Assuming conservation
of the magnetic flux, EK Eri on the ZAMS would have had a field
strength of a few kG, which is well within the typical range for a
magnetic Ap star (Stepien 1993). However, this simple assump-
tion is almost certainly inadequate because, as the star evolves
off the main sequence, the growing outer convection zone inter-
acts with the original field. Therefore, a combination of a fossil
field acting as the seed for a growing dynamo generated field
may have emerged. However, the abundance pattern determined
by Dall et al. (2010) is very similar to the solar one, suggesting
that there are no anomalies that could be attributed to the previ-
ous evolutionary status as a magnetic Ap star.

' We note that although the star is a spectroscopically determined
sub-giant, its characteristic oscillation frequency, vp.x, puts it firmly on
the red giant branch.
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Alternatively, in spite of its very low equatorial velocity, EK
Eri might have produced enough differential rotation to host a
genuine dynamo that generated the observed field. In fact, a
recent investigation with Kepler data has shown that, in con-
trast to the well established behavior at small Rossby numbers
(the ratio of rotation period to the convective turnover time), the
chromospheric activity of the more slowly rotating stars of the
open cluster M67 has been found to increase with increasing
Rossby number (Brandenburg & Giampapa 2018). According to
Brandenburg & Giampapa (2018), slow-rotators with enhanced
stellar activity might indeed be characterized by anti-solar dif-
ferential rotation.

The study of the acoustic spectrum of EK Eri will provide
essential information to settle the question. Asteroseismology
can precisely determine the evolutionary status of the star and
therefore constrain its internal density stratification and deter-
mine the strength of the core-envelope coupling from the spec-
trum of mixed-modes. However, the severe violation of the scal-
ing relation for the amplitude (Kjeldsen & Bedding 1995) when
comparing to the value measured by Dall et al. (2010), if prop-
erly interpreted, opens up a window into the details of the ex-
citation mechanism of the acoustic modes in the presence of a
strong surface magnetic field.

In this work new radial-velocity measurements obtained with
the SONG spectrograph obtained in two different observational
campaigns will provide further evidence for the presence of p-
modes in this star. Albeit strongly suppressed the location of the
excess of power in the power spectrum allowed us to obtain an
estimation for the large separation on this star.

We therefore used this information to infer an internal model
of the star and we use a spherical dynamo model to study possi-
ble dynamo actions in this object. We show that an &>Q dynamo
can be operative even if the Rossby number near the base of the
convection zone is greater than one. The resulting magnetic field
topology is close to the observed one.

We further suggests a modification of the standard amplitude
scaling relation of Kjeldsen & Bedding (1995) that takes into
account the missing convective flux due the presence of a large
spotted area. We argue that the non-detection of the oscillation
modes in the second observational campaign is a consequence of
further decrease of the efficiency of convection due to the large
fluctuations of the magnetic field, as observed in Auriere et al.
(2011).

The structure of the paper is as follows: in Sect. 2 we de-
scribe the observations and data reduction, Sect. 3 describes the
results, Sect. 4 contains the results of a kinematic dynamo-model
applied to the star, Sect. 5 is devoted to the conclusions.

2. Observations

Dall et al. (2010) reported the first detection of solar-like oscilla-
tions in EK Eri, using about three nights of high-precision radial
velocity observations with HARPS. However, the short length of
their observation set allowed for estimating only the frequency
of maximum oscillation power, Viax, Which they found to be
320 + 32 uHz. Following on this detection, we decided to per-
form new observations of the target to be able to better charac-
terize its vk and possibly derive its large frequency separation
Av for the first time.

The new radial velocity time-series obtained for EK FEri
come from the observations with the 1-m Hertzsprung SONG
telescope, at the Observatorio del Teide, using its echelle spec-
trograph. The Hertzsprung telescope constitutes the first node of
the Stellar Observations Network Group (SONG). Observations

were conducted for a total of about eight consecutive nights
starting from December 27 2017, and with ~312 individual data
points, so about 40 per night (see Fig. 1). The spectra were re-
duced and calibrated using the SONG pipeline and an iodine
cell for precise wavelength calibration. For more details about
the Hertzsprung telescope characteristics and reduction pipeline
we refer to Andersen et al. (2014); Grundahl et al. (2017). Given
that the star has an apparent magnitude of V ~ 6.1, it was cho-
sen to use a spectral resolution of 90000 and an exposure time
of 600s throughout the run. A second observing run of ~ 13
nearly consecutive nights was also performed during 2018, and
we discuss its results in Sect. 3.3.

2.1. Time-series analysis
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Fig. 1. Radial velocity time-series of EK Eri with SONG for the
entire 2017 run, with the detail of the second night of observa-
tions shown in the inset. The time 7, (BJD) of the first data point
of the entire campaign is also indicated.

The power spectrum of the velocity time-series was calcu-
lated as both an un-weighted and weighted least-squares fit of
sinusoidal components following Corsaro et al. (2012) (see also
Frandsen et al. 1995; Arentoft et al. 1998; Bedding et al. 2004;
Kjeldsen et al. 2005; Creevey et al. 2019). The resulting power
was then converted into power spectral density (PSD) by nor-
malizing for the spectral resolution, which is calculated as the
integral of the spectral window of the observing set, here cor-
responding to ~ 4.87 uHz. The purpose of testing the case of
a weighted least-squares spectrum is to check for any improve-
ments in the signal-to-noise ratio, which is relevant in order to in-
crease the chances of detecting an oscillation envelope. Similarly
to what has been done already in Corsaro et al. (2012), we as-
signed a weight to each point of the radial velocity time-series
that was given by the corresponding uncertainty estimate from
the SONG pipeline. Since radial velocity uncertainties provided
by the SONG pipeline might not necessarily be realistic, we have
corrected them for possible outliers following the approach pre-
sented by Butler et al. (2004) and adopted by Corsaro et al.
(2012). By measuring the amplitude of the noise level in the
amplitude spectrum in the region 300 uHz up to the Nyquist
frequency of ~ 822 uHz, we found that the amplitude of the
noise is 34.0cms™! and the maximum amplitude around v,y
is 99.8 cms~! in the un-weighted case, while we have 33.5cm
s and 106.0cms™!, respectively, in the weighted case. The
signal-to-noise ratio is slightly improved in the weighted spec-
trum, hence we adopted this latter one for the subsequent aster-
oseismic analysis.
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Fig.2. Top panel: Power spectral density (in black) and back-
ground model fit using Diamonps for EK Eri from the 8-nights
observation run in 2017. The red line shows the total fit including
the oscillation power excess, while the dashed blue line below
the oscillation hump represents the flat noise component. The
inset shows the same spectrum but in a log-log scale to help vi-
sualizing the hump due to oscillations, which is also marked by
ared arrow at vyx. A smoothing by 4Ay, with Ay derived from
Stello et al. (2009) using vmax from our analysis (solid green
line), is also shown. Bottom panel: Similar to the top panel but
here using the second observation run from 2018. The position
of vnax from the 2017 time-series is indicated by the red arrows,
showing that there is no region where significant power excess
is found.

2.2. Extraction of global seismic parameters

Similarly to Creevey et al. (2019) we used the DiamonDs code
(Corsaro & De Ridder 2014) for the Bayesian inference of the
PSD of EK Eri. The model adopted consists in a simple flat
noise component and a Gaussian envelope to model the os-
cillation power excess (Corsaro & De Ridder 2014). To iden-
tify the power excess, we searched in a region close to the
first vmax estimate published by Dall et al. (2010). This region
can also be identified by means of the spectroscopic proper-
ties of log g and T.g obtained by Dall et al. (2010), given that
Vmax < &/ VT (Brown et al. 2011). Using the new estimate
for vmaxe by Fredslund Andersen et al. (2019) to scale from
the Sun, the spectroscopic values yield viax = 300 pHz. This
is well below the limiting Nyquist frequency of our dataset.
The resulting fit with Diamonps is shown in Fig. 2 (top panel)
where the Gaussian-shape hump of the oscillations is centered
at vimax = 253 + 3 pHz, with the uncertainty corresponding to the
68.3 % Bayesian credible interval (see Table 1 for a list of all the
properties of this star). We additionally tested the significance of
this region by means of a statistical model comparison against:
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Fig.3. The CRF of the region of the PSD of EK Eri centered
around vy,x (in blue) for a search range between 1 and 30 uHz,
where multiples of the daily aliasing at 11.57 uHz are clearly
visible. The arrow indicates the peak corresponding to the posi-
tion of the actual Av. The inset shows the result of applying the
CREF to a smaller frequency range that excludes the main peaks
from the daily aliases, between 13 and 20 yHz. In the inset, the
red dashed curve represents a Gaussian fit to the CRF peak, with
the centroid and standard deviation of the Gaussian marking the
value of Av and its corresponding uncertainty, as used in this
analysis.

1) a non-detection case (only flat noise); 2) the selection of a dif-
ferent power hump, one at 330 uHz and another around 130 yHz,
which represent the two closest neighbours to the one originally
selected. In all cases investigated, the result based on confronting
the Bayesian evidences of each model (with and without the
Gaussian envelope and between the different power humps se-
lected), yields a strong evidence condition (InB > 5, where B
is the Bayes’ factor) in favor of the detection of the oscillation
envelope centered at vy = 253 puHz.

In addition to a statistical validation of the power excess, we
have estimated the characteristic frequency of the granulation
component, bgra,, using the photometric TESS observations of
EK Eri (see Sect. 3.4 for more details). This approach provides
a totally independent check on the expected value of vy, for
our star because by and v,y are tightly related to one another
(see e.g. Kallinger et al. 2014). By performing a background
fit with Diamonps to the TESS PSD (Corsaro et al. 2017), we
have that by, = 230 uHz. By inverting the power-law linking
boran 10 Vinax as obtained by Kallinger et al. (2014), we have
Vmaxpred = 253 uHz, which is therefore in excellent agreement
with our estimate from the SONG spectrum.

For determining the value of Av we instead focused on the
region of the oscillations and computed a comb response func-
tion (CRF) out of a set of the 10 highest SNR frequencies ex-
tracted by means of a CLEAN algorithm in the PSD region
200-300 uHz. For this purpose we adopted a similar procedure
as that presented in Bonanno et al. (2008) and later on applied
by Corsaro et al. (2012). We first selected a wide range of val-
ues for Av (1-30 uHz) in order to clearly locate the presence of
a possible peak different than the multiples of the daily alias-
ing, 11.57 uHz. Then, we restricted our search range to a region
where Av from scaling relations is expected (e.g. see Stello et al.
2009), hence excluding the daily aliases at 11.57 and twice this
value in order to enhance the signal of the expected Av peak. The
result is presented in Fig. 3, where we can observe a peak of the
CRF at Av = 16.43 + 0.22 uHz.
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Lastly, we also determined the maximum amplitude of
the radial oscillations, A.g, following the recipe presented by
Kjeldsen et al. (2005) (but see also Corsaro et al. 2012), where
the uncertainty reported in Table 1 is obtained by incorporating
the uncertainty on the background level of the PSD.

3. Results
3.1. Derivation of fundamental stellar properties

Because a Gaia DR2 parallax is available (Lindegren et al.
2018), we first compute a stellar radius based on this informa-
tion, exploiting the interstellar reddening from the PanSTARRS-
1 3D Galaxy map (Green et al. 2015), the extinction/reddening
ratio for high galactic latitude stars from Fitzpatrick (1999), and
a bolometric correction from Flower (1996) for a Teg = 5135K
star (Dall et al. 2010). The result obtained is Rgpry = 4.91 +
0.13 Ry. We note that although the Gaia DR2 parallax is not
within 1-0 of the Hipparcos parallax for the same star, we still
find a good agreement (well within 1-07) between our estimate of
stellar radius based on the Gaia DR2 parallax and that obtained
by Dall et al. (2010) using the Hipparcos parallax.

Once the global seismic parameters are obtained, we can ob-
tain an estimate of stellar mass and radius from asteroseismic
scaling relations (e.g. Kjeldsen & Bedding 1995), using the re-
lations
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for mass and radius, respectively, where we adopted Tego =
5777K and the new asteroseismic Solar-SONG reference val-
ues (Fredslund Andersen et al. 2019), namely vpuxo = 3141 +
12 uHz, Ave = 134.98 + 0.04 uHz. We note that the seismic ra-
dius obtained in this work, Ryejsmic = 5.12 + 0.15 Ry is compati-
ble (within 1-07) with that derived using the Gaia DR2 parallax,
and having a precision of about 3 %. We derive a seismic mass of
Meismic = 2.00+0.14 M, which with a precision of about 7 %, is
in agreement with previous estimates proposed by Auriere et al.
(2008), and in particular with the measurement obtained by Dall
et al. (2010) (well within 1-¢7). We also note that this value is
in agreement with a mass derived using the spectroscopic log g
from Dall et al. (2010) and the new stellar radius obtained from
Gaia DR2, corresponding to about 2.16 M. However, we point
out that standard (uncorrected) seismic scaling relations have
the tendency to overestimate stellar radius and mass when ap-
plied to evolved stars (see e.g. Gaulme et al. 2016; Sharma et al.
2016). For mitigating this problem, Kallinger et al. (2018) re-
cently developed new non-linear scaling relations. In order to
check for possible inconsistencies, we have adopted these non-
linear relations for EK Eri, obtaining Ryon-finear = 4.96+0.14 R,
Mion-tinear = 1.84 £ 0.12 R, These values, although systemati-
cally lower, appear to be still in agreement (within 1-07) with
radius and mass estimates obtained from the standard scaling re-
lations adopted in this work. The non-linear scaling estimates are
also compatible (within 1-07) to literature values from Auriere
et al. (2008); Dall et al. (2010) and to the Gaia DR2 radius and
logg-based mass.

By exploiting the new Gaia parallax to derive the stellar lu-
minosity, we find that this is in agreement with that derived by
Dall et al. (2010), but with the advantage that in this work it is
estimated with a precision of about 2.3 %, as opposed to a preci-
sion of about 11 % of the previous value.

Table 1. Observed Properties of EK Eri used in this work.

Property Units Value Source

vsin i kms™?' <1.6+04 Dall et al. (2010)
Prot d 308.8 +2.5 Dall et al. (2010)
Teqr K 5135 + 60 Dall et al. (2010)
logg 3.39+0.12 Dall et al. (2010)
[Fe/H] dex +0.02 + 0.04 Dall et al. (2010)
EB-YV) 0.006 Green et al. (2015)
A,JE(B-V) 3.1 Fitzpatrick (1999)
BC -0.25 Flower (1996)
TTGDR2 mas 1558 £0.05 Lindegren et al. (2018)
Rcpro R, 491 +0.13 This work

L L, 15.07 £ 0.35  This work

Vimax nHz 253 +3 This work

Av uHz 16.43 £0.22  This work

Aose ms~! 0.22 +0.01 This work

Rieismic Ro 5.12+£0.15 This work

Meismic M, 2.00+0.14 This work

3.2. Suppression of the oscillation amplitude

As shown by e.g. Garcia et al. (2010); Chaplin et al. (2011),
the presence of surface magnetic activity has the effect of sup-
pressing the amplitude of solar-like oscillations as the result of a
less efficient convection mechanism. By considering the scaling
relation for oscillation amplitudes in radial velocity, proposed
originally by Kjeldsen & Bedding (1995), namely

L/Ly

osc = M/—M(23.4 +1.4) cms™, 3)
[©]

and based on our derivation of the stellar luminosity and mass,
we evaluate that the expected oscillation amplitude for EK Eri
would be Ay = 1.79 £ 0.11 ms~'. This value is clearly signif-
icantly higher than what we measured from the actual PSD, by
a factor of about eight, while it appears close to the value mea-
sured by Dall et al. (2010), although about 30 % larger.

We can interpret this fact in the following way. We can imag-
ine that if the star has a large spotted area, the effective luminos-
ity responsible for the amplitude in Eq. (3) is not L but L—SoT*
where S is the area of the spot and o is the Stefan-Boltzmann
constant. Therefore Eq. (3) can be rewritten as

L/L

Aspotied ﬁm(ZB’A +1.4)ems™!, )

where L AL S
e N 5
B L 47R? )

given that AL = SoT*. If we use our information about the
suppression factor of the p-mode amplitude, we can easily invert
Eq. (4) and estimate the effective spotted area, which turns out
to be 88 + 6 % of the total surface of the star. It is encouraging to
notice that this estimate is roughly in agreement with the findings
of Auriere et al. (2011) (see in particular the topology of the
radial field in their Fig. 6). Clearly for a much less active star like
the Sun, 8 ~ 1 and one recovers the standard scaling relation.
We note that when using a Kepler calibrated amplitude
scaling relation as the one proposed by Corsaro et al. (2013)
(converted into a radial velocity amplitude according to the
relation by Kjeldsen & Bedding 1995) we obtain Age =
1.24ms™!,which is 30% smaller than that predicted using
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Eq. (3). Relative to this expected oscillation amplitude the ob-
served amplitude suppression is still a factor of almost six, and
the spotted area estimated through Eq. (5) remains about 80 %
of the total visible surface of the star. However, one should keep
in mind that the conversion from bolometric to radial velocity
amplitude following Kjeldsen & Bedding (1995) is still not fully
understood and that the derived Ao in this latter case might be
overestimated (see e.g. Huber et al. 2011a).

3.3. About the missing oscillatory signal in the second
SONG time-series

In addition to the first observations of EK Eri that we presented
in Sect. 2, we attempted to observe the star one year later, using
the same SONG instrumental setup, in order to gather a longer
time-series and thus obtain a better frequency resolution on the
resulting PSD. The new observations were conducted between
November 30" 2018 and December 17" 2018, covering a to-
tal of about 13 nights and nearly 480 individual RV measure-
ments (see Fig. 4 for more details on the distribution of individ-
ual nights of observation).
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Fig. 4. Radial velocity time-series of EK Eri with SONG for the
entire 2018 run, with the detail of the second night of observa-
tions shown in the inset. The time Ty (BJD) of the first data point
of the entire campaign is also indicated. No clear periodicity in
the signal appears visible.

Observing conditions were very similar as during the first
observations in 2017, and so was the noise level measured in
the data, which is found to be 31.5cms™! as measured in the
region from 300 yHz up to the Nyquist frequency. Nonetheless,
by processing the time-series in the same manner as presented in
Sect. 2.1, we do not find any evidence for a power excess due to
the oscillations in the frequency region of vy« from Table 1, as
it appears visible from the new PSD of the star (see Fig. 2, bot-
tom panel). Since the noise level of the new dataset is not higher
than the one from 2017, we can exclude the noise in the PSD
as the possible cause of a non detection. In this regard, Auriere
et al. (2011) noted that the magnetic field is subject to fluctu-
ations on the order of 80 G from one year to another (see also
their Table 1). We deem such fluctuations as the likely cause of a
variation in the level of suppression of the oscillations and there-
fore of the missing oscillation power excess. According to the
previous discussion, even a small increase of 8 can render the
amplitude of the modes not observable given the already small
signal to noise level.

3.4. New TESS observations

From 15 November till 11 December 2018, EK Eri
(TIC 37778297) was monitored by the recently launched NASA
TESS mission (Ricker et al. 2014) during observing sector 5.
This photometric observation is essentially simultaneous to that
of our second SONG time-series presented in Sect. 3.3, thus
providing us with the possibility to assess the detectability of
the oscillation envelope from both photometric and radial ve-
locity datasets. To further aid this assessment, we also analysed
the TESS data of a star with similar vy,,x and brightness as EK
Eri that would serve as a comparison star. We applied 4-sigma
clipping to the TESS light curves and passed them through a
high-pass filter (9.3-hour wide boxcar) with a cut-off frequency
of 30 uHz to remove long-term trends. Finally, the light curves
were gap-filled using the in-painting algorithm (Pires et al. 2015)
to reduce the effect of spectral leakage of high power from low
frequencies that could otherwise obscure the power-frequency
profile of solar-like oscillations. The resulting power spectrum of
EK Eri as observed with TESS is shown in Fig. 5 (upper panel),
where we also plot the TESS comparison star, TIC 382579369
(lower panel). The comparison between the two shows that the
lack of a clear oscillation power excess in EK Eri is not the result
of the star being too faint (the comparison star is in fact slightly
fainter), but rather that EK Eri shows strongly suppressed oscil-
lations. The absence of an oscillation bump in the TESS power
spectrum of EK Eri therefore supports the conclusions drawn
from the analysis of our second SONG time-series.
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Fig.5. Upper panel: PSD (in gray) for EK Eri using the
TESS observations from sector 5. Lower panel: the PSD of
TIC 382579369, a star with similar magnitude and vy,.x of EK
Eri. The colored solid lines represent the smoothing by 4Av, sim-
ilarly to what is done in Fig. 2.

To further quantify the level of suppression, we also per-
form a background fit to the power density spectrum of
TIC 382579369 with Diamonps, using the same approach
adopted by Corsaro et al. (2015, 2017). In this way, we can
estimate the photometric amplitude of our TESS comparison
star following the same procedure used by Kjeldsen & Bedding
(1995). We show the result in Fig. 6, where the amplitude of
TIC 382579369, of ~22ppm (star symbol), is compared to a
sample of Kepler stars ranging from the main sequence (high
Vmax) to near the tip of the red giant branch (low vy,y) that
were previously analyzed by Huber et al. (2011b) using the same
method (see also Corsaro et al. 2013). In the same plot, we also
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show our estimated bolometric amplitude for EK Eri, 4.38 ppm,
as obtained by converting the radial velocity amplitude from the
SONG 2017 observing campaign into a bolometric one accord-
ing to Kjeldsen & Bedding (1995). It is clear that while the am-
plitude of TIC 382579369 is in line with the ‘normal’ trend from
the Kepler sample, EK FEri falls significantly below what is ex-
pected for a star having v, of about 200-300 pHz.
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Fig. 6. The bolometric oscillation amplitudes for a sample of
1640 Kepler stars (gray dots) analyzed by Huber et al. (2011b).
The red star marks the amplitude of the comparison star
TIC 382579369 (Fig. 5, lower panel) as measured in this work,
while the blue square shows the amplitude of EK Eri obtained by
converting its radial velocity amplitude into a bolometric one.
The earlier measurement by Dall et al. (2010) is also included
using a yellow triangle.

4. A possible dynamo explanation

It is interesting to investigate the possibility that an a? or aQ

dynamo mechanism is at work in this star (Krause & Raedler
1980). In the standard €2 dynamo (Parker 1955), the combined
action of shear and mirror-antisymmetric turbulence regenerates
the initial poloidal field and closes the dynamo loop. The field
configurations are in general rather complex, and the solutions
are oscillatory. On the contrary, if the shear is not dominant, the
rotational helicity of the turbulence alone amplifies the seed field
up to the observed values. The resulting field is in general static
and the geometry rather simple, mostly dipolar. Only the tur-
bulent diffusivity 7 can be non-zero for a non-rotating isotropic
turbulence. In the Sun it is believed that both mechanism are at
work (Bonanno 2013; Guerrero et al. 2016), although the effect
of meridional circulation (together with a low-eddy diffusivity)
is essential in order to reproduce the observed butterfly diagram.

The astrophysical parameters obtained in the previous sec-
tions provide us with important information about the evolu-
tionary state of the star, in particular the extension of the con-
vective zone and the efficiency of the turbulence. To this pur-
pose we used the Catania version of the GARSTEC code (Weiss
& Schlattl 2008; Bonanno et al. 2002b) to determine its inte-
rior structure. In particular we evolved from the ZAMS a 2M
model with initial He abundance and metal fraction Y; =0.3, and
Z/X = 0.045, respectively, up to a final age of 0.965 Gyr in
order to match the observed radius and luminosity. No heavy-
element diffusion has been included and a mixing-length param-

eter apyr = 1.65, as obtained from solar calibration, has been
chosen.
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Fig. 7. Critical period as a function of Cgq, the critical dynamo
number of the differential rotation. Negative Cq indicate that
the angular velocity decreases outwards. The diamond represent
oscillatory solutions. The cycles periods are of the order of 50
years. The red line is the observed period.

The relative importance of rotation and turbulence is de-
scribed by the Coriolis number Q* = 2Qt where 7 is the con-
vective turnover time and Q the surface angular velocity. In our
case it is of order of unity in the bulk of the convection zone and
near the surface Q* < 1, as expected for such a slow rotator. The
anti-symmetric component of turbulent electromotive force can
be approximated with a pseudo-scalar of the type a(r)cos(8).
In particular for small Coriolis number (Ruediger & Kichatinov
1993; Kiiker & Riidiger 1999) @ ~ Q*Vlog(p)ru®> ~ Q*/R
where u is the (turbulent) convective velocity field and £ ~ 0.20R
is the characteristic radial scale of the turbulence.

The equipartition field B., = /4mpu turns out to be of order
10° G at the bottom of the convection zone (r, = 0.4R) and
it reaches ~ 100 G near the surface. Although this value is of
the order of the observed one it would be difficult to explain the
generation of a large, long-lasting spot without the presence of a
large-scale field produced by a suitable dynamo action. We can
model our ignorance on the differential rotation by assuming a
simple radial law of the type Q = Qu(r — r;)/R where €} is the
observed equatorial angular velocity. With this definition, with
a turbulent (eddy) diffusivity of the order of 7 ~ 10'#cm?s~!
(asssuming the mixing-length relation = ¥?¢/3 ), the dynamo
number of the shear Co = QyR?/ n is around ~ 250 — 300.

Is the rotational period of EK Eridani short enough to sup-
port a dynamo action? A possible answer to this question can
be obtained within the mean-field framework by solving the tur-
bulent induction equation and determine the critical value of @
necessary to obtain a self-sustained large scale field. In particu-
lar, we used the CTDYN mean field dynamo code presented in
Bonanno et al. (2002a) and further discussed and tested in Jouve
et al. (2010). The results are depicted in Fig.(7). We compute the
critical period P below which a dynamo action is possible, and
this is plotted as a function of the rotational shear Cq. Negative
Cq implies that the angular velocity decreases in radius, whilst
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Fig. 8. Topology of the field for Cq = 50 (see text). The left
hemisphere represents the isocontour lines of the toroidal field
with blue levels for negative toroidal field and red for positive
values. The right hemisphere represents the streamlines of the
poloidal field. Blue levels are for counterclockwise field lines;
red levels for clockwise field lines. The black circle is the surface
of the star.

diamonds represent critical oscillatory solutions, and the cycle
periods ranges from 50 to 100 yrs. A typical field configuration
obtained with this approach is depicted in Fig.(8), for Cq = 50.

5. Conclusions

EK Eri is a unique laboratory to study the behavior of acoustic
pulsations in the presence of a large-scale magnetic field. This
is clearly an important issue that at the moment is far from a
complete understanding.

From the observational point of view, we confirm the p-
modes detection already discussed in Dall et al. (2010), and we
obtain a tentative measurement of the large separation for the
first time in this star. We also propose to modify the standard
amplitude-luminosity variation of Kjeldsen & Bedding (1995)
in order to take into account the missing energy flux due to the
presence of a large spot.

Concerning the origin of the field in this object, we observe
that the combined effect of rotation and turbulence is slightly su-
percritical and the dynamo action is thus possible. Moreover a
dynamo of the o*Q type, or any dynamo characterized by an a-
tensor describing the standard mirror-antisymmetric turbulence,
implies a dipolar-like magnetic field topology in the case of low
values of Cgq. This is in agreement with observations that suggest
a dipolar topology of the field. Clearly our result is heavily de-
pendent on the assumed differential rotation. An approach based
on numerical simulations will hopefully clarify the question (Del
Sordo et al. 2019).
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