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Figure 12. Upper panel: Time–longitude diagram of the relative spot filling
factor fs of the primary component of KIC 11560447, covering ∼2800
orbital cycles. The upper and lower colour bars represent the LC and SC
data, respectively. Right panel: the global mean 〈fs〉φ (offset by +0.02) for
LC (black) and SC (red) data; the hemispheric mean fs (offset by +0.005)
for central longitudes 270◦ (orange) and 90◦ (blue). Lower panel: PDFs for
the LC (upper plot) and SC data (lower plot).

amplitude of the hemispheric modulation is still visible, but highly
suppressed (Fig. 13, right panel).

4.2 Hemispheric and global variations

In Fig. 14, we compare hemispheric brightness variations with the
corresponding spot filling factors. As seen in terms of the flux con-
trast above, the rotationally averaged brightness (Fig. 14a) shows a
secular dimming, with occasional temporary depressions lasting for
a few months. We define the levels of the first and second maxima,
as the normalized fluxes averaged over orbital phase intervals [0.10,
0.45] and [0.55, 0.90], respectively, corresponding to longitudinal
intervals [198◦, 324◦] and [36◦, 162◦]. The variation of the first and
second maximum levels are shown in Fig. 14(b), and the relative
mean spot filling factor of two sets of opposite longitudinal hemi-
spheres (with centres φ0 at 270◦ versus 90◦ and 0◦ versus 180◦)
are shown in Fig. 14(c) and Fig. 14(d), respectively. The correspon-
dence between the humps in the maximum levels and those in the
spot occupancy of the relevant hemispheres is directly visible from
the plots (see Fig. 12). These humps occur more or less in parallel
with the depressions in the rotationally averaged brightness (e.g. for
S2, S3, S6, S7 and S11), which indicates hemispheric preference in

Figure 13. Time–longitude diagram for the radiative flux contrast with
respect to the model light curve of the 30th orbital cycle, from which the
spot modulation was eliminated. Both axisymmetric and non-axisymmetric
components emanating from surface inhomogeneities are visible in this
figure. Similar to Fig. 12, the right panel shows the global (black) and
hemispheric averages (orange and blue) of CF. The lower panel shows the
PDF of the entire data.

spot emergence, in agreement with the histograms in Figs 12 and 13.
We have found a weak anticorrelation between the first maximum
level and the mean spot coverage of the hemisphere φ0 = 270◦

(correlation coefficient −0.52). There is a stronger anticorrelation
(coefficient −0.73) between the second maximum level and the
mean spot coverage of the corresponding hemisphere φ0 = 90◦.
Considering the entire data set, we did not find a significant corre-
lation between the total brightness and the relative spot coverage.
One reason is that the latter quantity does not correspond to the ab-
solute spot occupancy, but reflects the spot occupancy relative to the
maximum of each light curve, which might well be contaminated
by axisymmetric spot distributions such as a polar cap, as discussed
in Section 4.1.

To assess the link between the variations of the maximum levels
and the spot occupancy of the corresponding hemispheres, we show
the corresponding LS periodograms in Fig. 15(a) and the rotation-
ally averaged brightness and spot occupancy in Fig. 15(b). All the
periodograms peak prominently at about 0.5 yr, which we attribute
to recurrent emergence and decay of large-scale spot regions with
typical lifetimes of 0.5 yr, as can be seen in Fig. 12. In the range 0.7–
1.4 yr, there are a number of peaks that show partial correspondence
among the maximum levels, spot coverage and the total brightness.
These periods can be related to the combined effect of recurrent
emergence and the relative rotation of spotted regions in the orbital
frame. Another possible effect related to differential rotation among
active latitudes (two-frequency beats) is discussed in Section 4.3.2.
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Figure 12. Upper panel: Time–longitude diagram of the relative spot filling
factor fs of the primary component of KIC 11560447, covering ∼2800
orbital cycles. The upper and lower colour bars represent the LC and SC
data, respectively. Right panel: the global mean 〈fs〉φ (offset by +0.02) for
LC (black) and SC (red) data; the hemispheric mean fs (offset by +0.005)
for central longitudes 270◦ (orange) and 90◦ (blue). Lower panel: PDFs for
the LC (upper plot) and SC data (lower plot).
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spot emergence, in agreement with the histograms in Figs 12 and 13.
We have found a weak anticorrelation between the first maximum
level and the mean spot coverage of the hemisphere φ0 = 270◦

(correlation coefficient −0.52). There is a stronger anticorrelation
(coefficient −0.73) between the second maximum level and the
mean spot coverage of the corresponding hemisphere φ0 = 90◦.
Considering the entire data set, we did not find a significant corre-
lation between the total brightness and the relative spot coverage.
One reason is that the latter quantity does not correspond to the ab-
solute spot occupancy, but reflects the spot occupancy relative to the
maximum of each light curve, which might well be contaminated
by axisymmetric spot distributions such as a polar cap, as discussed
in Section 4.1.

To assess the link between the variations of the maximum levels
and the spot occupancy of the corresponding hemispheres, we show
the corresponding LS periodograms in Fig. 15(a) and the rotation-
ally averaged brightness and spot occupancy in Fig. 15(b). All the
periodograms peak prominently at about 0.5 yr, which we attribute
to recurrent emergence and decay of large-scale spot regions with
typical lifetimes of 0.5 yr, as can be seen in Fig. 12. In the range 0.7–
1.4 yr, there are a number of peaks that show partial correspondence
among the maximum levels, spot coverage and the total brightness.
These periods can be related to the combined effect of recurrent
emergence and the relative rotation of spotted regions in the orbital
frame. Another possible effect related to differential rotation among
active latitudes (two-frequency beats) is discussed in Section 4.3.2.
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variability (13), the other two stars in Fig. 2
have much higher variability.
Figure 3 shows the distribution of Rvar for

the Sun, the periodic stars, and a composite
sample of the periodic and nonperiodic sam-
ples combined. To compare the Sun with the
stars observed by Kepler, we simulated how
it would have appeared in the Kepler data by
adding noise to the TSI time series (fig. S7).
The variability range was then computed for
10,000 randomly selected 4-year segments
from~140 years of reconstructed TSI data (13).
The activity distribution of the composite

sample (Fig. 3) does not separate into dis-
tributions of periodic and nonperiodic stars,
but rather appears to represent a single physi-
cal population of stars. Fitting an exponential
function y = a0 10a1Rvar to the variability dis-
tribution of the (corrected) composite sample
with Rvar > 0.2% yields a0 = 0.14 ± 0.02 and
a1 = –2.27 ± 0.17. The subsample of periodic
stars mostly populates the high-variability
portion of the full distribution in Fig. 3,
whereas the low-variability portionmostly con-
tains stars from the nonperiodic sample. The
solar Rvar distribution is consistent with most
of the low-variability stars, which is consistent
with previous studies (9).
Determining the solar rotation period from

photometric observations alone is challenging

(27–29). The Sunwould probably belong to the
nonperiodic sample if it were observed by
Kepler, and we found that the level of solar
variability is typical for stars with undetected
periods (Fig. 3). However, our composite sam-
ple contains stars that might have quite dif-
ferent rotation periods even though they have
near-solar fundamental parameters.
By contrast, the variability of stars in the

periodic sample has a different distribution.
Although there are some periodic stars with
variabilities within the observed range cov-
ered by the Sun, the variability amplitude for
most periodic stars lies well above the solar
maximum value of the last 140 years. There-
fore, most of the solar-like stars that have
measured near-solar rotation periods appear
to be more active than the Sun. The variabil-
ity of the periodic stars at the solar effective
temperature, rotation period, and metallicity
isRvar = 0.36% (fig. S8), which is ~5 times higher
than the median solar variability Rvar,⨀ = 0.07%
and 1.8 times higher than the maximum solar
valueRvar,⨀≲ 0.20%. All of these stars have near-
solar fundamental parameters and rotational
periods, suggesting that their values do not
uniquely determine the level of any star’s
magnetic activity. This result is consistent
with the detection of flares with energies
several orders of magnitude higher than solar

flares (i.e., superflares) on other solar-type
stars (30, 31).
We suggest two interpretations of our results.

First, there could be unidentified differences
between the periodic stars and nonperiodic
stars (such as the Sun). For example, it has
been proposed that the solar dynamo is in
transition to a lower activity regime (32, 33)
because of a change in the differential rotation
inside the Sun. According to this interpreta-
tion, the periodic stars are in the high-activity
regime, whereas the stars without known pe-
riods are either also in transition or are in the
low-activity regime. The second possible inter-
pretation is that the composite sample in Fig.
3 represents the distribution of possible ac-
tivity values that the Sun (and other stars with
near solar fundamental parameters and rota-
tional periods) can exhibit. In this case, the
measured solar distribution is different only
because the Sun did not exhibit its full range
of activity over the last 140 years. Solar cos-
mogenic isotope data indicate that in the last
9000 years, the Sun has not been substantially
more active than in the last 140 years (8).
There are several ways for this constraint to
be reconciled with such an interpretation.
For example, the Sun could alternate between
epochs of low and high activity on time scales
longer than 9000 years. Our analysis does not
allow us to distinguish between these two
interpretations.
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Fig. 3. Solar and stellar variability distributions on a logarithmic scale. The distributions of the
variability range Rvar are plotted for the composite sample (black), the periodic sample (blue), and the Sun

over the last 140 years (green). Error bars indicate the Poisson uncertainties
ffiffiffi
N

p
, where N is the number

of stars in each bin, for the composite and the periodic samples. The yellow line shows an exponential model

a0 10
a1Rvar fitted to the variability distribution of the (corrected) composite sample (Rvar > 0.2%, solid line)

and its extrapolation to low variabilities (Rvar < 0.2%, dashed line). The solar distribution was normalized
to the maximum of the composite sample. The first and last bins of the solar distribution were reduced in
width to stop at the minimum and maximum values of solar variability over the last 140 years, respectively.
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Abstract

Kepler observations revealed that hundreds of stars with near-solar fundamental parameters and rotation periods
have much stronger and more regular brightness variations than the Sun. Here we identify one possible reason
for the peculiar behavior of these stars. Inspired by solar nests of activity, we assume that the degree of
inhomogeneity of active-region (AR) emergence on such stars is higher than on the Sun. To test our hypothesis,
we model stellar light curves by injecting ARs consisting of spots and faculae on stellar surfaces at various rates
and nesting patterns, using solar AR properties and differential rotation. We show that a moderate increase of the
emergence frequency from the solar value combined with the increase of the degree of nesting can explain the
full range of observed amplitudes of variability of Sun-like stars with nearly the solar rotation period.
Furthermore, nesting in the form of active longitudes, in which ARs tend to emerge in the vicinity of two
longitudes separated by 180°, leads to highly regular, almost sine-like variability patterns, rather similar to those
observed in a number of solar-like stars.

Unified Astronomy Thesaurus concepts: G dwarf stars (556); Solar analogs (1941); Stellar activity (1580);
Starspots (1572)

1. Introduction

Rotational brightness variability of Sun-like stars results from
the transit of stellar magnetic features, i.e., dark spots and bright
faculae, over the visible stellar hemisphere. The advent of high-
precision photometry brought by planet-hunting missions
allowed measuring rotational variability for several hundred
thousands of stars (Basri et al. 2013; Reinhold et al. 2013;
Walkowicz & Basri 2013; McQuillan et al. 2014). It also took
solar–stellar connection studies to a new level, by allowing solar
variability to be compared with that of solar peers.

Recently, Reinhold et al. (2020, hereafter R20) identified
2529 stars with near-solar fundamental parameters, but with
unknown rotation periods (hereafter pseudosolar stars) and 369
stars with near-solar rotation periods and near-solar funda-
mental parameters (hereafter solar-like stars). While many of
the pseudosolar stars are expected to have near-solar rotation
periods, the sample most probably also includes stars with
different periods (in particular, stars rotating slower than the
Sun). The light curves of pseudosolar stars appear rather
irregular, often resembling the solar light curve, and their
variability amplitudes lie mostly within the solar range.
Consequently, the Sun appears to be a typical star belonging
to the pseudosolar sample: it would most probably be attributed
to this sample if observed by Kepler, owing to difficulties in
determining its rotation period.

Surprisingly, the variability pattern of solar-like stars differs
from that of the pseudosolar stars and the Sun. First, R20 found
that the mean variability in their solar-like sample was 5 times
stronger than solar variability. Second, many of the stellar light
curves had a rather regular temporal profile, often resembling a
sine wave. This is in stark contrast to the Sun, which has a
complex and quite irregular light curve. Especially at periods of

high magnetic activity the solar light curve becomes so irregular
that even the solar rotation period cannot be determined correctly
from photometry, using standard methods like the autocorrela-
tion function and Lomb–Scargle periodograms (see, e.g., Aigrain
et al. 2015; Amazo-Gómez et al. 2020; Witzke et al. 2020).
We illustrate the difference between the variability of the Sun

and solar-like stars in Figure 1, where we compare the Kepler
light curve of KIC 7019978 (Teff=5726 K, Prot=26.76 days)
with that of the Sun during the maximum of Cycle 23. The solar
light curve as it would be observed in the Kepler passband has
been taken from Nèmec et al. (2020). The strong dip in the solar
light curve (t∼2950 days) was caused by a rather unusual
configuration of magnetic features on the solar surface: three
very large active regions (ARs) on one longitudinal hemisphere
(i.e., within a longitudinal extent of 180°) had emerged
contemporaneously, while the opposite hemisphere remained
free of ARs. Single dips of such depths occur rarely in the solar
brightness variations. The remaining shallower dips represent
the typical effect of sunspot groups around activity maximum.
The rotational brightness modulation of KIC 7019978 is clearly
more vigorous and much more regular than that of the Sun, which
varies its brightness on a comparable level only during the transit
of that extraordinary concentration of three very large ARs.
All in all, the R20 study raised an intriguing question: how can

large-amplitude and regular light curves of solar-like stars be
produced and, in particular, what is the difference between the
surface magnetism of the Sun and of solar-like stars? We introduce
here two potential hypotheses for explaining the difference
between the Sun and solar-like stars: (i) the surface coverage of
magnetic features is larger than typical solar levels, leading to
higher variability; (ii) the longitudinal distribution of magnetic
features is more clumpy than on the Sun, leading to an
amplification of brightness variations for a given level of magnetic
flux or activity.
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In both nesting modes we set the probability p of a given AR
to be associated to a nest (whether a free-nest or AL) as a free
parameter. In the following, we will use the notations FP and
AP, where the prefix describes the nesting mode (F for free
nesting and A for AL), and P stands for the percentile
probability of a given AR to emerge as part of a nest.

In the free-nesting case, the nest centers, as well as ARs
emerged inside or outside of nests follow the solar surface
differential rotation over latitude λ (Snodgrass 1983):

M M M8a � � �2.3 cos 1.62 cos , 12 4( ) ( )

where Ω′=Ω(λ)−Ω(0) is the rate at which spots drift in
longitude (in the equatorial rest-frame).

On the Sun, ALs are detected only in a dynamical reference
frame, synchronized with the latitude-dependent rotation
periods of major flux emergence regions (Usoskin et al.
2005). Even if we assume an initially coherent AL, differential
rotation would destroy this pattern in only a few stellar
rotations. Taking a rigid AL and applying differential rotation
to individual ARs on smaller scales would have only a minor
effect on the variability. To keep our model simple, we thus
opted for rigid rotation in the AL mode, to compute brightness
variations for an extremely coherent mode of nesting, because
our goal is to assess the entire potential variability range.

Figure 2 shows the locations and lifetimes of spot groups for
models F50, F90, and A50, for S=0.182, typical of a solar
maximum. Longer lifetimes are associated with larger spot
groups, in agreement with the Gnevyshev–Waldmeier rule of
sunspot groups. From F50 to F90 there is a dramatic increase in
the degree of clustering of spot groups, which is expected to
amplify photometric variability. Also the A50 case demon-
strates significant clustering in longitude. In the F50 and F90
cases the differential rotation leads spot groups and free nests to
exhibit longitudinal drifts at rates depending on the latitude
(see, e.g., Özavcı et al. 2018).

3. Results

3.1. Nesting Amplifies Variability

We first investigate the dependence of the photometric
variability on the level of magnetic activity for different modes
and degrees of nesting. Since we are interested in finding the
upper limit of variability, we only performed simulations for
stars observed from their equatorial planes. Solar-like stars
observed from out of this plane will show smaller variabilities
(Nèmec et al. 2020). We carried out 10 random realizations of
AR emergences for each combination of activity level and
degree of nesting, with the exception of 50 realizations for
F100. Such multiple runs were made to quantify the posterior
width owing to randomness in AR emergence.
Figure 3 shows R90 as a function of Sfor free-nesting and

active-longitude modes. Variability increases with Sin all
cases, owing to an increasing occurrence of ARs (which
depends on the S; see Section 2). For F00 (i.e., for random
emergence locations), R90 scales roughly linearly with S. The
dependences for higher degrees of nesting gradually deviate
from linearity with increasing S. This is because the area
coverage of spots is proportional to S2 in the model, in
accordance with solar data. A random distribution of spots
would thus imply that the variability is proportional to the
square root of spot coverage, i.e., to S. Stronger nesting
steepens the dependence and in the extreme case of 100%
nesting the variability is proportional to the coverage, i.e., to S2.
Comparison of the left and right panels of Figure 3 shows

that the AL mode enhances variability even more than free
nesting. This is because the permanent active longitudes lead to
a more coherent superposition of ARs during each full rotation.
Starting from A50, the dependences are nearly quadratic, in
parallel with the functional relationship between the spot
coverage and S.
In their sample of solar-like stars, R20 detected variability

amplitudes of up to 0.7%. Taking R90=0.7% as an upper
limit, we can consider various possibilities for how such a

Figure 2. Time–longitude maps of active-region occurrence for an activity level close to that of a typical solar maximum, S=0.182. The panels show the nesting
modes F50, F90, and A50, from left to right (see the main text for definitions). Colors denote AR latitudes. The vertical extension of each element represents the spot-
group lifetime for the corresponding AR.
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Figure 5. Light curves (black) decomposed into facular (red) and spot (blue) components, for free-nesting mode.
Left panel: low-activity, low-nesting (S = 0.19, F60 case); right panel: high-activity, high-nesting (S = 0.23, F90
case). The facular-to-spot area ratios during AR emergence are 2.92 and 1.43 for S = 0.19 and S = 0.23,
respectively (see main text of the Appendix for details on how it is calculated).

Table 1. Model parameters

Parameter Value

Equatorial rotation period 25 d (equatorial)

Axial inclination 90�

Spot area distribution Log-normala

Spot area range 60 < As < 3000 µSH

Spot decay law Linear; 25 µSH d�1

Facula-spot lifetime ratio ⌧f/⌧s = 3

aBogdan et al. (1988); Baumann & Solanki (2005)

spot disc-area coverages observed for the Sun and extrapolated to more active stars (namely, Eqs. 1–2 from Shapiro
et al. 2014).
We do not consider a specific geometrical shape for an AR, prescribing the same value of the foreshortening to

the entire region. This approximation is justified by the fact that the detailed morphology of ARs (i.e. spot group
surrounded by facular regions) has a small e↵ect on rotational variability, as long as the ARs are in the same size
range with solar ARs, which we assume here for other solar-like stars.
Following the emergence, we model the decay of spots and faculae as a continuous reduction of their areas. We

consider a linear decay law following an instantaneous emergence, with a spot decay rate of 25 µSH d�1, given that
quadratic and linear decay laws are not distinguishable in the RGO dataset (Baumann & Solanki 2005). For a given
active region a decay time of its facular part was set to be three times longer than those of its spot part (see Shapiro
et al. 2020a, for a detailed discussion and case study).
The input physical parameters determining the final light curve are listed in Table 1.
Two example light curves are shown in Fig. 5 (taken from Fig. 4), in which the spot and facular

components are shown separately. The facular-to-spot area ratio during the emergence of any spot is

determined by the S-index, such that the ratio decreases with S (see above).
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solar-like sample was 5 times stronger than solar vari-
ability. Secondly, many of the stellar light curves had a
rather regular temporal profile, often resembling a sine
wave. This is in stark contrast to the Sun, which has
a complex and quite irregular light curve. Especially at
periods of high magnetic activity the solar light curve
becomes so irregular that even the solar rotation period
cannot be determined correctly from photometry, us-
ing standard methods like the auto-correlation function
and Lomb-Scargle periodograms (see, e.g. Aigrain et al.
2015; Witzke et al. 2020; Amazo-Gómez et al. 2020).
We illustrate the di↵erence between the variability of

the Sun and solar-like stars in Fig. 1, where we compare
the Kepler light curve of KIC 7019978 (Te↵ = 5726 K,
Prot = 26.76 d) with that of the Sun during the maxi-
mum of Cycle 23. The solar light curve as it would be
observed in the Kepler passband has been taken from
Nèmec et al. (2020). The strong dip in the solar light
curve (t⇠ 2950 d) was caused by a rather unusual config-
uration of magnetic features on the solar surface: three
very large active regions (hereafter ARs) on one longi-
tudinal hemisphere (i.e., within a longitudinal extent of
180�) had emerged contemporaneously, while the oppo-
site hemisphere remained free of ARs. Single dips of
such depths occur rarely the solar brightness variations.
The remaining shallower dips represent the typical e↵ect
of sunspot groups around activity maximum. The rota-
tional brightness modulation of KIC 7019978 is clearly
more vigorous and much more regular than that of the
Sun, which varies its brightness on a comparable level
only during the transit of that extraordinary concentra-
tion of three very large ARs.
All in all, the R20 study raised an intriguing ques-

tion: how can large-amplitude and regular light curves
of solar-like stars be produced and, in particular, what
is the di↵erence between the surface magnetism of the
Sun and of solar-like stars? We introduce here two po-
tential hypotheses for explaining the di↵erence between
the Sun and solar-like stars: (i) the surface coverage
of magnetic features is larger than typical solar levels,
leading to higher variability; (ii) the longitudinal distri-
bution of magnetic features is more clumpy than on the
Sun, leading to an amplification of brightness variations
for a given level of magnetic flux or activity.
The first hypothesis is supported by the fact that solar

cycles can have di↵erent strengths. For example, cycle
19 was stronger than Cycle 24 by a factor of three to
four in terms of the maximum average sunspot number.
One can speculate that the dynamos of solar-like stars
can produce cycles at a wider range of strengths than
those of the Sun, although it is a priori unclear why this
should be so.

Figure 1. Brightness variations of KIC 7019978 (top panel)
and of the Sun (middle panel), plotted on the same scale
of the vertical axis. The SOHO/MDI image (bottom panel)
corresponds to the time of the exceptionally strong dip in
the solar light curve above, around 2940 days. Note the con-
spicuous di↵erences in shape and amplitude of the variations
of the two stars.

The second hypothesis is motivated by the tendency
of solar ARs to emerge into regions of recent mag-
netic flux emergence, called complexes or nests of ac-
tivity (Gaizauskas et al. 1983; Castenmiller et al. 1986;
Brouwer & Zwaan 1990; Usoskin et al. 2005). The ex-
act physical mechanisms for AR nesting are as yet un-
clear. The weak rotational variability and the irregular
light variations of the Sun (and pseudosolar stars with
undetermined rotation periods) could be related to the
low degree of active-region nesting (e.g., only 40-50% of
sunspots are associated with nests, see Pojoga & Cudnik
2002). On solar-like stars with high variability and reg-
ular light curves, magnetic flux emergence can be clus-
tered to higher degrees than on the Sun. The e↵ects
of AR nesting on photometric variability has not been
studied to date. Here we present a simple model that
quantifies the e↵ects of nesting on photometric variabil-
ity of solar-like stars in the Kepler passband for a range
of magnetic activity levels.

2. METHOD
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S-index scale cannot be directly converted to the Mount-Wilson
(MW) S-index used in our study. At the same time, Figure 1
from Zhang et al. (2020) shows that the mean S-index of the
solar-like stars is lower than that of stars with rotation periods
between 10 and 20 days. These faster-rotating stars are expected
to have S-indices (in MW scale) between about 0.20 and 0.28
(see Figures 1–2 from Shapiro et al. 2020b).

Furthermore, we found that the nearly sinusoidal light curves
of strongly variable solar-like stars can be reproduced by a
highly nonaxisymmetric pattern of AR emergence, with an
azimuthal wavenumber of 2. Consequently, such a pattern of
AR emergence can simultaneously explain both the amplitude
and morphology of the observed light curves. We note that
double active longitudes have often been suggested to explain
the light curves of very active BY Dra-, RS CVn-, and FK
Com-type cool stars (Berdyugina 2005). Most such stars are
components of close binaries.

We suggest three possible mechanisms for solar-like stars to
exhibit active longitudes: (1) they can be components of non-
eclipsing close binaries or they have warm or hot gas-giant
components (Shibata et al. 2013). In the active components of such
systems, tidal forces can lead to preferred longitudinal zones for

emerging flux tubes (see, e.g., Holzwarth & Schüssler 2003,
though they found this tendency for Prot∼2 d). In that case, AL-
type nesting can permanently lead to strong rotational variability
(see also Korhonen & Elstner 2005). (2) AL-type nesting can be a
generic phenomenon, which all solar-type stars can undergo from
time to time, or above some activity level. (3) Solar-like stars can
have a time-varying degree of nesting, as well as temporarily
existing ALs, which can be responsible for those light curves
exhibiting transitions between very regular and less regular
variations. These possibilities should be explored more thoroughly
in the future.
The model presented in this Letter was kept very simple, to

demonstrate the overall effects of AR nesting on brightness
variability in solar-like stars. Physically more consistent
models that simulate flux emergence and surface transport
processes (following Işık et al. 2018) including effects of AR
nesting and the rotation rate are planned for a subsequent study.

We thank T. Reinhold for providing the processed light curve of
KIC 7019978 and useful discussions. We also acknowledge the
referee, whose requests improved the discussion of our results.
A.S. acknowledges funding from the European Research Council

Figure 4. Sample light curves for free-nesting (upper panels) and active-longitude (lower panels) modes. For each mode, two activity levels (columns) are shown with
three degrees of nesting each (rows). S;0.19 in the left panels, and S;0.23 in the right panels. The nesting mode and degree, and the 25 day variation amplitude,
R90, are indicated above each panel. Note that for S=0.19 the slightly higher R90 of case F90 compared to A90 is a mere coincidence and does not contradict the
overall trend of the AL mode yielding higher variability than free-nest mode (see Figure 3).
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2. sorun: Neden daha çok/az etkin güneşlerde lekeler/fakülalar  baskındır?  

• Gözlenen Güneş bağıntılarından dış 
kestirim 

• Işık vd. 2020 modeli kullanıldı 

• i = 90˚ 

• i = 57˚ 

• <S> = 0.16 - 0.24 

• Nokta büyüklüğü: 
0.0 < yuvalanma_oranı < 0.9 

• S-ölçeği ve yuvalanma başına  
10 rastgele deneme  
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2. çözüm: ¡manyetik maçta fakülalar yenilir, lekeler kazanır!

• Yüzey akı taşınım modeli (Işık vd. 2018) 

• 10 yıl ölçeğinde etkinlik artışı (∆S) 
başına parlama 

- İleri model — i = 0˚ 

- İleri model — i = 90˚ 
★ Lowell-Fairborn örneklemi  

(Radick vd. 2018) 

★{  200 K } 
  { düşük parlama hatası (< 0.1) }
Teff ∈ Teff,⊙±

⋃

Figure 3: The �[(b + y)/2]/�S values plotted against the mean chromospheric activity
expressed through log R

0
HK

. The blue and orange solid lines represent the modelled depen-
dencies for i = 90� and i = 0�, respectively, while asterisks show the Lowell and Fairborn
measurements18. Black asterisks indicate stars with e↵ective temperatures ±200 K around
the solar value (5777 K) and with uncertainty in �[(b+ y)/2]/�S (as indicated by the black
bars) below 0.1. Grey asterisks depict the rest of the Lowell and Fairborn sample. The
dashed horizontal line indicates the zero level, where the transition between faculae-to-spot
dominated occurs, and the two vertical grey dashed lines indicate the minimum and maxi-
mum value of solar activity during cycle 22. The grey-shaded band shows the result of the
Bayesian linear regression to the black asterisks using Gaussian priors for the parameters
of a quadratic polynomial. The solid curve shows the maximum of the posteriori estimate
and the shaded region represents the probability density of the posterior distribution. The
dashed curves denote the 2� posterior boundaries.

Methods

SFTM and model parameters

The SFTM describes the passive transport of the radial component of the magnetic field

B, considering the e↵ects of di↵erential rotation ⌦(�) (with � being the latitude), merid-

ional flow ⌫(�) at the solar surface, and a horizontal surface di↵usion thanks to a non-zero

horizontal di↵usivity ⌘H (50 km2s�1 9). The emerged active regions gradually disperse due

to the radial di↵usion ⌘r (25 km2s�1 22), with the flux finally decaying after cancellation

between opposite polarities, where they overlap. The governing equation is

7

Güneş min Güneş max

Fakülalar baskın

Lekeler baskın
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0.2 Observations of the solar atmosphere 3

FIGURE 0.1

Overview of the solar atmosphere. The images show a 500⇥500 arcsec2 part
of the Sun (recall that the visible solar radius is about 1000 arcsec) with active
region AR12139 recorded on 17 Aug. 2014 around 14:49 UT. While the dark
sunspots in photospheric intensity cover only a small fraction of the field of view,
the magnetogram shows enhanced magnetic flux in a much larger area (black
and white show opposite polarities). The intensity in the low chromosphere
as seen in 170 nm pretty much correlates with the strong magnetic field, while
the upper layers at hotter temperatures show the transition region and coronal
structures connecting opposite polarities. For the latter panels the main ions
contributing to the wavelength channels are displayed along with the rough
formation temperature. Source: Images are courtesy of NASA/SDO and the
AIA and HMI science teams.

tal structure. The photospheric convective flows lead to the formation of granules,
which are cellular features with a mean size of about 1000 km and lifetime of about
10–20 minutes. Granules cover nearly the entire solar surface (with the exception
of spots), so that at every moment there are several millions of granules on the Sun.
Further inhomogeneities on the solar surface are caused by the magnetic field. Large
concentrations of the magnetic field form dark sunspots, which consist of two parts:
central umbral regions, which are the darkest parts of the sunspots with predomi-
nantly vertical magnetic field, and surrounding penumbral regions, which are much
lighter areas with inclined magnetic field. The ensembles of smaller magnetic ele-
ments form bright network and faculae, which are most easily seen near the solar

Shapiro vd. 2019

NASA/SDO



• EB ağı alanı >> leke alanı 

• ⇒ Yüzeye çıkışta  
p(ağda akı sıfırlanması)  
>> p(leke alanında akı sıfırlanması) 

• ⇒ Daha etkin yıldızlarda  
lekeler  daha baskın

than the emergence rate, implying a cancellation of the magnetic flux at the moment of

emergence.

In Fig. 5 we show the snapshots from the Supplementary Movie illustrating the evolu-

tion of magnetic flux for all three cases considered here. One can see that the cancellation

of magnetic flux from di↵erent active regions happens both during the emergence (see over-

lapping active regions in panels b and c) as well as during the subsequent evolution (panels

e, f, h, i).

Figure 4: Demonstration of the e↵ect of flux cancellation on the magnetic field and
facular area coverages. Shown are calculations with 1 (s̃ = 1, blue), 16 (s̃ = 16, orange),
and 64 (s̃ = 64, orange) active regions. Panel a shows the evolution of the surface magnetic
flux normalised to corresponding value at the moment of emergence (t = 0). Panel b shows
the surface area coverage by faculae in percent. Panel c shows the ratios of facular coverages
for s̃ = 16 and s̃ = 64 cases to that for s̃ = 1 case (orange and green curves, respectively).
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3 School of Space Research, Kyung Hee University, Yongin, Gyeonggi-Do, 446-701, Republic of Korea

Received 8 May 2018 / Accepted 15 October 2018

ABSTRACT

Context. The latitudinal distribution of starspots deviates from the solar pattern with increasing rotation rate. Numerical simulations
of magnetic flux emergence and transport can help model the observed stellar activity patterns and the associated brightness variations.
Aims. We set up a composite model for the processes of flux emergence and transport on Sun-like stars to simulate stellar brightness
variations for various levels of magnetic activity and rotation rates.
Methods. Assuming that the distribution of magnetic flux at the base of the convection zone follows solar scaling relations, we calcu-
late the emergence latitudes and tilt angles of bipolar regions at the surface for various rotation rates, using thin-flux-tube simulations.
Taking these two quantities as input to a surface flux transport (SFT) model, we simulate the diffusive-advective evolution of the radial
field at the stellar surface, including effects of active region nesting.
Results. As the rotation rate increases, (1) magnetic flux emerges at higher latitudes and an inactive gap opens around the equator,
reaching a half-width of 20� for 8 ⌦�; and (2) the tilt angles of freshly emerged bipolar regions show stronger variations with latitude.
Polar spots can form at 8 ⌦� by accumulation of follower-polarity flux from decaying bipolar regions. From 4 ⌦� to 8 ⌦�, the maxi-
mum spot coverage changes from 3 to 20%, respectively, compared to 0.4% in the solar model. Nesting of activity can lead to strongly
non-axisymmetric spot distributions.
Conclusions. On Sun-like stars rotating at 8 ⌦� (Prot ' 3 days), polar spots can form, owing to higher levels of flux emergence
rate and tilt angles. Defining spots by a threshold field strength yields global spot coverages that are roughly consistent with stellar
observations.

Key words. stars: activity – stars: solar-type – starspots – stars: magnetic field – methods: numerical –
magnetohydrodynamics (MHD)

1. Introduction

The advent of space-borne photometry, which is designed pri-
marily to detect extrasolar planets, has made short-term stellar
activity signals measurable (Koch et al. 2010). Brightness vari-
ations in Sun-like stars on timescales ranging from hours to
decades are driven by convective flows and magnetic fields at the
surface, while the observed patterns of variability also depend
on the stellar rotation and related quantities (Aigrain et al. 2004;
Shapiro et al. 2014, 2017).

Dark spots and bright faculae observed on the Sun are
formed by relatively strong magnetic flux concentrations thread-
ing the photosphere. To investigate radiative variations driven
by magnetic activity and rotation on Sun-like stars, it is impor-
tant to numerically simulate the distribution and the evolution of
surface magnetic fields at large scales.

The latitudinal distribution of starspots is one of the exten-
sively studied features of magnetic activity on rapidly rotat-
ing cool stars, via Doppler and Zeeman-Doppler imaging
(Strassmeier 2009; Donati & Landstreet 2009). For Sun-like
stars in particular, the mean latitude of cool spots and mag-
netic fields has been observed to increase with the rotation rate.
Spots near or at the rotational poles are observed on rapidly
rotating Sun-like stars with rotation periods below about 3 days

(Jeffers et al. 2002; Marsden et al. 2006; Järvinen et al. 2007;
Waite et al. 2015).

As a possible explanation for polar spots, Schüssler &
Solanki (1992) suggested a mechanism in which the action of
the axially directed Coriolis force in the rotating frame of a
rising flux tube becomes comparable to or even dominates the
outward buoyancy force for sufficiently fast rotation. Schüssler
et al. (1996) demonstrated how faster rotation deflects rising
tubes towards high latitudes on Sun-like stars, and Granzer et al.
(2000) obtained latitudinal distributions for a range of stellar
masses.

A surface mechanism which can also contribute to the for-
mation of polar spots was suggested by Schrijver & Title (2001)
using a random-walk model of flux dispersal and transport. In
this model, a strong high-latitude concentration of magnetic
fields of a single polarity was formed by the trailing polarities
of bipolar regions when the flux emergence rate was 30 times
the solar value. A ring-like structure was formed around a polar
spot of opposite polarity, which had a much longer decay time
than what a diffusion model would infer.

Another attempt was made by Işık et al. (2007b), who used a
diffusive surface flux transport (SFT) model subject to observed
stellar surface differential rotation estimates and stellar radii.
They suggested that the long lifetimes of polar spots can be
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Appendix A: Synthetic input solar cycle

A.1. Emergence frequency

To model the temporal profile of the monthly group sunspot
number, RG, we follow CJS16 and use the function devised by
Hathaway et al. (1994) with additional Gaussian random noise,
�RG:

RG(t) =
at3

exp(t2/b2) � c
+ �RG(t), (A.1)

where t is the time in months and a is the amplitude. We fit the
first function on the RHS of Eq. (A.1) to sunspot group data for
cycle 22 from RGO, which yields a = 0.00336. The quantities
b(a) and c control the length and the asymmetry of the cycle,
respectively. For b, we adopt Eq. (4) of Hathaway et al. (1994)
and c = 0.71. The standard deviation of the probability distribu-
tion of �RG(t) around RG(t) is approximated by 0.5RG(t). This
level was estimated by measuring the deviations of the observed
RG of Cycles 21–23 from the corresponding fits of the first term
on the RHS of Eq. (A.1). Finally, the number of BMRs emerging
in a given month is obtained as RG/2.75, based on a calibra-
tion carried out by CJS16, through fits to the monthly number of
groups observed for Cycles 21–24.

A.2. Sunspot group latitudes

Next, we set up a synthetic butterfly diagram in the input model,
following the procedure of JCSS11 (also followed by CJS16). We
take the average latitude of spot groups at a given temporal phase
bin i of the cycle to be described by the quadratic function

h�ii =
h
26.4 � 34.2(i/30) + 16.1(i/30)2

i
h�i/h�i12�20, (A.2)

where 1 6 i 6 30 (the cycle is split into 30 temporal bins),
h�i12�20 = 14.6� is the average latitude over solar Cycles 12–20,
and h�i is the average latitude of sunspot groups over the cycle.
This was obtained by JCSS11 for a given cycle using a linear fit
to data from all the available cycles, as

h�i = 12.2 + 0.022 S�, (A.3)

where S� is the cycle amplitude. To represent the Sun, we set
S� = 156 from the maximum of the twelve-month running mean
of the observed RG of Cycle 22 (see Table 1 of JCSS11). The sec-
ond term on the RHS of Eq. (A.3) models the observation that
stronger solar cycles have a higher mean latitude of emergence
(Solanki et al. 2008). For the latitudinal spread around h�i, the
model assumes a Gaussian distribution with a standard devia-
tion �i that varies with the cycle phase, following the quadratic
function

�i =
h
0.14 + 1.05(i/30) � 0.78(i/30)2

i
�i, (A.4)

where 1 6 i 6 30 as in Eq. (A.2).

A.3. Sunspot group areas

Sunspot group areas (A) are randomly picked from either a
power law or a log-normal distribution, depending on the size
(in millionths of a solar hemisphere), µH, as given by

n(A) =

8>>><
>>>:

0.3A�1.1 ; A < 300 µH

0.003 exp

� (ln A�ln 45)2

2 ln 3

�
; A > 300 µH.

(A.5)

Fig. B.1. A schematic representation of the mappings between the sur-
face and the base of the convection zone in the model. ⌦ denotes the
equatorial rotation rate in solar units. The roman numerals refer to the
steps of the procedure.

To include the dependence of the mean group area on the
cycle phase, we adopt the relation given by JCSS11, but with
1 6 i 6 20,

Ai = 115 + 396(i/20) � 426(i/20)2. (A.6)

Appendix B: The link between the base and
the surface

To synthesise starspot emergence records, we follow the algo-
rithm outlined below. The steps I–III correspond to those in
Fig. B.1.

I. Generate a random realisation of the spot group record
(SGR) with a certain flux emergence rate s̃ (see Sects. 2.1.1–
2.1.2). The mean latitude of this SGR depends on s̃ (Eq. (1)).

II. Map the latitudes obtained in step I down to the base of the
convection zone, by interpolating the flux-tube rise table for
the solar rotation rate, !̃ = 1 (Sect. 2.2.2).

III. Take the time series resulting from step II as the base lat-
itudes of the flux tubes leading to spot groups, for a given
rotation rate, !̃. Generate the emergence latitudes and tilt
angles for !̃, by interpolating within the flux-tube rise table
(Sect. 2.2.2).

IV. To simulate the effect of active region nesting, modify the
longitudes and latitudes obtained in the previous steps, using
a probabilistic approach (Appendix C).

Appendix C: Nests of activity
To simulate the observed tendency of flux emergence in the
vicinity of recent emergence, we modified the longitudes and
latitudes of BMRs in our standard starspot record, using a prob-
abilistic approach. We first set a generic probability 0 < p < 1
for each BMR with coordinates (�,�) to be part of a nest. In this
study, we chose a rather high probability of p = 0.7 to clearly
demonstrate the effects of nesting. This value has made the cycle
variation of the equatorial dipole moment much more similar to
the observed variations (Wang 2014, see Fig. 3) in comparison
to the unnested case.

If a uniformly chosen random number Ei ⇠ U[0, 1] is less
than p, then the coordinates of the ith BMR of the unnested
record is considered as a potential nest centre, (�c,�c)i. If the
next random number Ei+1 < p, then the (i + 1)th BMR belongs
to the nest of the ith BMR. The coordinates of such a BMR are
then replaced by the coordinates (�m,�m)i+1, which are drawn
from normal distributions centred around (�c,�c)i with widths
2� in latitude and 3� in longitude, close to the empirical values
obtained by Pojoga & Cudnik (2002) for Cycle 23. The proce-
dure is continued iteratively until for the (i + k)th BMR Ei+k > p
holds. Such a BMR is considered as an isolated spot group, while
its original coordinates are kept unchanged.

A177, page 14 of 14

• FEAT: Flux Emergence And Transport 

• Yarı empirik Güneş çevrimi modeli (~ 22. çevrim) 

• Akı tüpü benzetimleriyle taban  yüzey @  

• Akı tüpü benzetimleriyle taban  yüzey @  

• Temel varsayımlar: 

• Hızlı dönen Güneş’in Güneş türü bir dinamosu var 

• Etkinlik düzeyi 

← Ω⊙

→ Ω⋆

∝ Ω⋆

3.  soru(n)  
Güneş türü etkinlik 
desenleri dönme hızı 
(~yaş) ile nasıl değişir?



Flux Emergence And Transport 
[FEAT]
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(a) (b)

(c) (d)

(e) (f)

Fig. 5. As in Fig. 1, but now for various sets of (!̃, s̃) as indicated at the top of each panel. Left panels: for s̃ = 1 (solar emergence rate). Right
panels: for s̃ = !̃.

very different from each other in cases !̃ = 4 and 8 (see also
Fig. 3b for comparison). The colours represent the tilt angles, as
in Fig. 1. The abrupt changes in the tilt angle are visible at some
latitudes (cf. Fig. 3a), especially for (!̃, s̃) = (8, 8).

3.2. Variation of surface magnetic activity

The synthetic emergence records presented in Sect. 3.1 are now
provided as input to the SFT model. In the first set of simulations,
we keep the solar flux emergence rate (s̃ = 1) and increase the
rotation rate (Sect. 3.2.1). In the second set, we increase both
quantities with s̃ = !̃ (Sect. 3.2.2).

3.2.1. Solar flux emergence rate (s̃ = 1)

Figure 6 shows the 27-day averages of the unsigned flux over
the stellar surface and the unsigned mean polar field strength
(averaged over both polar caps, which are defined for |�| > 75�)

using the same colours as in Fig. 3. Taking �e and ↵ for !̃ > 1
with the solar flux emergence rate (s̃ = 1, Fig. 6a) leads to a
total flux variation which increases only weakly with !̃. This
enhancement of the flux is due to the systematic increase in the
average tilt angles of emerging BMRs, which weakens flux can-
cellation over the polarity inversion line of each BMR. While
the mean tilt angle h↵i increases from about 5� to 30�, the
latitudinal separation between the polarities increases with
sinh↵i. The poleward deflection of rising loops indirectly con-
tributes to the increase (with !̃) of flux for s̃ = 1: the emergence
latitudes become more confined to a range where the latitudi-
nal shear is stronger than at the solar activity belts. The strong
differential rotation at the activity belt tends to disperse the oppo-
site polarities at an even higher rate, immediately following any
BMR emergence. This decreases the cancellation between the
opposite polarities within the same BMR. Such self-cancellation
accounts for a significant fraction of the initial flux decrease of
a BMR.
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Fig. 7. Time-latitude diagrams of azimuthally averaged surface mag-
netic field for !̃ = 1 (panel a), !̃ = 2 (panel b), !̃ = 4 (panel c), and
!̃ = 8 (panel d). For all cases, s̃ = !̃. We note the different saturation
levels of the colour scale.

about 0.002. Using this criterion, we have found a threshold of
187 G, corresponding to about 50% of Bmax defined in Sect. 2.3.
We have then used this threshold to determine the latitudinal
distribution of the spot coverage for all four rotation rates with
s̃ = !̃.

Figures 9a–d show time-averaged latitudinal profiles of spot
occupancy as a fraction of the stellar surface area. The area
fractions were calculated by counting the pixels above the thresh-
old, taking into account their areas on a spherical grid. In most
observational studies, a factor of cos � is used when estimat-
ing the fractional spot area per latitude bin. This means that
our profiles are comparable with such latitudinal profiles pre-
sented in the literature (e.g. Järvinen et al. 2007; Waite et al.
2017). When the spot occupancy would be given as a fraction
of the latitudinal band area, however, the polar spot of the case
(!̃, s̃) = (8, 8) would lead to a much larger coverage near the pole
than at mid-latitudes. The spot coverage over the whole stellar
surface, averaged over the whole activity cycle (darker curves),
hasicyc, increases from the solar value of 0.2–0.4% for !̃ = 2,
1.2% for !̃ = 4, and 10% for !̃ = 8. For comparison, one-year
averages centred at the activity maximum are also given (lighter
colours). There is a marked tendency for the mean latitude and
the latitudinal spread of starspots to increase with !̃ and s̃. The
mean latitude at each hemisphere increases, owing to the Corio-
lis deflection of rising flux and the enhanced poleward transport
of highly tilted source regions. The increase in the latitudinal
spread is led by (i) higher flux emergence rate, (ii) the scaling of
mean latitude with s̃ (Eq. (1)), and (iii) weaker flux cancellation
between opposite polarities of BMRs, owing to a higher aver-
age tilt angle. It is evident from Fig. 9d (!̃ = 8) that, through
the flux transport at sufficiently high !̃ and s̃, spotted regions
are formed at even higher latitudes than their emergence lati-
tudes. Such starspots are formed by signed magnetic flux being

Fig. 8. Time-latitude diagrams of azimuthally averaged |Br | for !̃ = 1
(panel a), !̃ = 2 (panel b), !̃ = 4 (panel c), and !̃ = 8 (panel d). s̃ = !̃
for all cases. Here, the saturation levels are all 100 G.

transported towards higher latitudes and concentrated there.
Figure 9e shows the variation of the surface coverage of starspots
for all the four cases above. The cycle means are about one-third
of the annual means around maxima, except for the case (1,1),
for which the ratio is about 0.5.

Figure 10 shows snapshot surface distributions of signed field
from the maximum phases of activity, corresponding to each of
the considered rotation rates, for the case s̃ = !̃. The polar fields
become stronger for higher (!̃, s̃), while the activity belts move
towards higher latitudes. A strong unipolar polar cap forms for
!̃ = 8, but it is surrounded by patches of opposite-polarity field,
owing to the leading polarities of freshly emerged, tilted BMRs.
A conspicuous feature is visible for !̃ = 8: dB/d� changes its
sign at � ' 75�, where the poleward meridional flow piles up
the field diffusing from lower latitudes. In the later stages of the
cycle, this ring-like structure diffuses to form a circular region
peaking at the rotational pole.

In Fig. 11 we show the unsigned magnetic field strength,
filtered with the threshold of 187 G. These snapshots can be
seen as approximations of intensity images by omitting the limb-
darkening and facular brightening effects. The strengthening
of the polar field and of mid-latitude activity with increas-
ing !̃ is visible. Based on the spot threshold field strength,
the polar spot forms only for !̃ = 8, and it shows the same
ring-shaped pattern as in Fig. 10 with occasional plumes in
the direction of the equator. Here, the solar case exhibits too
large “sunspots”, though the total area fraction is solar-like.
This is because the resolution of the SFT model is not high
enough to resolve typical sunspots. In addition, the satura-
tion level for the unsigned field is only 800 G, which is well
below the average field strength of sunspot umbrae. Conse-
quently, the simulated stellar images presented here are meant
to represent a medium-resolution picture of spots on Sun-like
stars. The resolution is therefore between those of solar full-disc
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(a) (b)

(c) (d)

(e)

Fig. 9. Time-averaged latitudinal distributions of the fraction of surface
area covered by starspots for !̃ = 1 (panel a), !̃ = 2 (panel b), !̃ = 4
(panel c), and !̃ = 8 (panel d), where s̃ = !̃, given at the top of each
panel. The colours correspond to the cases in Figs. 3 and 6; lighter ones
are averages over a one-year window centred at the activity maximum
and darker curves represent cycle averages. Time-averaged surface cov-
erages for maxima and whole-cycles are given inside each plot. Panel e:
variation of the total spot coverage for each case.

white-light images and those produced by Doppler imaging (e.g.
Solanki & Unruh 2004). A more rigourous treatment of spot
areas is beyond the scope of this study, and will be employed
in the next paper for proper modelling of brightness variations.

It is known that faster rotating G stars generally show
stronger brightness variability (McQuillan et al. 2014). In this
context, nesting of active regions can have an influence on the
variability amplitudes on timescales comparable with the rota-
tion period. This is because the surface distribution of spots
would become less homogeneous in longitude (rotational phase),
when spots tend to emerge within nests. As a visual demonstra-
tion of the effect of nesting, we show in Fig. 12 pole-on views
(i = 0) of our case (!̃, s̃) = (8, 8) at three different phases of the
activity cycle, for random (unnested) and strongly nested cases,
where the nesting probability was chosen to be p = 0.7 (same as

a b

c d

a

Fig. 10. Snapshots of magnetic field strength from the runs for !̃ =
1, 2, 4, 8 (panels a–d), corresponding to the cycle maximum in each
case. The inclination angle of the rotation axis with respect to the line
of sight is 30�. The latitudinal circles are drawn at � = 37.5�, where the
poleward flow speed has a maximum, and at � = 75�, above which it is
assumed to be zero.

a b

c d

Fig. 11. As in Fig. 10, but for the unsigned magnetic field strength with
an inclination of 60�. The maps show the distribution of starspots, which
are defined as all pixels above the threshold of 187 G.

in all the previous figures). We also display the signed field dis-
tributions corresponding to the nested case, for the overall field
geometry and strength to be evaluated. Without forced nesting,
the spot distribution appears more axisymmetric. With nesting,
the highly non-axisymmetric spot distribution is likely to induce
larger-amplitude brightness variations on rotational timescales.
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Fig. 12. Pole-on views of the radial field, representing spot distributions
for unnested (left column) and nested (middle column) cases for (!̃, s̃) =
(8, 8). The right column shows the corresponding signed magnetic field
strength for the nested case, with a colour saturation at ±870 G. Dotted
circles represent the latitudes at 30� and 60�. We note that the spots are
defined above 187 G.

4. Discussion

We have developed a two-part model, to provide time-resolved
maps of the radial magnetic field on Sun-like stars with rota-
tion rates in the range ⌦� 6 ⌦ 6 8⌦�, which corresponds to an
(sidereal) equatorial rotation period range from 25 to 3 days. The
platform developed here will be used in the forward modelling of
brightness variations on timescales covering active region evolu-
tion, stellar rotation, and the activity cycle (the second paper in
this series). It also has the potential to be used in synthesising
spectra covering photospheric lines used in Doppler imaging.

The thin flux-tube simulations successfully model the basic
dynamical aspects of the emergence of large-scale flux loops
in the case of the Sun, despite several idealisations involved
(Caligari et al. 1995). Distributions of tilt angles in faster rotating
suns have not been well investigated so far, despite their potential
effects on the distribution and evolution of surface magnetic flux.
We have demonstrated in this study that these effects can be sig-
nificant. Though we focused on the photospheric distribution of
large-scale radial fields, the dynamical effects of increasing rota-
tion rate on the emerging flux would certainly have implications
for coronal magnetic structure (Gibb et al. 2016).

The model provides clues about how patterns of stellar
activity are likely to change with increasing rotation and flux-
emergence rates. We assumed that the time-latitude pattern of
flux eruptions at the base follows the solar butterfly-diagram
trends. Because currently there is no empirical evidence favour-
ing any specific pattern for the internal toroidal field for
!̃ > 1, we preferred this simple and conservative approach to
also test the applicability of the solar paradigm. Therefore, the
only change in the dynamo with increasing rotation rate is that

it produces more toroidal flux, which reaches higher latitudes at
the base of the convection zone.

We extrapolated the empirical relation for the mean latitude
of the solar butterfly pattern to higher levels of activity, as if a
solar cycle had an amplitude s̃ times its Cycle-22 level. This was
done to obtain the base distributions of such very strong cycles
before they rise to the surface, for 1⌦� (step II in Appendix B).
This step is necessary because observations show that sunspots
appear at higher average latitudes during stronger cycles (Solanki
et al. 2008; Jiang et al. 2011). However, it is also possible that
in real stars the deviation from a solar-like butterfly diagram at
the base of the convection zone can be significant, especially for
more rapid rotators. In future work, extrapolation of composite
or Babcock-Leighton type dynamo models to faster rotating Sun-
like stars can be employed (Işık et al. 2011; Karak et al. 2014)
to obtain an estimate of the butterfly diagram of the internal
toroidal field more consistently (see also Warnecke 2018).

Our simulations show that the polar field exhibits the follow-
ing trends with increasing !̃: (i) it strengthens relative to lower
latitude activity, and (ii) it reverses its polarity increasingly ear-
lier with respect to the activity maximum (Fig. 6d), in spite of the
fact that the initial polar field was scaled with the rotation rate.
The first trend results from two effects, namely, higher tilt angles
and stronger activity. The second tendency can lead to an earlier
amplification of the toroidal field by the action of differential
rotation on the poloidal field. In addition to meridional circu-
lation and dynamo effects (Jouve et al. 2010; Işık et al. 2011), it
can thus contribute to shortening the cycle period for more active
stars.

There are two competing effects in our models which deter-
mine the polar field amplitude: the increasing tilt angles (with
rotation rate) tend to amplify the developing polar fields, whereas
the gap of inactivity opening around the equator (with faster
rotation) leads to weaker cross-equatorial preceding-polarity flux
cancellation, which limits the growth of a strong polar cap. We
speculate that there is a critical rotation rate at which the two
following timescales become comparable: the timescale for the
magnetic flux of each polarity within a BMR to diffuse and can-
cel each other, and the timescale for the preceding-polarity flux
from a typical BMR to diffuse and cancel with the preceding-
polarity flux from a corresponding BMR from the opposite
hemisphere. Beyond such a critical rotation rate, polar fluxes
would be saturated, provided that we are using the same solar
transport parameters. Such high rotation rates and activity levels
are beyond the scope of this paper.

Another effect that can hinder the formation of circumpo-
lar spots is related to the dynamo process. If the cycle period
decreases and cycle overlap increases significantly with the
rotation rate, then the polar fields resulting from SFT may not
reach sufficient strengths to form spots before the subsequent
cycle peaks (see the Sun-like model with Prot = 2 days in Işık
et al. 2011). However, circumpolar spots are indeed observed on
some Doppler images of rapidly rotating Sun-like stars. Future
observations and modelling of cycles on Sun-like stars should
address this issue.

Our (!̃, s̃) = (8, 8) case can be compared to the Sun-like
(G1.5V) star EK Draconis, which has !̃ ' 8.8. This star also
exhibits a polar spot and mid-latitude activity in several Doppler
and Zeeman-Doppler images (Järvinen et al. 2007; Waite et al.
2017). This qualitative agreement is gratifying. Furthermore, its
mean umbral spot coverage is estimated to be in the range 0.25–
0.40 based on TiO-band observations by O’Neal et al. (2004),
whereas our model for (8,8) gives a cycle mean of 0.07 and a
maximum of 0.20. We consider these values to be in reasonable
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(a) (b)

(c) (d)

(e)

Fig. 9. Time-averaged latitudinal distributions of the fraction of surface
area covered by starspots for !̃ = 1 (panel a), !̃ = 2 (panel b), !̃ = 4
(panel c), and !̃ = 8 (panel d), where s̃ = !̃, given at the top of each
panel. The colours correspond to the cases in Figs. 3 and 6; lighter ones
are averages over a one-year window centred at the activity maximum
and darker curves represent cycle averages. Time-averaged surface cov-
erages for maxima and whole-cycles are given inside each plot. Panel e:
variation of the total spot coverage for each case.

white-light images and those produced by Doppler imaging (e.g.
Solanki & Unruh 2004). A more rigourous treatment of spot
areas is beyond the scope of this study, and will be employed
in the next paper for proper modelling of brightness variations.

It is known that faster rotating G stars generally show
stronger brightness variability (McQuillan et al. 2014). In this
context, nesting of active regions can have an influence on the
variability amplitudes on timescales comparable with the rota-
tion period. This is because the surface distribution of spots
would become less homogeneous in longitude (rotational phase),
when spots tend to emerge within nests. As a visual demonstra-
tion of the effect of nesting, we show in Fig. 12 pole-on views
(i = 0) of our case (!̃, s̃) = (8, 8) at three different phases of the
activity cycle, for random (unnested) and strongly nested cases,
where the nesting probability was chosen to be p = 0.7 (same as

a b

c d

a

Fig. 10. Snapshots of magnetic field strength from the runs for !̃ =
1, 2, 4, 8 (panels a–d), corresponding to the cycle maximum in each
case. The inclination angle of the rotation axis with respect to the line
of sight is 30�. The latitudinal circles are drawn at � = 37.5�, where the
poleward flow speed has a maximum, and at � = 75�, above which it is
assumed to be zero.

a b

c d

Fig. 11. As in Fig. 10, but for the unsigned magnetic field strength with
an inclination of 60�. The maps show the distribution of starspots, which
are defined as all pixels above the threshold of 187 G.

in all the previous figures). We also display the signed field dis-
tributions corresponding to the nested case, for the overall field
geometry and strength to be evaluated. Without forced nesting,
the spot distribution appears more axisymmetric. With nesting,
the highly non-axisymmetric spot distribution is likely to induce
larger-amplitude brightness variations on rotational timescales.
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ABSTRACT
Observations and modelling of stars with near-solar masses in their early phases of evolution are critical for a better understanding
of how dynamos of solar-type stars evolve. We examine the chemical composition and the spot distribution of the pre-main-
sequence solar analogue EK Dra. Using spectra from the HERMES Spectrograph (La Palma), we obtain the abundances of
23 elements with respect to the solar ones, which lead to a [Fe/H] = 0.03, with significant overabundance of Li and Ba. The
s-process elements Sr, Y, and Ce are marginally overabundant, while Co, Ni, Cu, Zn are marginally deficient compared to solar
abundances. The overabundance of Ba is most likely due to the assumption of depth-independent microturbulent velocity. Li
abundance is consistent with the age and the other abundances may indicate distinct initial conditions of the pre-stellar nebula.
We estimate a mass of 1.04 M! and an age of 27+11

−8 Myr using various spectroscopic and photometric indicators. We study the
surface distribution of dark spots, using 17 spectra collected during 15 nights using the CAFE Spectrograph (Calar Alto). We also
conduct flux emergence and transport (FEAT) simulations for EK Dra’s parameters and produce 15-d-averaged synoptic maps
of the likely starspot distributions. Using Doppler imaging, we reconstruct the surface brightness distributions for the observed
spectra and FEAT simulations, which show overall agreement for polar and mid-latitude spots, while in the simulations there is
a lack of low-latitude spots compared to the observed image. We find indications that cross-equatorial extensions of mid-latitude
spots can be artefacts of the less visible southern-hemisphere activity.

Key words: stars: abundances – stars: activity – stars: imaging – stars: individual: EK Dra – starspots.

1 IN T RO D U C T I O N

Monitoring young solar analogues is of key importance in deter-
mining patterns of magnetic activity on the Sun during its early
stages of evolution (e.g. Kriskovics et al. 2019). Such observations
are essential for testing theoretical models of the physical processes
underlying stellar magnetic activity, namely, the generation, emer-
gence, and surface transport of magnetic flux in solar-type stars. A
fundamental problem awaiting explanation is the surface distribution
of spots on such young and active stars, which is very different from
solar patterns. In addition, investigating magnetic activity in young
solar analogues is of great importance in understanding the angular
momentum evolution (Cang et al. 2020) and the stellar dynamo, as
they strongly affect each other throughout stellar evolution (Güdel
2007; Brun & Browning 2017). Probing stellar magnetic activity

! E-mail: hvsenavci@ankara.edu.tr (HVS); emre.isik@tau.edu.tr (EI)

also holds special interest, since magnetic activity has important
effects on the structure and evolution of planetary atmospheres
(Johnstone 2017), as well as detectability of exoplanets (Aigrain et al.
2016).

Doppler Imaging (hereafter DI) is a widely used technique in
reconstructing distributions of relative brightness (or temperature)
on the visible parts of rapidly rotating cool stars (see Strassmeier
2009). For a realistic Doppler image, three critical prerequisites are
(a) a sufficiently large rotation rate and a good coverage of rotational
phases, (b) a precise determination of fundamental stellar parameters,
and (c) high-resolution spectra with sufficiently high signal-to-noise
ratios (SNRs).

Using high-resolution spectra, detailed profiles of the chemical
composition can also be obtained. This gives insight for studies of
solar-like magnetic activity throughout stellar evolution, such as the
Li abundance, which is often used as an indicator of the stellar age
(see e.g. Carlos, Nissen & Meléndez 2016). Elemental abundances
are also important in revealing the initial chemical compositions

C© 2021 The Author(s)
Published by Oxford University Press on behalf of Royal Astronomical Society
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Table 2. Fundamental parameters of EK Dra.

Parameter Valuea Method and notes

Teff (K) 5672 Strömgren photometry
5811 ± 65 Geneva photometry
5799 ± 100 Johnson photometry + F96
5926 ± 100 Johnson photometry + B98
5776 ± 100 Johnson photometry + SF00
5770 ± 120 SDSS g and r filters + B12
5664 ± 120 Gaia photometry + B12
5770 ± 50 Excitation eq. of Fe I

5770 ± 80 Adopted
Log g (cgs) 4.41 Strömgren photometry

4.28 ± 0.26 Geneva photometry
4.54 ± 0.15 SDSS g and r filters + B12
4.46 ± 0.12 Gaia photometry + B12
4.40 ± 0.10 Ion. eq. of Ti I/II and Cr I/II

4.4 ± 0.1 Adopted
ξmic (km s−1) 1.7 ± 0.1 by minimizing σ [Fe/H]
Dist. (pc) 34.45 ± 0.03 Gaia parallax
M (M") 1.04 ± 0.04 Teff − log g diagram + B12
R (R") 1.07 ± 0.10 Teff − log g diagram + B12
Log τ b !7.7 From Li abundance

7.43 ± 0.15 Teff − log g diagram + B12
(Adopted)

vsini
(km s−1)

17.0 ± 0.5 From Fe I lines

16.6 ± 0.2 From DI (Adopted)
vrad (km s−1) − 20.26 ± 0.01 From DI
i (◦) 63 From J18
aSystematic uncertainties caused by isochrones (B12) were assumed as ±0.1
dex for log g and ±100 K for Teff.
b τ : age in years.

Figure 1. EK Dra on a Teff − log g diagram with PARSEC isochrones and
PMS evolutionary tracks. The masses are shown below each evolutionary
track. The logarithm of the ages (log τ , τ in years) are also shown above
each isochrone with corresponding colour codes (we note that these ages
are only valid for PMS stars). The theoretical position of the Sun and its
main-sequence evolutionary track (dashed grey line) are displayed only for a
comparison purpose. All tracks and isochrones are for the initial metallicity
z = 0.01774.

star. A mass of 1.04 ± 0.04 M" and an age of log τ = 7.43 ± 0.15
(i.e. 27+11

−8 Myr) were consequently estimated, putting EK Dra on the
pre-main sequence (PMS) phase of its evolution, most likely in the
post-T Tauri stage.

Figure 2. Standard deviation of the derived iron abundance versus the
microturbulent velocity for EK Dra.

4 C H E M I C A L A BU N DA N C E A NA LY S I S

The model atmospheres were computed with ATLAS12 (Kurucz
1996; Sbordone et al. 2004) assuming local thermodynamic equilib-
rium (LTE) and plane-parallel geometry. For the spectrum synthesis,
the atomic data were retrieved from VALD (Piskunov et al. 1995;
Ryabchikova et al. 1997; Kupka et al. 1999, 2000) and the NIST
database (Kramida et al. 2015). The detailed list of the atomic lines
can be found in Kılıçoğlu et al. (2016). The oscillator strengths of
7Li lines were adopted from Reddy et al. (2002). The mixing length
parameter were calculated to be α = 1.53 from the calibration of
Ludwig, Freytag & Steffen (1999).

In order to avoid photospheric activity as much as possible, we
selected spectra obtained by the HERMES spectrograph when the
star is in a less active phase, i.e. the spectra have weak emission
features in the Ca II H&K lines. Three out of 12 observed HERMES
spectra, obtained consecutively on 2016 March 29, fitted this con-
dition. We merged these three spectra to increase the S/N and used
the merged spectrum for chemical abundance analysis. We carefully
selected 434 unblended (or barely blended) lines of Li, C, Na, Mg,
Al, Si, S, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr, Y, Ba,
Ce, and Nd in the spectrum. We then fitted these observed spectra
line-by-line with synthetic profiles produced by SYNSPEC49 and
its SYNPLOT interface. The code was modified to minimize the χ2

between the model and the observed points, using the Levenberg–
Marquardt algorithm (Markwardt 2009). The rotational velocity was
derived to be vsini = 17.0 ± 0.5 km s−1 by adjusting the synthetic
spectra to the unblended iron lines.

To derive the microturbulent velocity of EK Dra, we obtained
the iron abundance [Fe/H] using 190 unblended Fe I lines for a
set of microturbulent velocities ranging from 0.0 to 4.0 km s−1.
Fig. 2 shows the standard deviation of the derived [Fe/H] as a
function of the microturbulent velocity. The adopted microturbulent
velocity is the value which minimizes the standard deviation, i.e. ξ

= 1.72 ± 0.10 km s−1. The abundances of the other elements were
determined after this step using the obtained ξ value.

The atmospheric parameters of EK Dra were refined by testing
the excitation equilibrium of Fe I and the ionization equilibrium of
Ti I/II and Cr I/II. The scatter plot of excitation potential versus Fe
abundances (from Fe I lines) gave the minimum regression slope
at Teff = 5770 K (Fig. 3). For log g = 4.4, we derived the same Cr
abundance from both Cr I and Cr II lines, and the same Ti abundances
from both Ti I and Ti II lines (within ± 0.02 dex). We could not use
Fe lines for ionization equilibrium because there were an insufficient

MNRAS 502, 3343–3356 (2021)
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Figure 13. Comparison of FEAT simulations with the Doppler image of EK Dra. Panels (a) and (c) are 15-d averaged simulations as seen on four rotational
phases, (b) and (d) show their corresponding synthetic Doppler images. Panel (e) shows the Doppler image (Fig. 9) reconstructed from the observations.

The position of EK Dra on the Teff-log g diagram suggests that the
star is on the pre-main-sequence with a mass of 1.04 ± 0.04 M!,
most-likely being a post-T Tauri star. Montes et al. (2001) have
mentioned that EK Dra is a member of the Local Association, using
all three components of its space velocity. López-Santiago et al.
(2006) also suggested that the star belongs to the Local Associa-
tion B4 subgroup, using kinematic, spectroscopic, and photometric
criteria. Using the Gaia DR2 data, we derived the space velocity
components as U = −5.98 km s−1, V = −30.15 km s−1, and W =
−3.56 km s−1. In the UV velocity plane, components match those
typically measured in Pleiades cluster, subgroup B4, and AB Dor
moving group. However, the estimated young age of the star is either
smaller or at the lowest limit of these groups. This makes it difficult

to clearly reveal which cluster/association/moving group the star
belongs to. The W velocity component is also not close to any of
those of these groups. The difference seen in the W component may
be due to the radial velocity of the EK Dra being disturbed by the
secondary component.

7.2 Spot distribution: observations versus models

We now confront the FEAT simulations presented in Fig. 13(a)
and (c) with the spot distribution inferred by Doppler imaging
(Fig. 13(e)). To make them more compatible, we first rescaled the
unsigned magnetic flux density (filtered between 187 and 800 G)
to spot filling factor, so that any pixel with |B| < 187 G has no

MNRAS 502, 3343–3356 (2021)
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Figure C1. FEAT simulations and their reconstructions assuming two (panel a) and four (panel b) times the solar DR, in comparison to observed Doppler
images of EK Dra for rigid-body and four times solar DR (panel c).

spot features (owing to increasingly strong shear) follow similar
patterns in the reconstructed maps. In addition, there are low-latitude
spotted regions in the reconstructed maps, though no such features
exist in the input SFT maps. This is a combined consequence of
the higher resolving power of the DI technique at lower latitudes
and the coincidental phase encounters of Southern-hemisphere spots
in the FEAT models, as discussed in Section 7.2. In general,
there is reasonable agreement between the input images and the
reconstructions, indicating that sheared spot distributions can be

well-reconstructed for up to four times solar DR. For comparison,
we show in Fig. C1 (panel c) two Doppler images of EK Dra,
reconstructed for rigid rotation and for four times solar DR, which is
about the value corresponding to the minimum χ2 in Fig. 10. In the
sheared DI, there is considerably less spot coverage near the equator
than in the rigid-body solution. In this sense, our FEAT models match
more closely with the sheared DI of EK Dra.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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II. Light curves and variability
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ABSTRACT

Context. The amplitude and morphology of light curves of solar-like stars change substantially with increasing rotation rate: brightness
variations get amplified and become more regular which has so far not been explained.
Aims. We develop a modelling approach for calculating brightness variations of stars with various rotation rates and use it to explain
observed trends in stellar photometric variability.
Methods. We combine numerical simulations of magnetic Flux Emergence And Transport (FEAT) with a model for stellar brightness
variability to calculate synthetic light curves of stars as observed by the Kepler telescope. We perform calculations for various rotation
rates and degrees of active-region nesting (i.e., the tendency of active regions to emerge in the vicinity of recently emerged ones).
Consecutively, we compute the rotational variability of our simulated stellar light curves as a function of rotation rate and nesting of
magnetic features and compare our calculations to Kepler observations.
Results. We show that both rotation rate and degree of nesting have a strong impact on the amplitude and morphology of stellar
light curves. In order to explain the variability of the bulk of Kepler stars we find that the degree of nesting increases with the stellar
rotation rate.
Conclusions. The suggested increase of nesting with the rotation rate can indicate clues to the flux emergence process for high levels
of stellar activity.

1. Introduction

Planetary hunting missions such as the Convection, Rotation and
planetary Transits (CoRoT Baglin et al. 2006; Bordé et al. 2003),
Kepler (Borucki et al. 2010) and the Transiting Exoplanet Sur-
vey Satellite (TESS, Ricker et al. 2014) allowed studying stellar
brightness variations caused by transits of magnetic features as
stars rotate. Such brightness variations have been discovered for
the Sun almost half a century ago (Willson et al. 1981; Willson
& Hudson 1981). Since then the models of solar brightness vari-
ations have been maturing and not only they are now capable
of accurately reproducing most of the available measurements
(see Solanki et al. 2013; Ermolli et al. 2013, for review) but they
also provide a starting point for explaining the plethora of stellar
photometric data (see, e.g. Lagrange et al. 2010; Meunier & La-
grange 2013; Meunier et al. 2015; Borgniet et al. 2015; Nèmec
et al. 2020b).

Recently Nèmec et al. (2020b) (hereinafter N20b) have
combined the Spectral And Total Irradiance Reconstruction
(SATIRE, Fligge et al. 2000; Krivova et al. 2003) together with
a surface flux transport model (SFTM, Cameron et al. 2010) to
compute the power spectra of solar brightness variations as they
would be measured at di↵erent inclinations, i.e. the angle be-
tween solar rotation axis and direction to the observer. These
calculations helped to remove a number of important observa-
tional biases when comparing the solar variability to that of other
stars (Nèmec et al. 2020a; Reinhold et al. 2020). Notably, by em-
ploying the N20b model and using the approach developed by
Witzke et al. (2018, 2020) to extend it to stars with non-solar
values of metallicity, Reinhold et al. (2021) have found that ro-
tation periods of a majority of the G-dwarfs with near-solar age

remain undetected. These results provided an explanation for the
discrepancy between the predictions of the number of Sun-like
rotators in the Kepler field and the actual number of detected
ones (see van Saders et al. 2019) .

In this work, we make use of one more important extension
of the solar paradigm, which involves modelling stars rotating
faster than the Sun. Işık et al. (2018) (hereafter Paper I) devel-
oped a modelling framework for computing the surface distribu-
tion of magnetic flux on stars with solar fundamental parame-
ters but rotating faster than the Sun. Their Flux Emergence And
Transport (FEAT) model involves physics-based calculation of
the emergence latitudes and tilt angles of bipolar magnetic re-
gions (BMRs) for given stellar rotation rates, and the subsequent
modelling of the evolution of the radial magnetic flux at the pho-
tosphere. The FEAT model is self-consistently able to reproduce
the observations of polar spots that appear on stars with rotation
periods below about 3 days (see, e.g., Je↵ers et al. 2002; Mars-
den et al. 2004; Järvinen et al. 2006; Waite et al. 2015). Recently,
the FEAT model was successfully applied to the young solar ana-
logue EK Dra (S, enavcı et al. 2021), to explain the Doppler im-
ages which indicated near-polar spots and extended spot patterns
towards low latitudes. In the present work, we extend the model
of Paper I to calculate brightness variations of stars with various
rotation rates, degrees and modes of nesting of magnetic features
on their surfaces (i.e. the tendency of active regions to emerge in
the vicinity of recently emerged regions), and observed at var-
ious inclinations. We compare our results to the observational
trends found by McQuillan et al. (2014) from the Kepler data
and propose a possible explanation of these trends.
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Fig. 4: Comparison of R30 as returned by the N20b model and
the present model. All values are given in ppm. Black solid line
gives the linear regression, whereas the blue dashed line is the
1-to-1 correspondence between the two models

where �1 and �2 are the blue and red threshold wavelengths of
the filter passband, R(�) is the response function of the filter and
S (�, t) is the spectral irradiance at a given wavelength and time
t, h is the Planck constant, and c is the speed of light.

2.4. Defining the parameters of the model

As mentioned previously, we fix the parameters of the model
introduced in Sect. 2.2 to return the same level of rotational vari-
ability, represented via Rvar, of the solar case as N20b. For this,
we considered the four-year interval around the maximum of
solar cycle 22 (the considered interval is indicated by vertical
dashed black lines in Fig. 1) which corresponds to the timescale
of the Kepler mission). We then split the timeseries into 90-day
segments and calculated the di↵erence between the extrema in
each of the segments using the approach outlined above and that
of N20b. We note that we directly consider the di↵erence be-
tween the extrema instead of the di↵erences between the 95th
and 5th percentiles of sorted flux values, as is usually done in
the literature with the more noisy Kepler measurements (see e.g.
Basri et al. 2013).

We show a comparison between the Rvar values for the solar
case as returned by N20b and the present model in Fig. 4. The
best-values for the parameters , Bmin, Bmax, and Bsat, where found
to be 60, 700 and 250 G respectively and were chosen, as they
resulted in a slope of the linear regression close to unity (1.029)
and a high r2 value (0.957). The mean rotational variability in the
present model is comparable to that of the N20b model (1459.6
to 1457.71 ppm).

We present maps for di↵erent inclinations and nesting de-
grees of the spot and facula distributions (following the descrip-
tion in Sect. 2.2 and the choice of the parameters presented just
above) for a star with 8⌦� as returned by FEAT with various
nesting degrees (see Sect. 2.1) in Fig. 5 and Fig. 6, respectively.
Clearly visible in Fig. 5 are the polar spots.

Fig. 5: Spot area coverage per pixel for di↵erent nesting realisa-
tions at di↵erent viewing angles for the 8⌦� case. First column
shows i = 90�, second column i = 57�, third column i = 30�,
and forth column i = 0�. Top row is the non-nested case, middle
row includes p = 0.7 in the free-nesting (FN) case, bottom row
includes p = 0.7 in the active-longitude (AL) case.

Fig. 6: Similar to Fig. 5, but the faculae area coverages are
shown.

3. Light curves

Using the model described in Sect. 2.1, we generated a syn-
thetic 11–year–long cycle for each rotation rate considered in
this work. We focus on the four years around the activity maxi-
mum for two reasons. Firstly, we aim to explain the upper enve-
lope of the variability distribution of stars as a function of the ro-
tation period (McQuillan et al. 2014). Secondly, we model a sin-
gle activity cycle, without overlapping cycles preceding and fol-
lowing it. Modelling cycle overlap is beyond the present scope,
and it would a↵ect the activity level around cycle minima, which
we thus exclude from the analysis. We note that the LCs shown
in this section are 180–days–long snippets of the full LCs and
were simply chosen for demonstration.

Firstly, we consider the LCs of stars that are observed
equator-on (i = 90�). Figure 7 displays the de-trended LCs for
the non-nested case (p = 0), for di↵erent rotation rates. One can
see that the faster the star rotates, the higher its amplitude of vari-
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Fig. 4: Comparison of R30 as returned by the N20b model and
the present model. All values are given in ppm. Black solid line
gives the linear regression, whereas the blue dashed line is the
1-to-1 correspondence between the two models

where �1 and �2 are the blue and red threshold wavelengths of
the filter passband, R(�) is the response function of the filter and
S (�, t) is the spectral irradiance at a given wavelength and time
t, h is the Planck constant, and c is the speed of light.

2.4. Defining the parameters of the model

As mentioned previously, we fix the parameters of the model
introduced in Sect. 2.2 to return the same level of rotational vari-
ability, represented via Rvar, of the solar case as N20b. For this,
we considered the four-year interval around the maximum of
solar cycle 22 (the considered interval is indicated by vertical
dashed black lines in Fig. 1) which corresponds to the timescale
of the Kepler mission). We then split the timeseries into 90-day
segments and calculated the di↵erence between the extrema in
each of the segments using the approach outlined above and that
of N20b. We note that we directly consider the di↵erence be-
tween the extrema instead of the di↵erences between the 95th
and 5th percentiles of sorted flux values, as is usually done in
the literature with the more noisy Kepler measurements (see e.g.
Basri et al. 2013).

We show a comparison between the Rvar values for the solar
case as returned by N20b and the present model in Fig. 4. The
best-values for the parameters , Bmin, Bmax, and Bsat, where found
to be 60, 700 and 250 G respectively and were chosen, as they
resulted in a slope of the linear regression close to unity (1.029)
and a high r2 value (0.957). The mean rotational variability in the
present model is comparable to that of the N20b model (1459.6
to 1457.71 ppm).

We present maps for di↵erent inclinations and nesting de-
grees of the spot and facula distributions (following the descrip-
tion in Sect. 2.2 and the choice of the parameters presented just
above) for a star with 8⌦� as returned by FEAT with various
nesting degrees (see Sect. 2.1) in Fig. 5 and Fig. 6, respectively.
Clearly visible in Fig. 5 are the polar spots.

Fig. 5: Spot area coverage per pixel for di↵erent nesting realisa-
tions at di↵erent viewing angles for the 8⌦� case. First column
shows i = 90�, second column i = 57�, third column i = 30�,
and forth column i = 0�. Top row is the non-nested case, middle
row includes p = 0.7 in the free-nesting (FN) case, bottom row
includes p = 0.7 in the active-longitude (AL) case.

Fig. 6: Similar to Fig. 5, but the faculae area coverages are
shown.

3. Light curves

Using the model described in Sect. 2.1, we generated a syn-
thetic 11–year–long cycle for each rotation rate considered in
this work. We focus on the four years around the activity maxi-
mum for two reasons. Firstly, we aim to explain the upper enve-
lope of the variability distribution of stars as a function of the ro-
tation period (McQuillan et al. 2014). Secondly, we model a sin-
gle activity cycle, without overlapping cycles preceding and fol-
lowing it. Modelling cycle overlap is beyond the present scope,
and it would a↵ect the activity level around cycle minima, which
we thus exclude from the analysis. We note that the LCs shown
in this section are 180–days–long snippets of the full LCs and
were simply chosen for demonstration.

Firstly, we consider the LCs of stars that are observed
equator-on (i = 90�). Figure 7 displays the de-trended LCs for
the non-nested case (p = 0), for di↵erent rotation rates. One can
see that the faster the star rotates, the higher its amplitude of vari-
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ability which is the consequence of the activity-rotation scaling
(see Step 2 from Sect. 2.1).

Figure 7 shows that not only amplitude but also the shape
of the LCs strongly depends on the stellar rotation rate. For the
case of the solar rotation (⌦? = ⌦�, top panel of Fig. 7), most of
the individual dips in the LCs correspond to transits of di↵erent
active regions (since active regions evolve on timescale shorter
than the solar rotation). As active regions emerge randomly in
time, the LCs appear quite irregular. In contrast, the LCs of the
more rapidly rotating stars show gradually more regular patterns
in brightness variations (see the lower three panels in Fig. 7).
This is because active regions on such stars can survive several
rotation periods. Furthermore, the large amount of BMR emer-
gences over mid- to high latitudes with large tilt angles leads
to the formation of polar spots at about 4⌦�, with prominent
polar spot caps being present for the 8⌦� rotator (see Fig. 5).
The formation of polar spots for stars with those rotation rates
are consistent with Paper I and Doppler-imaging observations.
We note that the polar spots in our simulations turn out to be
non-axisymmetric unipolar caps. Their overall structure is rather
stable, because their decay is compensated by the magnetic flux
coming from the new emergences, as long as the activity level
and the BMR polarity orientations are sustained. As a next step,
we consider models with active-region nesting.

We first consider the e↵ect of the active-longitude nesting
(see Sect. 2.1). Figure 8 shows LCs synthesised with AL nesting
of 70% (i.e. p = 0.7). The overall shape of the LC for 1⌦� is
still rather irregular, compared to the faster rotators, due to the
low emergence frequency. With increasing rotation rate, dips re-
lated to BMR transits do not only occur at a separation of the
rotation period, but also at half of the rotation period. In addition
to a change in the morphology of the LCs, the variations are am-
plified with respect to the corresponding non-nested case at each
rotation rate (black solid lines versus coloured lines).

Figure 9 gives the most extreme case of AL nesting, where
we assume that all BMRs emerge in one of the two active longi-
tudes (e.g. p =1). Clearly, both dips (at one and half-rotational
period interval occur) in all of the cases and the LC amplitudes
are further augmented. The LCs in Fig. 9 additionally show, that
the two peaks have almost the same amplitude for the faster ro-
tators. In case of the solar rotator and the low emergence fre-
quency, temporarily asymmetries between the two AL can arise
in case of the emergence of a large BMR. However, with increas-
ing emergence frequency, the two ALs become more and more
symmetric and hence the amplitude of the two dips due to the
ALs as the star rotates are, to a large extent, comparable.

We now focus on the behaviour of the LCs in the FN mode.
In Fig. 10 we present the LCs produced with p = 0.7. One can
see that the amplitudes of the variability increase for all four
shown rotation periods. The light curves also appear more reg-
ular than those calculated with p = 0. We increase the nesting
even further to p = 0.99 in Fig.11. The change in the LCs with
this very high degree of nesting with respect to the non-nested
case is remarkable. The amplitude of the LCs is enhanced for all
cases and the runs with p = 0.99 exhibit regular patterns, even
in the solar case (top panel of Fig. 10). Interestingly, in the dis-
played LCs, not only dips with separation of the rotation period,
but also half-of the rotation period (e.g. most prominently seen
in the 4⌦� star appear. This is interesting, as the dips at half of
the rotation period, appear and disappear and are not constant,
compared to the AL case. We will discuss this further in Section
5.

Next, we consider the inclination e↵ect on the LCs. For
demonstration, we limit ourselves to the non-nested cases with

Fig. 7: Synthetic light curves (LCs) for stars with di↵erent rota-
tion rates as they would be observed in the Kepler passband at an
inclination of i = 90�. Shown are not-nested cases (p = 0) with
rotation rate values of 1⌦� (blue), 2⌦� (orange), 4⌦� (green),
and 8⌦� (red).

Fig. 8: Similar to Fig. 7, where the black curves represent the
calculations with p =0 for each rotation rate and the coloured
curves represent those with added AL-type nesting at p =0.7.

Fig. 9: Similar to Fig. 8 with AL-type nesting and p =1.

di↵erent rotation rates. We show the time-span of 0–90 days
from Fig. 7 for inclinations of 90�, 60� and 30� in Fig. 12. In
the given timespan, for 1⌦�, the amplitude of the variability de-
creases with decreasing inclination which is mainly due to the
foreshortening e↵ect. The shape of the transits also change. For
2 and 4⌦�, the LC amplitudes decreases for the inclinations
shown here as well. Interestingly, the situation changes for the
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ABSTRACT

Context. The amplitude and morphology of light curves of solar-like stars change substantially with increasing rotation rate: brightness
variations get amplified and become more regular which has so far not been explained.
Aims. We develop a modelling approach for calculating brightness variations of stars with various rotation rates and use it to explain
observed trends in stellar photometric variability.
Methods. We combine numerical simulations of magnetic Flux Emergence And Transport (FEAT) with a model for stellar brightness
variability to calculate synthetic light curves of stars as observed by the Kepler telescope. We perform calculations for various rotation
rates and degrees of active-region nesting (i.e., the tendency of active regions to emerge in the vicinity of recently emerged ones).
Consecutively, we compute the rotational variability of our simulated stellar light curves as a function of rotation rate and nesting of
magnetic features and compare our calculations to Kepler observations.
Results. We show that both rotation rate and degree of nesting have a strong impact on the amplitude and morphology of stellar
light curves. In order to explain the variability of the bulk of Kepler stars we find that the degree of nesting increases with the stellar
rotation rate.
Conclusions. The suggested increase of nesting with the rotation rate can indicate clues to the flux emergence process for high levels
of stellar activity.

1. Introduction

Planetary hunting missions such as the Convection, Rotation and
planetary Transits (CoRoT Baglin et al. 2006; Bordé et al. 2003),
Kepler (Borucki et al. 2010) and the Transiting Exoplanet Sur-
vey Satellite (TESS, Ricker et al. 2014) allowed studying stellar
brightness variations caused by transits of magnetic features as
stars rotate. Such brightness variations have been discovered for
the Sun almost half a century ago (Willson et al. 1981; Willson
& Hudson 1981). Since then the models of solar brightness vari-
ations have been maturing and not only they are now capable
of accurately reproducing most of the available measurements
(see Solanki et al. 2013; Ermolli et al. 2013, for review) but they
also provide a starting point for explaining the plethora of stellar
photometric data (see, e.g. Lagrange et al. 2010; Meunier & La-
grange 2013; Meunier et al. 2015; Borgniet et al. 2015; Nèmec
et al. 2020b).

Recently Nèmec et al. (2020b) (hereinafter N20b) have
combined the Spectral And Total Irradiance Reconstruction
(SATIRE, Fligge et al. 2000; Krivova et al. 2003) together with
a surface flux transport model (SFTM, Cameron et al. 2010) to
compute the power spectra of solar brightness variations as they
would be measured at di↵erent inclinations, i.e. the angle be-
tween solar rotation axis and direction to the observer. These
calculations helped to remove a number of important observa-
tional biases when comparing the solar variability to that of other
stars (Nèmec et al. 2020a; Reinhold et al. 2020). Notably, by em-
ploying the N20b model and using the approach developed by
Witzke et al. (2018, 2020) to extend it to stars with non-solar
values of metallicity, Reinhold et al. (2021) have found that ro-
tation periods of a majority of the G-dwarfs with near-solar age

remain undetected. These results provided an explanation for the
discrepancy between the predictions of the number of Sun-like
rotators in the Kepler field and the actual number of detected
ones (see van Saders et al. 2019) .

In this work, we make use of one more important extension
of the solar paradigm, which involves modelling stars rotating
faster than the Sun. Işık et al. (2018) (hereafter Paper I) devel-
oped a modelling framework for computing the surface distribu-
tion of magnetic flux on stars with solar fundamental parame-
ters but rotating faster than the Sun. Their Flux Emergence And
Transport (FEAT) model involves physics-based calculation of
the emergence latitudes and tilt angles of bipolar magnetic re-
gions (BMRs) for given stellar rotation rates, and the subsequent
modelling of the evolution of the radial magnetic flux at the pho-
tosphere. The FEAT model is self-consistently able to reproduce
the observations of polar spots that appear on stars with rotation
periods below about 3 days (see, e.g., Je↵ers et al. 2002; Mars-
den et al. 2004; Järvinen et al. 2006; Waite et al. 2015). Recently,
the FEAT model was successfully applied to the young solar ana-
logue EK Dra (S, enavcı et al. 2021), to explain the Doppler im-
ages which indicated near-polar spots and extended spot patterns
towards low latitudes. In the present work, we extend the model
of Paper I to calculate brightness variations of stars with various
rotation rates, degrees and modes of nesting of magnetic features
on their surfaces (i.e. the tendency of active regions to emerge in
the vicinity of recently emerged regions), and observed at var-
ious inclinations. We compare our results to the observational
trends found by McQuillan et al. (2014) from the Kepler data
and propose a possible explanation of these trends.
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Fig. 10: Similar to Fig. 8, with free nesting and p =0.7.

Fig. 11: Similar to Fig. 8,with free nesting and p =0.99.

Fig. 12: Similar to Fig. 7 for di↵erent inclination shown in three
columns for i = 90�, 60�, and i = 30�.

8⌦� case. The amplitude increases from i = 90� to 60� and then
decreases from i = 60� to i = 30�. Also the amplitude of vari-
ability observed at i = 30� is larger than that at i = 90�. This
can be explained with the help of the magnetic field maps in Fig.
5. For the case of 1⌦� all regions emerge within ± 30 �around
the equator. The Coriolis e↵ect gets stronger with increasing ro-
tation rate, so that for the 8⌦� star, the BMRs can emerge at
latitudes up to ± 70 �, while a latitudinal belt free of active re-
gions opens up around the equator between ±20� latitudes (see
Sec. 5). For i = 90�, the high-latitude spots appear close to the
limb, where their e↵ect on the brightness is significantly reduced
due to the foreshortening. With decreasing inclination, the ma-
jority of spots shift towards the centre of the visual disc and their
e↵ect on brightness increases.

4. Comparison to observations

In the following, we test the trends established in the previ-
ous section against Kepler observations. McQuillan et al. (2014)
found rotation periods for roughly 34,030 out of 133,030 stars.
We take the stars for which McQuillan et al. (2014) could obtain
rotation periods and for which Mathur et al. (2017) found tem-
peratures to be between 5500 and 6000K. This temperature cut
limits the sample to 8921 stars.

We again express the variability through Rvar (see Reinhold
et al. 2020, and the discussion in Sect. 2). Each star is repre-
sented via the median value of all available quarter values. In
Figs. 13 and 14 we show the comparison between the calculated
Rvar values of our simulated stars for various degrees of nesting
in the AL and the FN mode, respectively, and the sub-sample
of Kepler stars (grey dots). Evidently, if we do not include any
nesting, all of our calculated variabilities underestimate the bulk
of the observed variability amplitudes, especially for the faster
rotators. With increasing nesting level (Fig. 13 and 14 panels b,
c, d, and e), Rvar increases and the values move towards the up-
per edge of the distribution. Interestingly, p = 0.99 in the FN
mode (Fig. 13 panel e) overestimates the variability of the solar
case, but is able to explain the distributions of variabilities for
the faster rotating stars. We note that while the numbers of BMR
emerging is the same for a given rotation rate between the non-
nested and nested cases, with higher nesting degree, the spot disc
area coverage increases, due to the formation of spots by the flux
superposition. As a consequence, the spot area coverage is there-
fore not preserved in contrary to the approach presented in Işık
et al. (2020). We will elaborate on this point further in Sect. 5.

For a more detailed comparison between the simulations and
the observations, we bin the distribution of observed variabil-
ities. Namely, we compared the variabilities returned by our
model for a star rotating X times faster than the Sun, with vari-
abilities of a sample of stars with periods in the range [23/X,
27/X] days from the Kepler sample. This comparison is shown
in Fig. 15. The histograms in grey display the range of variabil-
ities within each of the rotation period bins. We note that the
number of stars within rotation bins decreases from panel a to d.
Similarly to Figs. 13 and 14, Fig. 15 shows that the calculations
with p = 0 clearly underestimate the variability for the 1, 2, and
4⌦� sub-sample (while a small number of Kepler stars in the
8⌦� rotation bin makes interpretation of panel d rather di�cult).
At the same time, the p = 0.99 FN calculations lie towards the
upper bound of the variability distribution for our considered ro-
tation periods. From this figure, it is clear, that various di↵erent
nesting modes can lead to similar values. This degeneracy might
be lifted, if di↵erent metrics are used. We discuss further metrics
of characterising stellar variability, including the morphology of
the LCs in Sect. 5.

5. Discussion

The premise of this work was to extend the solar paradigm to
model the distribution of magnetic features on stars rotating
faster than the Sun and consecutively calculate their light curves
and the amplitude of the variability. Figure 15 shows that while
our calculations with a rather high degree of nesting can repro-
duce the bulk of variabilities in the Kepler sample they do not
catch the maximum of the variability distribution. This might be
because we have used the emergence frequency of BMRs for
solar cycle 22 as reference cycle and scaled the emergence fre-
quency as a function of the rotation period based on that cycle
(i. e. a star rotating twice as fast as the Sun exhibits twice as
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ABSTRACT

Context. The amplitude and morphology of light curves of solar-like stars change substantially with increasing rotation rate: brightness
variations get amplified and become more regular which has so far not been explained.
Aims. We develop a modelling approach for calculating brightness variations of stars with various rotation rates and use it to explain
observed trends in stellar photometric variability.
Methods. We combine numerical simulations of magnetic Flux Emergence And Transport (FEAT) with a model for stellar brightness
variability to calculate synthetic light curves of stars as observed by the Kepler telescope. We perform calculations for various rotation
rates and degrees of active-region nesting (i.e., the tendency of active regions to emerge in the vicinity of recently emerged ones).
Consecutively, we compute the rotational variability of our simulated stellar light curves as a function of rotation rate and nesting of
magnetic features and compare our calculations to Kepler observations.
Results. We show that both rotation rate and degree of nesting have a strong impact on the amplitude and morphology of stellar
light curves. In order to explain the variability of the bulk of Kepler stars we find that the degree of nesting increases with the stellar
rotation rate.
Conclusions. The suggested increase of nesting with the rotation rate can indicate clues to the flux emergence process for high levels
of stellar activity.

1. Introduction

Planetary hunting missions such as the Convection, Rotation and
planetary Transits (CoRoT Baglin et al. 2006; Bordé et al. 2003),
Kepler (Borucki et al. 2010) and the Transiting Exoplanet Sur-
vey Satellite (TESS, Ricker et al. 2014) allowed studying stellar
brightness variations caused by transits of magnetic features as
stars rotate. Such brightness variations have been discovered for
the Sun almost half a century ago (Willson et al. 1981; Willson
& Hudson 1981). Since then the models of solar brightness vari-
ations have been maturing and not only they are now capable
of accurately reproducing most of the available measurements
(see Solanki et al. 2013; Ermolli et al. 2013, for review) but they
also provide a starting point for explaining the plethora of stellar
photometric data (see, e.g. Lagrange et al. 2010; Meunier & La-
grange 2013; Meunier et al. 2015; Borgniet et al. 2015; Nèmec
et al. 2020b).

Recently Nèmec et al. (2020b) (hereinafter N20b) have
combined the Spectral And Total Irradiance Reconstruction
(SATIRE, Fligge et al. 2000; Krivova et al. 2003) together with
a surface flux transport model (SFTM, Cameron et al. 2010) to
compute the power spectra of solar brightness variations as they
would be measured at di↵erent inclinations, i.e. the angle be-
tween solar rotation axis and direction to the observer. These
calculations helped to remove a number of important observa-
tional biases when comparing the solar variability to that of other
stars (Nèmec et al. 2020a; Reinhold et al. 2020). Notably, by em-
ploying the N20b model and using the approach developed by
Witzke et al. (2018, 2020) to extend it to stars with non-solar
values of metallicity, Reinhold et al. (2021) have found that ro-
tation periods of a majority of the G-dwarfs with near-solar age

remain undetected. These results provided an explanation for the
discrepancy between the predictions of the number of Sun-like
rotators in the Kepler field and the actual number of detected
ones (see van Saders et al. 2019) .

In this work, we make use of one more important extension
of the solar paradigm, which involves modelling stars rotating
faster than the Sun. Işık et al. (2018) (hereafter Paper I) devel-
oped a modelling framework for computing the surface distribu-
tion of magnetic flux on stars with solar fundamental parame-
ters but rotating faster than the Sun. Their Flux Emergence And
Transport (FEAT) model involves physics-based calculation of
the emergence latitudes and tilt angles of bipolar magnetic re-
gions (BMRs) for given stellar rotation rates, and the subsequent
modelling of the evolution of the radial magnetic flux at the pho-
tosphere. The FEAT model is self-consistently able to reproduce
the observations of polar spots that appear on stars with rotation
periods below about 3 days (see, e.g., Je↵ers et al. 2002; Mars-
den et al. 2004; Järvinen et al. 2006; Waite et al. 2015). Recently,
the FEAT model was successfully applied to the young solar ana-
logue EK Dra (S, enavcı et al. 2021), to explain the Doppler im-
ages which indicated near-polar spots and extended spot patterns
towards low latitudes. In the present work, we extend the model
of Paper I to calculate brightness variations of stars with various
rotation rates, degrees and modes of nesting of magnetic features
on their surfaces (i.e. the tendency of active regions to emerge in
the vicinity of recently emerged regions), and observed at var-
ious inclinations. We compare our results to the observational
trends found by McQuillan et al. (2014) from the Kepler data
and propose a possible explanation of these trends.
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Fig. 13: Comparison of Rvar as a function of the rotation period between Kepler stars with e↵ective
temperatures with 5500–6000 K (grey dots) and the modelled stars. Each panel includes di↵erent
nesting probabilities p in the form of active-longitude (AL) nesting. The di↵erent colours indicate
the inclination of the modelled stars.

evident from Fig. 15, introducing various nesting degrees is not enough to catch the maximum of

the variability distribution in the Kepler sample. It is possible that solar cycle 22 does not represent

the maximum level of activity the Sun is capable of (see, e.g. Reinhold et al. 2021). Işık et al.

(2020) considered this possibility by introducing both, higher degrees of nesting and a scaling of

the mean activity level in terms of BMR emergence with a toy-model limited to for stars with near

solar rotation rates.
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Fig. 14: Similar to Fig. 13, with di↵erent degrees of free nesting (FN).

Another parameter space that we have not taken into account in this study is the e↵ect of stellar

fundamental parameters (e.g. the e↵ective temperature and the stellar metallicity). While we limited

our sample of Kepler stars to a temperature range of 5500–6000K, it contains stars with a rather

broad range of metallicity values. Witzke et al. (2020) have shown, that changing the metallicity

for a star with solar level of activity enhances the possibility of recovering rotation periods as the

star moves out of the compensation regime between facular and spot contribution on the rotational

time–scale. It is less intuitive, however, how the change in metallicity will a↵ect the calculations

presented in this paper. According to our calculations, the rotational variability in the rapid rotators
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Figure 1. Observed vs. modeled dependences of the stellar photometric variability (Rvar; see Section 2 for its definition)
on the rotation period (Prot). Shown are photometric variabilities of Kepler stars from McQuillan et al. (2014) periodic sample
(grey dots), mean observed variability in the bin Prot ± 1 days (blue ‘+’ symbols), as well as variabilities calculated by Nèmec
et al. (2021) for the case of no nesting (red ‘+’ symbols), active longitude nesting with 100% probability (orange ‘+’ symbols)
and free nesting with 99% probability (purple ‘+’ symbols). The purple star symbol shows the computed variability at the
solar rotation rate for free nesting with 90% probability. The ‘�’ symbol represents the median solar variability in the
last 140 yr as given by Reinhold et al. (2020). The vertical black lines indicate the range of solar variability
(we note that the minimum value of 1.95 is outside the range shown). The sample of McQuillan et al. (2014) was
restricted to stars with near-solar e↵ective temperatures in the range 5500�6000K (with stellar e↵ective temperatures adopted
from Mathur et al. 2017).

Abedigamba 2016). In the FEAT model, for simplicity, the stratification and the di↵erential rotation91

in the convection zone are kept the same as in the solar case for all rotation rates (i.e., �⌦? = �⌦�; see92

Isik et al. 2018 for details). The time-latitude distribution of flux tubes at the base of the convection93

zone are in accordance with the solar butterfly diagram for one full activity cycle of duration 11 yr. The94

e↵ect of rotation on cycle length and shape is ignored for simplicity (the influence of this assumption95

on the results is discussed in Section 4). The emergence rate of active regions, es = S?/S� (where S? and96

S� are stellar and solar emergence rates, respectively), is scaled linearly with the rotation rate, in other97

words es = e!. This choice is based on the observed linear relationship between the average magnetic98

field strength and equatorial rotational velocity in Sun-like stars (Reiners 2012). The S� values for99

solar cycle 22, which is a cycle of intermediate strength, are adopted. See Işık et al. (2018) for further100

details.101

An important parameter in the FEAT simulations is nesting of active regions, which has been observed on the Sun102

(e.g. Castenmiller et al. 1986; Berdyugina & Usoskin 2003) and has also been proposed to be present on other Sun-like103

stars (see Işık et al. 2020, and references therein). Following Işık et al. (2020), we use two modes of nesting, namely104

free-nesting (FN) and double active-longitude nesting (AL). The probability of an active region to be part of a nest105

in each of these modes is denoted by p, where 0 < p < 1. In the FN mode, an active region is forced to emerge either106

in the vicinity of a previous emergence with a probability p or in the location determined by the activity cycle model107

without nesting, with a probability 1 � p. We note that the nests are assumed to form sequentially, i.e. a new nest108

can start to form only once the Bernoulli trial hits the 1 � p case. In contrast, in the AL mode, the active region109

emergences are modeled such that they exclusively appear near one of the two active longitudes separated by 180�110

with equal probability. In the AL, the active regions are close to each other only in longitude, whereas for the FN, new111
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Abstract

Ultra-precise astrometry from the Gaia mission is expected to lead to astrometric detections of more than 20,000
exoplanets in our Galaxy. One of the factors that could hamper such detections is the astrometric jitter caused by
the magnetic activity of the planet host stars. In our previous study, we modeled astrometric jitter for the Sun
observed equator-on. In this work, we generalize our model and calculate the photocenter jitter as it would be
measured by the Gaia and Small-JASMINE missions for stars with solar rotation rate and effective temperature, but
with various values of the inclination angle of the stellar rotation axis. In addition, we consider the effect of
metallicity and of nesting of active regions (i.e., the tendency of active regions to emerge in the vicinity of each
other). We find that, while the jitter of stars observed equator-on does not have any long-term trends and can be
easily filtered out, the photocenters of stars observed out of their equatorial planes experience systematic shifts over
the course of the activity cycle. Such trends allow the jitter to be detected with continuous measurements, in which
case it can interfere with planet detectability. An increase in the metallicity is found to increase the jitter caused by
stellar activity. Active-region nesting can further enhance the peak-to-peak amplitude of the photocenter jitter to a
level that could be detected by Gaia.

Unified Astronomy Thesaurus concepts: Stellar activity (1580); Solar activity (1475); Astrometry (80); Exoplanet
detection methods (489)

1. Introduction

Over 4,300 exoplanets have so far been discovered in our
Galaxy.5 The majority of these discoveries have been made
with radial velocity and transit photometry methods. Using
ground-based observations of periodic variations in stellar
radial velocity caused by gravitational interaction with a planet,
Mayor & Queloz (1995) discovered the first exoplanet
orbiting a Sun-like star. This commenced many dedicated
planet-search programs. For example, the High Accuracy
Radial velocity Planet Searcher (HARPS; Pepe et al. 2000)
spectrograph discovered over 130 exoplanets, making it the
most successful planet finder to date that utilizes the radial
velocity technique. The Convection, Rotation and planetary
Transit (CoRoT; Bordé et al. 2003; Moutou & COROT
Team 2006) became the first space-based mission to discover
exoplanets using transit photometry. The Kepler mission
(Borucki et al. 2010), which used the same method as CoRoT,
has so far been the most successful planet-hunting mission,
with its discoveries making up more than half the number of
known exoplanets in our Galaxy. The ongoing survey by the
Transiting Exoplanet Survey Satellite (TESS; Ricker et al.
2014) has already made significant exoplanet discoveries and
further discoveries are anticipated from the upcoming PLAne-
tary Transits and Oscillations of stars (PLATO; Rauer et al.
2014) space mission.

One of the other promising methods for finding exoplanets
has astrometry as its basis. The astrometric technique requires
precise measurement of a minuscule “stellar wobble” caused by

a planetary companion (i.e., changes in the position of a star
introduced by the revolution of a star around the star–planet
barycenter). Owing to the absence of such extremely precise
measurements, only a few astrometric detections have been
reported to date (e.g., the catalog of exoplanets at http://
exoplanet.eu/catalog lists only 12 detections with astrometry).
HD 176051b was the first exoplanet to be discovered using
astrometry (Muterspaugh et al. 2010) and the latest discovery,
TVLM 513-46546b, was reported by Curiel et al. (2020).
However, a drastic change in the situation is imminent with the
ultra-precise astrometric capability of the Gaia space observa-
tory (Gaia Collaboration 2016), which was launched in 2013
December. In particular, it is estimated that for a mission
duration of 10 yr, data from Gaia would lead to a discovery of
some 70,000 exoplanets (Perryman et al. 2014). The Japanese
mission Small-JASMINE (Yano et al. 2013; Utsunomiya et al.
2014), planned for launch in 2024, will complement Gaia’s
exoplanet detections by carrying out very precise astrometric
measurements in the near-infrared.
The wobbling of a star around the star–planet barycenter

leads to a displacement of the stellar photocenter. Another
potential source of photocenter excursions of a star is its
magnetic activity (see, e.g., Lanza et al. 2008). Surface
magnetic features, such as spots and faculae, not only lead to
photometric variability and radial velocity changes, but also
induce astrometric jitter (i.e., the displacement of the photo-
center). Dark starspots cause a decline in the surface brightness
and repel the photocenter, whereas the bright faculae increase
the surface brightness attracting the photocenter toward them.
The photocenter displacement caused by the surface magnetic
activity is time-dependent due to the evolution of magnetic
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Y< 0). Consequently, spots mainly displace the photocenter in
the north direction (positive Y; see middle panels in Figure 4).
Faculae, however, predominantly lead to displacements in the
negative Y direction (see middle panels in Figure 5). Since their

latitude distribution is broader than that of spots, faculae also
span some parts of the north half disk and lead to non-zero
signal in the positive Y direction. The trajectories of individual
large spots transiting the visible disk are evident in Figure 4.

Figure 2. Simulated distribution of spots (blue) and faculae (red shades) at a single time step around the maximum of activity cycle 22 for various inclinations as
indicated at the upper right of the individual rows. The maps on the left show the distributions over the entire stellar surface. The shaded areas mark the far side of the
star. The right panels show the corresponding projected distributions on the visible stellar disk.
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Figure 13. Same as Figure 7 but for es = e! = 8.

22 Sowmya et al.

Figure 16. Absolute displacements of the photocenter (r =
p

�X2
total +�Y 2

total) arising from the combined action of the stellar
magnetic activity and an Earth-mass planet going around the star. The displacements shown are for the Gaia-G passband and
at i = 60�. The rotation rate, given at the right of the figure, decreases from the top row to the bottom row. The left column
corresponds to active region emergence in the AL nesting mode with p = 1 and the right column to the FN mode with p = 0.99.

increases (Böhm-Vitense 2007). This means that the faster rotating Suns considered in this study371

probably exhibit activity cycles shorter than 11 yr. Such a change in the activity cycle duration does372

not a↵ect the results presented in this paper since the emergence rate and nesting of active regions are373

the main drivers of the jitter amplitudes....374

For stars rotating faster than the Sun and the high degree of nesting considered in this paper, the jitter due to375

magnetic activity completely screens the signal induced by an Earth-mass planet at 1AU around a G2V star, both in376

Gaia-G and Small-JASMINE passbands. For es = e! = 8, the absolute displacements reach up to 30mR�, corresponding377

to roughly 15µas at a distance of 10 pc, which could be detected by Gaia-G. The S/N ratio remains low during378

most part of the activity cycle for stars rotating faster than the solar rotation rate. The interference379

caused by the stellar magnetic activity then poses a limitation on the detection of Earth-like planets around Sun-like380

stars which are more active than the Sun, representing the upper envelope of the photometric variability distribution381

of Kepler stars shown in Figure 1. This limitation might still be overcome for stars at the solar rotation382

rate because of the high S/N ratio during activity cycle minimum. Also, the noise in jitter due to383

magnetic activity in stars like the Sun which are faculae dominated is comparable to the astrometric384

jitter from Earth-mass planet. If sub-microarcsecond accuracy can be reached in future astrometric385

missions, Earth-mass planets around faculae-dominated stars can be detected.386

Thus, we conclude that the astrometric measurements of active stars should be properly treated to exclude the387

e↵ects due to stellar magnetic activity. We expect that simultaneous astrometric measurements in multiple passbands388

could remove a significant fraction of the jitter due to stellar magnetic activity (Kaplan-Lipkin et al. 2021). Further,389

simultaneous observations of broad-band brightness in multiple channels and/or together with Ca ii H & K time series390
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ABSTRACT8

A breakthrough in exoplanet detections is foreseen with the unprecedented astrometric measurement9

capabilities o↵ered by instrumentation aboard Gaia space observatory. Besides, Earth-like planet10

discoveries are expected from the planned infrared astrometry space mission, Small-JASMINE. In this11

setting, the present series of papers focuses on estimating the e↵ect of magnetic activity of G2V-type12

host stars on the astrometric signal. This e↵ect interferes with the astrometric detections of Earth-13

mass planets. While the first two papers considered stars rotating at the solar rotation rate, this paper14

focuses on stars having solar e↵ective temperature and metallicity but rotating faster than the Sun,15

and consequently more active. By simulating the distribution of active regions on such stars using16

the Flux Emergence And Transport model, we show that the contribution of magnetic activity to the17

astrometric measurements becomes increasingly significant with increasing rotation rates. We further18

show that the jitter for the most variable periodic Kepler stars is high enough to be detected by Gaia.19

Furthermore, due to a decrease in the facula-to-spot area ratio for more active stars, the magnetic20

jitter is found to be spot-dominated for rapid rotators. Our simulations of the astrometric jitter has21

the potential to aid the interpretation of data from Gaia and upcoming space astrometry missions.22

Keywords: Stellar rotation (1629) – Stellar activity (1580) – Astrometric exoplanet detection (2130)23

1. INTRODUCTION24

Astrometric detection of exoplanets relies on the measurement of the tiny changes in positions of stars, normally25

referred to as the jitter, arising due to the motion of stars around star-planet barycenters. In contrast to transit26

photometry and radial velocity methods, astrometry is very e↵ective for detecting planets with face-on and/or long27

period orbits and determining their masses (see, e.g. Sahlmann et al. 2013; Xu et al. 2017). Therefore, astrometric28

searches for exoplanets are expected to complement searches based on radial velocity changes and transit photometry.29

ESA’s Gaia space observatory (Gaia Collaboration 2016), which is operational since December 2013,30

o↵ers very high-precision (34 µas) astrometric measurements in the visible and near-infrared (330–31

1050 nm). It is an all sky survey mission from which detections of tens of thousands of exoplanets32

are anticipated (Perryman et al. 2014). Furthermore, the Small-JASMINE space mission from JAXA33

(Yano et al. 2013; Utsunomiya et al. 2014), foreseen to be launched in 2024, aims to find Earth-like34

habitable planets with the help of ultra-precise (25 µas) astrometric measurements in the infrared35

(1100–1700 nm). Although the main focus of the Small-JASMINE mission is the Galactic central36

region, targeted observations for exoplanets are planned for periods when the Galactic center is not37

observable. However, exoplanet detections from these missions may be subject to the limitations posed by the38

magnetic activity of the host stars, which we investigate in this series of papers.39
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Sonuçlar

• Etkin bölge yuvalanması, öncelikle Güneş’te daha iyi belirlenmeli. 

• Etkin bölge yuvalanması, Güneş “eşi" yıldızların değişkenlik desenlerinde önemli! 

• Etkin bölgeler arası akı sıfırlanması, faküla - leke baskınlığını açıklıyor. 

• Doppler görüntülerinde alçak enlemli yapılar, diğer yarıküre etkinliğinin izi olabilir!   

• Dönme-etkinlik bağıntısı + etkin bölge yuvalanması  değişkenlik desenleri 

• Etkinliğe bağlı astrometrik yalpalama:  
• gezegen tanısında hata kaynağı 

• manyetik etkinlik desenlerini anlamada araç
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