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ABSTRACT

Context. The Sun and stars with low magnetic activity levels, become photometrically brighter when their activity increases.
Magnetically more active stars display the opposite behaviour and get fainter when their activity increases.

Aims. We reproduce the observed photometric trends in stellar variations with a model that treats stars as hypothetical Suns with
coverage by magnetic features different from that of the Sun.

Methods. The presented model attributes the variability of stellar spectra to the imbalance between the contributions from different
components of the solar atmosphere, such as dark starspots and bright faculae. A stellar spectrum is calculated from spectra of the
individual components, by weighting them with corresponding disc area coverages. The latter are obtained by extrapolating the solar
dependences of spot and facular disc area coverages on chromospheric activity to stars with different levels of mean chromospheric
activity.

Results. We have found that the contribution by starspots to the variability increases faster with chromospheric activity than the
facular contribution. This causes the transition from faculae-dominated variability and direct activity—brightness correlation to spot-
dominated variability and inverse activity—brightness correlation with increasing chromospheric activity level. We have shown that
the regime of the variability also depends on the angle between the stellar rotation axis and the line-of-sight and on the latitudinal
distribution of active regions on the stellar surface. Our model can be used as a tool to extrapolate the observed photometric variability
of the Sun to Sun-like stars at different activity levels, which makes possible the direct comparison between solar and stellar irradiance

data.
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1. Introduction

The activity cycles in lower main sequence stars were discovered
at the Mount Wilson Observatory by recording the emission in
the cores of H and K lines of Ca II (Wilson||1978)). The time-
variable part of this emission forms mainly in the bright chro-
mospheric areas, heated by the magnetic field, and therefore is
usually linked with stellar magnetic activity, which is also of-
ten referred to as chromospheric activity (see e.g. Baliunas et al.
1995;|Hallj2008). The Mount Wilson program revealed that 60%
of the lower main sequence stars exhibit periodic variations in
activity reminiscent of the solar 11-year cycle, 25% show fluctu-
ations of activity without a clear periodicity (these stars are gen-
erally young and magnetically active), and 15% are the activity-
flat stars whose activity is constant with time (Baliunas et al.
1998). This distribution was confirmed with the complemen-
tary synoptic Solar-Stellar Spectrograph program at the Lowell
Observatory, which was more focused on nearly Sun-like stars (
defined by |[Lockwood et al.| (2007) as stars on or near main se-
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quence and colour index 0.42 < (B—-V) < 1.4,|Hall et al.[2007bj
Hall|2008)).

Stellar photometric variations have been more difficult to de-
tect, which, in fact, is also true in the case of the Sun. The solar S-
index (which is a measure of the Ca II H and K emission) varies
by more than 10% over the 11-year cycle (Radick et al.|[{1998)),
while the corresponding variability of the Total Solar Irradiance
(TSI, which is the spectrally integrated solar radiation at one
Astronomical Unit from the Sun) is only about 0.1% (Frohlich
20006). The first synoptic observations in the Stromgren filters b
and v (centreed at 467 and 411 nm, respectively) of dwarf stars
close to the solar spectral type were not able to unambiguously
confirm their variability (Jerzykiewicz & Serkowski|1966)).

A considerable improvement in the precision of ground-
based stellar photometry made it possible to establish the vari-
ability of the young main-sequence stars in the Hyades (Radick
et al.[1995). Their photometric variations in the Stromgren b and
y filters (centreed at 467 and 547 nm, respectively) appeared to
be in antiphase with variations of chromospheric activity (see
also|Lockwood et al.|2007)).
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A significant milestone was achieved with the start of the
synoptic observations of Sun-like stars at the Lowell observa-
tory (Lockwood et al.|[1992). [Lockwood et al.| (1997) selected
41 program stars bracketing the Sun in temperature and mean
chromospheric activity (34 of these stars were also included in
the Mount Wilson survey) and started their regular photometric
monitoring in the Strémgren filters b and y. Most of the stars in
the program were deemed variable on both the stellar rotation
and the cycle time scales (Lockwood et al.||1997; Radick et al.
1998} ILockwood et al.[2007)). While the solar 11-year variability
in the Stromgren b and y filters is estimated to be around 0.0002
mag (Shapiro et al.[[2013a), the variability of several stars was
found to exceed 0.01 mag. Hereafter the variability is calculated
in terms of root mean squares (rms), which is more appropriate
for the analysis of the rather large variety of stellar light curves
than the amplitude (Radick et al.|1998)).

One of the most robust patterns of stellar variability estab-
lished by the Lowell program was a conspicuous division be-
tween less active (and consequently older, see e.g. |Soderblom!
et al.|1991)) and more active (younger) stars. The former usually
demonstrate a direct correlation between brightness and activity
on the activity cycle time scale (an increase in activity is accom-
panied by an increase in the photometric brightness). The lat-
ter, on the contrary, show an inverse correlation between bright-
ness and activity, i.e. these two quantities vary in antiphase. The
threshold between these two regimes occurs around an average
chromospheric activity of logRj,, ~ —4.7 (see Radick et al.
1998, for a definition of logR{,, ), which roughly corresponds an
age of 2 Gyr age (Hall[2008). We note that the mean level of so-
lar chromospheric activity is logRj,, = —4.895 (Lockwood et al.
2007) and the Sun’s age is estimated to be around 4.5 — 5 Gyr
(see e.g.|Dziembowski et al.[1999 and references therein). Thus,
according to this classification the Sun belongs to the group of
older stars with direct activity-brightness correlation.

This result was later confirmed by |Hall et al.| (2009) based on
14 years of combined photometric and Ca II measurements of
28 Sun-like stars taken with Automatic Photometric Telescopes
at Fairborn Observatory and the Solar-Stellar Spectrograph at
Lowell Observatory; seven of these stars were also members of
the [Lockwood et al.[(2007)) sample; the sample included all the
brightest solar analogs with low activity. |Hall et al.| (2009) con-
sidered the activity-brightness correlation in four-year moving
boxcars and found that HD 140538 (¢ Ser with a mean chromo-
spheric activity of logR{;, = —4.80) lies exactly at the thresh-
old between the two variability regimes and exhibits both direct
and inverse activity-brightness correlations on timescales of four
years. They also found that besides the chromospheric activity
there must also be other factors which affect the regime of vari-
ability. For example HD 82885 (logR};, = —4.70) showed the
most robust inverse activity-brightness correlation among the en-
tire|Hall et al.| (2009) sample, being just slightly more active than
HD 140538. Up to now there has been no good model to explain
these observations.

The Lowell and Fairborn programs have also shown that
stars with higher chromospheric activity have, in general, larger
photometric variability. [Lockwood et al.| (2007)) and [Hall et al.
(2009) presented empirical linear dependences of variability (ex-
pressed via log (rms(b + y)/2)) on activity (as traced by logR{,.).
These regressions have the same slopes, but the Hall et al.|(2009)
regression is shifted by about 0.1 dex down in variability relative
to the Lockwood et al.[(2007) regression.

One of the crucial issues in studies of the solar-stellar con-
nection is understanding whether solar variability obeys the em-
pirical patterns outlined above. Presently there is no clear an-

swer to this question. While the regime of the TSI variability
over the 11-year cycle is well-established — it varies in phase
with solar activity (see e.g. [Frohlich| 2006; Ball et al.| 2012
Solanki et al.|[2013 and references therein), the regime of the
solar variability in the visible part of the spectrum is still un-
der debate. The Sun is located so close to the threshold between
direct and inverse correlations of visible irradiance (e.g. as mea-
sured in the Stromgren b and y filters) and activity, that there
is evidence for both the direct (e.g. [Lean et al.|[2005; Krivova
& Solanki| 2008 [Krivova et al. [2010; Ball et al.|[2011)) and in-
verse (Harder et al.|[2009; Preminger et al.|2011) correlations.
Lockwood et al.|(2007) showed that while the solar 11-year cy-
cle in chromospheric activity is vigorous relative to the solar
analogs, its photometric variability is significantly smaller than
indicated by the stellar data (see also |Shapiro et al.|2013al and
references therein). At the same time Hall et al.| (2007a, [2009)
showed that both chromospheric and photometric variabilities of
18 Scorpii, which is believed to be the closest bright solar analog
(Soubiran & Triaud|[2004; Petit et al.|2008), are very similar to
the solar values. Thus, even if the solar activity cycle is anoma-
lous with respect to the majority of stars (as was for example
proposed by Bohm-Vitense|2007)) there are stars which exhibit
solar-like chromospheric and photometric variabilities.

We note that the comparison of stellar and solar variabilities
is not straightforward. The Sun-like stars have a broad range of
chromospheric activities, bracketing the solar value. The more
rapidly rotating ones may also have different latitudinal distribu-
tions of active regions on their surfaces (Schiissler & Solanki
1992; |Granzer| [2002; Berdyuginal [2005) and, unlike the Sun,
which is observed from its near-equatorial plane, can be ob-
served from arbitrary directions (Schatten|[1993; Knaack et al.
2001} |Vieira et al.[[2012). All these factors affect the apparent
variability of Sun-like stars and hinder the direct comparison of
solar and stellar photometric and chromospheric data series.

In this paper we present a model which allows us to under-
stand how the solar photometric variability would manifest itself
if the Sun had a different level of chromospheric activity. It also
allows us to study the dependence of the photometric and chro-
mospheric variability on the angle between the stellar rotation
axis and the line-of-sight, as well as on the latitudinal distribu-
tion of active regions on the surface. It thus provides a tool for
comparing the Sun to solar analogs, which may help to better un-
derstand the physical mechanisms of solar and stellar variability.

Our model is based on a simplified version of the SATIRE
(Spectral And Total Irradiance Reconstruction, see |[Fligge et al.
2000; [Krivova et al.|[2003) model of solar irradiance variabil-
ity expanded from the Sun to stars with different activity levels
(in particular to more active stars). It allows us to understand
whether the observed patterns of stellar variability are compat-
ible with the solar paradigm and can be explained by a simple
extrapolation from the Sun. Extrapolating from solar to stel-
lar activity levels in order to explain the first observations of
Lockwood et al.| (1992) was proposed by [Foukall (1994)), al-
though at a more quantitate level than we attempt in this paper.

In Sect. 2] we give a brief overview of our understanding of
solar irradiance variability. In Sect. [3] we present empirical de-
pendences of the solar spot and facular disc area coverages on
chromospheric activity and the datasets used to define them. In
Sects. [d] and Sect. [5| we describe our model of stellar variabilty,
based on the extrapolation of the empirical dependences intro-
duced in Sect. [3] In Sect. [fl we employ this model to explain the
observed patterns of stellar variability. Finally, we summarise
our main results in Sect.[71



AL Shapiro et al.: The variability of Sun-like stars

2. Solar irradiance variability

It has been known since antiquity, when first naked eye obser-
vations of sunspots were reported (see discussion in [Usoskin
2008), that the solar surface is inhomogeneous in brightness.
The cause of this inhomogeneity is the magnetic field on the
solar surface, which gives rise to sunspots and facuale, convec-
tion (granulation) and oscillations (p-modes). Whereas convec-
tion and oscillations are the dominant contributors to solar irra-
diance variability on time scales shorter than a day (Seleznyov
et al.|2011)), the surface magnetic field is currently believed to
be the main source of the solar irradiance variability over time
scales ranging from days to decades and centuries (Domingo
et al.[[2009; [Ermolli et al. 2013} |Solanki et al.[2013). Modern
models (e.g.|Lean et al.|2005; Krivova & Solanki|2008}; |Shapiro
et al.|2011}; |[Fontenla et al.|2011) attribute the variability of the
solar irradiance to the imbalance between the contributions from
dark (e.g. sunspots or pores) and bright (e.g. faculae or net-
work) magnetic features in the solar atmosphere. The rotation
of the Sun causes the irradiance modulation with a 27-day pe-
riod, while changes in the overall magnetic activity (and conse-
quently in the surface area coverage of active features) lead to
the 11-year activity cycle and long-term changes in solar irradi-
ance.

The variability of the solar irradiance affects the terrestrial
climate (e.g.|[Haigh|2007} |Gray et al.|2010j |[Ermolli et al.[2013)
and therefore has been under close scrutiny since the beginning
of regular space-borne measurements. The TSI has been mea-
sured almost continuously since the launch of the NIMBUS 7
mission in 1978 (Hoyt et al.|1992). Its variability on the 27-day
and 11-year time scales is relatively well constrained (Frohlich
2006; Ball et al.|2012; |Solanki et al.|2013)).

Measurements of the spectral solar irradiance (SSI) are not
continuous and the SSI variability is significantly less con-
strained than the TSI variability. Most of the available datasets
yield similar amplitudes and spectral profiles of the SSI variabil-
ity on the solar rotational time-scale (Ball et al.|[2011; [Unruh
et al|[2012} Lean & DeLand|[2012; [Ermolli et al.|[2013). On
longer time-scales the accumulated uncertainty in the instrumen-
tal degradation corrections becomes larger and renders the inter-
pretation of the SSI measurements very difficult. Thus analy-
sis of the 11-year activity cycle variability continues to produce
surprises (Harder et al.[2009; [Woods| 2012} \Wehrli et al.|2013)
and the magnitude of the 11-year SSI variability is still uncertain
(Deland & Cebula|2012; Ermoll1 et al.[2013)).

The substantial disagreements between existing SSI datasets
lead to different atmospheric responses when they are used in
climate models (Oberlinder et al.|2012; |Thuillier et al./[2013;
Shapiro et al.|2013b; [Ermolli et al.[2013)) and hinder understand-
ing of the Sun-Earth connection.

An alternative way to improve and deepen our understanding
of solar variability on all time scales is to test and validate the
available SSI models and measurements against observations of
Sun-like stars. This approach is starting to attract attention and
has already been employed in the literature to constrain solar
variability (Preminger et al.|2011} Judge et al.||2012; [Shapiro
et al.|2013a). The model presented below provides a quantitative
basis for such a comparison.

3. Disk area coverage by active regions and
chromospheric activity

During periods of high activity a noticeable part of the solar disc
is covered by faculae and spots. At the same time, during peri-
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Fig. 1. Disk area coverages by sunspots (upper panel) and solar
faculae (middle panel) as well as the S-index (lower panel). The
daily disc area coverages are determined from the KP/512 (black
dotes), KP/SPM (red dots), and SOHO/MDI (blue dots) full-disc
continuum images and magnetograms. The daily S-index (black
dots in the lower panel) is calculated from the Sac Peak Ca II
data. Magenta curves are the annually averaged data.

ods of low activity the Sun can be completely spotless, e.g. there
were 265 spotless days in 2008 according to Solar Influences
Data Analysis centred'| In this section we establish the connec-
tion between the fraction of the solar disc covered by active re-
gions and the solar activity (characterised by the Ca II H and K
emission, a widely used proxy in stellar activity research).

For this, we employ disc area coverages from the SATIRE-
S model (with “S” standing for the satellite era, see |[Krivova
et al|2011). SATIRE-S distinguishes three active components
(together often referred to as active regions) representing spot
umbra, spot penumbra, and faculae. The part of the solar disc
not covered by these components is attributed to the quiet Sun.
The disc area coverages are calculated from the full-disc con-
tinuum images and magnetograms obtained by the 512-channel
diode array and spectromagnetograph at the National Solar
Observatory Kitt Peak Vacuum Tower (KP/512, and KP/SPM,
respectively) and by the Michelson Doppler Imager onboard the
Solar and Heliospheric Observatory (SOHO/MDI). The detailed
description of the datasets and the homogenizing procedure are
presented in Ball et al.| (2012). To take into account that the
small dark features, such as pores, are often not identifiable at
the KP/512 continuum images we follow [Wenzler et al.| (2006)
and correct KP/512 spot coverages in that we multiply them by
the factor 1.127. Also, umbra and penumbra cannot be distin-
guished with the KP/512 data so that for all three instruments
we obtain their sum (i.e. spot disc area coverage) instead and as-
sume a fixed umbra to penumbra area ratio 1:4 (Wenzler et al.
20065 Ball et al.|2012) for the rest of the paper.

' www.http://sidc.oma.be
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Fig. 2. Dependence of the solar spot (upper panel) and facular
(lower panel) disc area coverages on the S-index of chromo-
spheric activity. The crosses correspond to the binned values,
the thick curves are the least-square fit dependences (quadratic
for spot disc area coverages, and linear for facular disc area cov-
erages).

The spot and facular disc area coverages for the Sun are plot-
ted in Fig.[T] They both show a clear 11-year activity modulation.
While the annual spot disc area coverage is close to zero during
the solar minimum periods, the annual facular disc area cover-
age remains noticeably above the zero level even during the solar
minima.

The disc integrated Ca II S-index of solar activity is propor-
tional to the ratio between the summed flux in the Ca II H and
K cores and the summed flux in two nearby continuum bands
(see |Radick et al.|[1998| for a detailed discussion) and is of-
ten used as a proxy for solar and stellar chromospheric activity.
However, the techniques employed for measurements of the so-
lar and stellar Ca II indices are different. Additionally, there are
multiple datasets of the solar Ca Il index. Therefore various con-
version factors are usually employed to connect different data.
We use daily Sac Peak K-index Kgp (Keil et al.||1998) which
can be transformed to monthly Kitt Peak K-index Kgp with a
relationship Kxp = —0.01 + 1.1Ksp (White et al.|[1998). The
Kitt Peak K-index can, in turn, be transformed to the S-index:
S = 1.53Kxp + 0.04 (White et al.|1992; |[Radick et al.[1998). The
resulting solar S-index is plotted in the lower panel of Fig.

To establish the dependence of the disc area coverage by ac-
tive regions on the S-index we consider all days for which simul-
taneous measurements of the S-index and disc area coverages by
spots and faculae are available. We sort these days according to
the S-index and split the resulting monotonous series of the S-
index into bins containing 58 days Then we calculate the mean
value of the S-index and disc area coverages for every bin.

Figure2]illustrates the relationships between the binned disc
area coverage and the S-index. One can see that while facular
disc area coverage increases linearly with the S-index, the spots
display rather a quadratic relationship (see also [Foukal |1998;
Solanki & Unruh|2013)). Thus the ratio between spot and facular
disc area coverages increases with activity. By applying a least-
squares fit and prescribing the value of the error of the mean disc
area coverage to the standard deviation, we found the following
dependence for the sunspot disc area coverage Ag:

As(S) = (0.105+0.011)—(1.315+0.130)S +(4.102+0.370)S %, (1)
and for facular disc area coverage Ar:
Ap(S) = —(0.233 £ 0.002) + (1.400 + 0.010)S. 2)

Here the errors correspond to 1o-uncertainty. Note that all terms
are significant at the 9o level. On the contrary, if instead of the
linear dependence in Eq. (2)) we use a quadratic relationship, the
quadratic term is insignificant at the 20" level.

We note that the S-index and the disc area coverages are
strongly variable on the 27-day solar rotation time scale. If in-
stead of the binned values we used time averages (e.g. annual
values), all information about the variability on the solar rota-
tion time scale would be lost and additionally the uncertainty of
the mean disc area coverages would be larger. This would hinder
our analysis.

The minimum annual value of the S-index based on the Sac
Peak Ca II data over the last three solar activity cycles was
reached in 1996 and equals 0.169. According to Egs. (I)-@2)
this results in As ~ 0.003% and Ar ~ 0.36% at that time. The
maximum annual value of 0.188 was reached in 1991, which
corresponds to As ~ 0.28% and Ar ~ 3%.

4. Model: calculations of the photometric
brightness and chromospheric activity

In this section we describe the model which allows us to estab-
lish the link between the stellar chromospheric activity (as traced
by the S-index) and the photometric brightness and to explain the
observed patterns of stellar variability.

Our model is conceptually an extrapolation of a simplified
version of the SATIRE model for solar irradiance variability to
stars with different levels of chromospheric activity and, con-
sequently, different coverages by active regions. Following the
SATIRE approach, we decompose the stellar atmosphere into the
four components: quiet regions, faculae, spot umbra, and spot
penumbra. We also employ the SATIRE spectra of these compo-
nents (see|Unruh et al.|[1999, for the detailed description), which
are known to conform with the disc area coverages described in
Sect. 3 (see e.g. Ball et al|2011). This ensures the proper repre-
sentation of the solar variability by our model (see also|Solanki
& Unruh|2013). We note that when applied to the Sun our model
leads to slightly different results than the model presented in
Knaack et al.[(2001), who studied the dependence of the spectral
solar irradiance and the S-index on the angle between the direc-
tion to the observer and stellar rotational axis (hereafter stellar
inclination). The reason for this is thatKnaack et al.|(2001) used
a slightly different spot model atmosphere and employed a sim-
plified approach to calculate the dependence of the S-index on
inclination.

The main goal of our approach is to extrapolate the depen-
dences established in Sect. [3|(Eqs.[IH2) to higher activity levels
and to use them to calculate stellar spot and facular disc area cov-
erages as functions of the S-index. This allows simulations of a
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magnetically active Sun by filling its surface with an increas-
ing fraction of sunspots and faculae. Assuming a fixed umbra
to penumbra area ratio (see Sect. [3), the spot disc area cover-
age can be decomposed into umbral and penumbral coverages.
The impact of the uncertainties in the extrapolation of disc area
coverages on our results is discussed in Appendix [A]

In this paper we focus on the variability on time scales of
stellar activity cycles and only use the seasonally averaged stel-
lar data. Thus we can assume that active regions are uniformly
distributed over the activity belts whose positions on the stellar
surface do not change with time, which is an additional simpli-
fication that we make due to the unknown shape of the butterfly
diagram in stars. This allows us to calculate the change of stel-
lar photometric brightness due to active regions, using the full
disc area coverages given by Eqgs. (I)—(2) and assuming that the
contrasts between the active and quiet regions are the same as
for the Sun. Our approach thus treats stars as hypothetical Suns
whose coverage by active regions may or may not differ from
that of the Sun. The use of solar relationships (Eqgs. means
that we test how well the solar paradigm reproduces the behavior
of more active stars. The use of solar model atmospheres implies
that an accurate comparison can be carried out only with main
sequence stars of a similar spectral type.

In general, the latitudinal distribution of active regions on the
stellar disc might be different from that of the Sun. The situation
is further complicated by the fact that while the Sun is basically
observed from its equatorial plane (the angle between the solar
equator and ecliptic is ~ 7.25° and will be neglected in all fur-
ther calculations), stellar inclinations may vary from 0° (the star
is observed along the rotational axis) to 90° (the star is observed
from its equatorial plane, which is similar to observing the Sun
from the ecliptic) and is usually poorly known. This affects both
the photometric brightness and the measured chromospheric ac-
tivity.

Thus the connection between the photometric brightness and
the observed S-index is additionally affected by the latitudi-
nal distribution of active regions and the stellar inclination. In
Sects. [4.1) and [4.2] we show how to calculate photometric and
chromospheric variability assuming a solar distribution of active
regions, i.e. spot bands between 5° and 30° and facular bands be-
tween 5° and 40° (Knaack et al.|2001)). The opposite case of a po-
lar distribution of active regions will be considered in Sect.

4.1. Photometric brightness

The spectral flux can be decomposed into the quiet and active
components:

FQ) = Fquiet(/l) + Factive(A). 3

The quiet component Fyyiei(4) represents the hypothetical case
of the stellar disc without any magnetic features on the surface:

Fouia) = f Io(4, 1) dC2. @)
disc

Here the integration is done over the visible stellar disc, Ip(4, r)
is the intensity from the quiet stellar component along the di-
rection r, and dQ is a differential of the solid angle around the
direction r. SATIRE employs 1D models of the solar atmosphere
so that the emergent intensity /o(4, r) from a given component
of the atmosphere depends only on the wavelength and the angle
between the direction to the disc centre of the star and r.

The emergent intensity is often written as a function of the
cosine of the angle between the direction to the observer and the
local stellar radius, 4. Then Eq. (@) can be rewritten as

1
Fuie(d) = fo To(A, 1) () dy, &)

where the weighting function w(u) = 2mu(r: Jdgar)? (here rygr
is the stellar radius and dg,, is the distance between the star and
the observer) represents the transformation between d€2 and dpu.

We note that starting from 1974 (when KP/512 became avail-
able, see Sect. [3) the solar irradiance was never equal to Fyiei(4)
and was affected by the active component, whose contribution is
given by

1
Fuans = [ 3 ) (hho = o) ot ©
k

Here I;(A, ) — Ip(4, ) is the wavelength- and angle-dependent
contrast between the active component k£ and quiet stellar re-
gions. In the ultraviolet and visible spectral ranges it is positive
for faculae (i.e. faculae cause a brightness excess) and negative
for umbra and penumbra (i.e. spots cause a brightness deficit).
The functions a;(u) give the fractional coverage of the ring
around the stellar disc centre with a radius corresponding to u
by the component k (e.g. ax(1) and a;(0) represent the stellar
disc centre and limb, respectively). Integration over y gives Ag,
the fractional coverage of the whole visible stellar disc by the
component k:

1
A= fo () dit/ Qo ™)

where Qg = fol w(u)du is the solid angle subtended by the star.
While the stellar inclination does not directly enter Eqgs. (6)-
(7). it affects the area coverages ay(u), which depend on the in-
clination and the latitudinal distribution of active regions. This is
illustrated in Fig. [3] which represents area coverages of spots for
three inclinations. Note that for convenience in the lower panels,
the area coverages are plotted as functions of the impact parame-

ter r/rgar = /1 — p2. For all three cases the disc centre is located
outside of the visible activity belts, so that a; = 0 for r/rg, = 0
(or u = 1). The value of ag becomes positive when the cor-
responding ring starts to intersect the visible activity belts. The
sudden decrease of ag at r/rg, = 0.996 in the lower right panel
of Fig.[3]is caused by the presence of the spot-free band between
0° and 5°. A similar figure for the polar distribution of active re-
gions (see Sect.[4.3) is given in the Online Material (Fig. [B.3).
One can see that the change of the inclination or the latitudi-
nal distribution of active regions might completely reshape the
ai(r/ryar) dependences and consequently the a; (1) dependences
used in Eqgs. (6)-(7).

The contribution of a given ring with fixed u value to Fcive
depends on the fractional coverages a;(u), weighting coeffi-
cient w(u) and centre-to-limb variations (CLV) of the intensity
emergent from different atmospheric components. The calcu-
lated CLV of the spectral intensity averaged over the Stromgren
(b+y)/2 profile are shown in the upper panel of Fig.[d|for the four
atmospheric components employed in SATIRE. The contrast be-
tween the quiet regions and faculae increases steeply from the
disc centre towards the limb. This implies that enhancement of
the irradiance caused by the faculae also increases from the disc
centre towards the limb. At the same time the relative umbral
and penumbral contrasts are only barely affected by the CLV.
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the disc centre. Lower panels: the fractional coverage of the stellar disc by spots plotted as functions of the impact parameter /g
(which is O at the disc centre and 1 at the limb). The fractional coverage is calculated assuming that both bands plotted in the upper

panels are completely covered by spots.

In the case of the solar distribution of active regions Eqs. (T)—
define the disc area coverages A; (however, some caution is
needed as the S-index which enters these equations corresponds
to observations from the equatorial plane and is, thus, different
from the S-index measured on a star with another inclination of
its rotation axis, see Sect.[4.2). Eq. (7)) makes it possible to con-
vert the Ay to a fractional coverages ay(u), which enter Eq. (6).
Hence, the set of Egs. (I)—(7) allows calculations of the photo-
metric brightness as a function of the S-index for an arbitrary
stellar inclination.

4.2. Chromospheric activity

The S-index is proportional to the ratio of the flux in the cores
of the Ca II H and K lines to the flux in the nearby continuum.
Skumanich et al.| (1984) showed that the centre-to-limb varia-
tion of the Ca II K emission (which hereafter will be used as
a representation of the summed emission in the H and K lines,
see [Radick et al.|[1998)) is the same for the quiet Sun and facu-
lae. This was confirmed by later measurements (see e.g.|Ermolli
et al. 2007, 2010). Thus one can write

() = H (1) - Cax (),
I @) = 15 (1) - Cux (), ®)

12 =12,(1)- C2 (w.

Here ]}QIK and IgK are the Ca II H and K intensities (hereafter,
HK intensity) from the quiet Sun and from faculae, respectively,
and IcQonl is the quiet Sun’s intensity in the nearby continuum.
Functions Cyg (1) and CcQom(y) describe the CLV of the HK and
continuum fluxes. The HK flux and its CLV are strongly affected
by the effects of non-local thermodynamical equilibrium (see
e.g. [Ermolli et al.|2010), which are not taken into account in
the spectra employed by the SATIRE model (Unruh et al.[1999).
Therefore, instead of taking the theoretical CLV resulting from
SATIRE we employ quadratic polynomial parameterisations (as
a function of the heliocentric angle cosine u) of the CLV from
Skumanich et al. (1984), who employed several observational
datasets to define them. The parameterisations for the Ca II K
line core and the nearby continuum are shown in the lower panel
of Fig. [
For a given inclination i, the S-index can be written as

12.01) - [ ao() - Chx () () du
12,(1) - [ (o) + ar () C2, () w(p) du
- I @) - Cax () () d
12,1 - [ (o) + arw) €2, () wl(w) dp.

©))
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Fig. 4. Upper panel: centre-to-limb variation of the Stromgren
(b + y)/2 intensity calculated for the quiet Sun, faculae, penum-
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Plotted are the ratios to the quiet Sun’s intensity at the disc cen-
tre. Lower panel: quadratic polynomial parameterisation of the
intensity centre-to-limb variation at the Ca II K line and the
nearby continuum (solid and dashed orange curves, respectively)
according to |Skumanich et al.| (1984). Both intensities are nor-
malised to unity at the disc centre.

The first and second terms in Eq. (9) give the contribution
of the quiet stellar regions and faculae, respectively. In the con-
tinuum the contrast between the quiet regions and faculae is
small (unlike the contrast in the H and K lines, see Fig. 1 from
Skumanich et al.||1984) so that it is neglected in the denomina-
tor of Eq. (9). Additionally we assume for simplicity that both
umbral and penumbral regions are completely dark and simply
dilute the continuum and HK fluxes.

We note that the dependence of the S-index on inclination
and latitudinal distribution of active regions enters Eq. (9) via
the area coverages ao(u) and ap(u), exactly in the same way as
it enters Eq. () for Fucive (see discussion in Sect. [4.1] as well
as Figs. [3]and |B.3). Therefore the measured S-index depends on
the inclination and the same star may have different S-indices if
observed from different directions.

Using the fact that as +ar+ag = 1, Eq. (O) may be rewritten
as follows:

L-1L-1
I —Is

I;

+8F. ,
I —1Is

S;=5¢.

(10)

where

1
h= [ CGuwotnds b= |
0 0

1
I = fo () Cr () () di:

1
Cuk () w(u) dy;

1
I = fo s (1) - Corx () (u0) s

1
I = fo rs () - C2p (1) 0(30) dpt ()

and

St =1k )/, ().

$9 = 15 .(1)/12,(1); ’ (12)

The integrals /; and /> in Eq. (I0) depend neither on inclina-
tion, nor on activity. Since Ay is a linear function of Sg (which
is the S-index observed from the equatorial plane, see Eq.[2) and
we assume a fixed latitudinal distribution of active regions, the
area coverage ap(u) increases linearly with Sqo. Hence the inte-
gral I3 is a linear function of Sgj.

Let us consider a case of a star with low level of mean chro-
mospheric activity observed from its equatorial plane (e.g. the
Sun) with measured S-index equal to Sggs. For low levels of mag-
netic activity the integrals I4 and Is are negligibly small so that
the sunspots do not have any effect on the S-index (see [Knaack
et al.2001) and S; is a linear function of Sggs. The Sggs value
can be employed to calculate the disc area coverages A; (us-
ing Egs. [TH2) which then can be converted into the area cover-
ages ay(u). Knowing the area coverages one can calculate the
integral I3 (see Eq. and employ Eq. to calculate Sg%lc.

If our approach is self-consistent then the calculated Sgglc value

must be equal to the Sggs value employed to drive our calcula-
tions. In other words, Eqs. (I0)-(I2) define the dependence of
the calculated S;-index on disc area coverages, while Eq. () de-
fines the inverse dependence of disc area coverages on the Sqo-
index. For a star observed from its equatorial plane these de-
pendences must agree with each other. As discussed above, the
right side of Eq. is a linear function of Sggs, so that this

equation expresses Sgglc in terms of Sggs. Therefore, the condi-

tion ¢ = S 95 is fulfilled if the parameters S< and S ¥ take on
a particular set of values.

For the solar distribution of active regions this condition is
fulfilled if S= 0.137 and S¥=0.711. These parameters are the
values of the S-index from the quiet regions and the faculae ob-
served at the disc centre. The ratio between S¢ and S¥ values
agrees well with the Ca II K line profiles plotted in Fig. 1 of
Skumanich et al.| (1984). This means that the disc area cover-
ages given by Eqs. (I)-(2) conform with the CLV of HK flux
employed in our model. The linear dependence between facu-
lar disc area coverage and activity (see Eq. [2)) implies that the
S and S ¥ parameters do not depend on the activity, i.e. the in-
crease of the activity level affects the disc area coverages but not
the structures of the individual components.

We note that the solar S-index of chromospheric activity
which enters Egs. (I)-(2) is measured from the equatorial plane
(hereafter Sog). Consequently, these equations cannot be di-
rectly applied to calculate the disc area coverages by active re-
gions from the S ;-index measured from an arbitrary inclination
i and the S ;-index must first be converted into the the S gp-index.
Eq. provides a simple way to make such a conversion.

4.3. Different distributions of active regions

Already the first results of the Doppler imaging technique (see
e.g.Berdyuginal2005} and references therein) pointed to the ex-
istence of stellar spots at high latitudes, reaching even to the
poles for stars with deep convection zones (in complete con-
trast to the solar case, where the spots are rarely observed above
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30° latitude). To explain the existence of high-latitude spots,
Schiissler & Solanki|(1992)) suggested that while the rise of mag-
netic flux tubes through the convection zone in slowly rotating
stars is controlled by the buoyancy force, the Coriolis force starts
to be important for rapidly rotating stars. An alternative explana-
tion, based on meridional flow, was later proposed by |Schrijver
& Title| (2001). As a result, active features are distributed in the
equatorial belts for the slowly rotating stars (like the Sun) and at
higher latitudes for the rapidly rotating stars. The distribution of
active features with latitude for the Sun-like stars considered in
this paper is generally unknown.

As discussed above, the equations given in Sect. [d.T|and [4.2]
are valid for an arbitrary latitudinal distribution of active regions.
All geometrical information (i.e. inclination of the star and dis-
tribution of active regions) enters these equations via the area
coverages «;(u). The modification of the latitudinal distribution
of active regions affects the area coverages and consequently the
contribution of the active regions to the photometric brightness
(via the Fyive term, see Egs. [3]and[6) and the S-index (via the /3
integral, see Eqs. [I0]and [TT).

The main sophistication is that the Sgp-index, which is used
to parameterise the spot and facular disc area coverages in
Sect. [3] corresponds to the solar distribution of active regions.
The redistribution of the active regions affects Sgy even if the
disc area coverages remain unchanged, so Egs. (I)—(2) are only
applicable for the solar distribution of active regions.

To take this into account we first consider a star with a so-
lar distribution of active regions. For such a star we can em-
ploy Egs. (I)-(2) and (7) to calculate the area coverages ax(u)
as functions of the parameter Sgo (hereafter, index “S” rep-
resents the solar distribution of active regions) and equations
from Sect. and to calculate SiS and F IS Then we rear-
range the location of active regions according to the different
distribution and recalculate area coverages a;(u), keeping the
part of the stellar surface covered by each component k (i.e.

J;)] () w(w)/u dw) unaffected. These new area coverages allow
us to recalculate the chromospheric activity S; and photometric
brightness F; for an arbitrary distribution of active regions.

In addition to the solar case we also consider the homoge-
neous distribution of active regions on a stellar surface as well as
the polar distribution when spots and faculae are gathered in two
polar caps (North and South) with latitude > 45°. The range of
latitudes for the polar distribution is larger than for solar because
of the smaller area covered by a ring of given latitude width at
high latitudes compared to low latitudes. Even with the polar
caps reaching so far down they offer less surface area, covering
only 34% of the stellar surface compared to the 56% covered by
the solar activity belts.

We expect that solar, polar, and homogeneous distributions
of active regions should encompass the behavior for most kinds
of latitudinal distributions.

4.4. The S-index as a proxy of stellar magnetic activity

In Fig. [5] we plot the S-index as a function of facular surface
(i.e. hemispheric) coverage for solar, polar, and homogeneous
distributions of active regions and for three inclinations: i = 0,
i = 57° (the mean inclination which is often used in the literature
to characterize the intermediate case, see e.g. [Schatten|[1993;
Knaack et al.|2001), and i = 90°. In the case of a homogeneous
distribution of active regions, the S-index does not depend on the
inclination so that the dependence is also the same for different
inclinations.

Integrals I, and I5 are proportional to the spot surface cover-
age, which is a quadratic function of the facular surface cover-
age. Therefore the S-index is not a linear function of the facular
surface coverage. The effect of spots on the S-index is equivalent
to the reduction of the contribution of quiet regions to the con-
tinuum and HK emissions. This contribution is more important
for the continuum emission as the HK emission is dominantly
affected by the faculae. Thus, the spots diminish the continuum
flux stronger than the HK flux and lead to an increase of the
S-index.

We note that the facular surface coverage is different from
the facular disc coverage Ap. The former is calculated for the
visible part of the stellar surface (which is a hemisphere) and

proportional to fol a (1) du, while the latter is calculated for the

visible stellar disc and proportional to fol ay(u) udu (see Eq. .
All distributions of active regions considered in this paper are
centrally symmetric with respect to the centre of the star (which
we deem to be a sphere). Thus the surface coverages of the visi-
ble front-side of the star are equal to the surface coverages of the
invisible far-side of the star.

Stars with the same level of facular surface coverage are ex-
pected to have the same amount of magnetic flux emerging on
the surface, but can have different facular disc coverages Ar and
measured S-indices (depending on the inclination and latitudinal
distribution of active regions). Consequently, if two stars have
the same S-indices it does not necessarily mean that they have
the same amount of magnetic flux. Thus, the S-index cannot be
considered as an unequivocal proxy for stellar magnetic activity.

5. Model: calculations of the Brightness-Activity
correlation

The magnetic field at the stellar surface affects the measured S-
index and photometric flux. In this section we apply the model
described in Sect. dto establish the relationship between the ob-
served S-index and the alteration of the Stromgren (b + y)/2 flux
caused by the magnetic activity. Hereafter the alteration of the
radiative flux is expressed in stellar magnitudes and defined as
Ylabelfig:Delta

6(17 + y) — (b + y)qmel _ (b +y)total (13)
2 2 2 '
The 6(b+y)/2 value corresponds to the Fye term in Eq. (EI)

averaged over the spectral profiles of Stromgren b and y filters.

It is positive for a brightness enhancement and negative for a

brightness deficit.

We note that it is not the 6(b + y)/2 value itself which can
be measured, but rather the change of this value relative to some
reference point (see Sect.[5.3):

A(b + )’) _ (b + y)tolal _ (b + y)tolal _
) 2 O Doy O D)
(b (b
= 0D 0Dy, (14)

where #y corresponds to the time of the reference measurement.
The relative change A(b + y)/2 is defined such that a positive
value corresponds to a flux increase from #; to #. In this section
we will establish the dependence of 6(b + y)/2 on the S-index.
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Fig.5. Simulated values of the S-index as they would be mea-
sured for inclinations of 90° (red curves), 57° (magenta curves),
0° (blue curves) vs. facular surface coverage for solar, polar, and
homogeneous distributions of active regions. The maximum pos-
sible facular surface coverage (i.e. when faculae and spots fully
cover the activity belts/caps or entire stellar surface) is about
28%, 19%, and 47% for the adopted solar, polar, and homoge-
neous distributions respectively.

5.1. The S-index and photometric brightness as functions of
inclination

Figure[6|presents the dependences of the photometric brightness
and S-index on the stellar inclination for solar, polar, and ho-
mogenous distributions of active regions. All three curves corre-
spond to different degrees of coverage by faculae and spots, and
chosen under the condition that S99 = 0.19, which is close to
the maximum annual value of the solar S-index over three last
cycles (0.188).

One can see that the dependence of 6(b+y)/2 and of S-index
on inclination are oppositely directed for solar and polar distri-
butions of active regions (while, obviously, neither 6(b + y)/2
nor S-index depend on the inclination for the homogeneous dis-
tribution of active regions). A decrease of the inclination for a
star with a solar distribution of active regions leads to their ap-
parent concentration near the limb (see Fig. [3). While negative
contrasts of spot umbra and penumbra slightly decrease towards
the limb, the positive facular contrast significantly increases (see
upper panel of Fig. ), so that the effect of the CLV tends to
increase the brightness of the star with a solar distribution of ac-
tive regions when the observer moves from the equatorial stellar
plane to its pole. At the same time the disc area coverages as seen
by such an observer decrease towards the polar position due to
the projection effect (see Eq.[7). For the considered level of ac-
tivity (S SO = 0.19) the effect of the CLV in the Strémgren b and
y filters outweighs the effect of projection, so that the brightness
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of the star increases with decreasing inclination. The emission
in the Ca II K line decreases towards the limb slower than the
emission in the nearby continuum (see lower panel of Fig.[d)), so
that the CLV effect also tends to amplify the S-index for a star
observed along its rotational axis. However, the projection effect
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now outweighs the CLV effect and the S-index grows slightly
with inclination.

The situation is different for stars with a polar distribution of
active regions. For such stars the projection effect amplifies the
contribution of active regions when the inclination decreases, so
that the §;-index grows significantly with decreasing inclination,
reaching higher values at i = 0° than SiS at any i. This is because
at the same total surface coverage by faculae (e.g., solid and dot-
dashed curves in Fig. [6) the polar distribution at i = O corre-
sponds to active regions more strongly concentrated at large u
(see Fig. in the Online Material). The contribution of facu-
lae to the photometric brightness, however, diminishes with de-
creasing inclination. Therefore the contribution of active regions
changes from positive when the star is observed from the equa-
torial plane to negative when it is observed from the rotational
axis.

5.2. Simulated Brightness-Activity correlation for the Sun

To simulate the dependence of solar brightness on chromo-
spheric activity over the solar cycle we considered the time series
of the annually averaged solar Sgp-index for the period 1977-
2011. A similar averaging was done by |Lockwood et al.[(2007).
The Sqq values were calculated from the Ca II Sac Peak data (see
Sect. B). The mean and rms variation values of the annual solar
Sgo-index over this period are 0.177 and 0.006, respectively. We
used this Sgy(7) time series to calculate the corresponding disc
area coverages Ag(f) and Ap(?) (see Sect. [3) and then, employ-
ing the technique described in Sect.[d] the 6(b +y);()/2 and S (1)
time series. The self-consistent character of our approach im-
plies that for the inclination i = 90° the Sg((#) values calculated
with our approach are equal to the observed Sqy(#) values used to
calculate the disc area coverages and drive the calculations (see
Sect.[4.2).

Figure shows the simulated dependences of the solar
brightness on the S-index as they would be seen from three dif-
ferent inclinations. Independent of the inclination, active regions
always increase the annually averaged solar photometric bright-
ness relative to the quiet Sun condition. The §(b+y)/2 values are

larger than zero even for the solar minimum conditions, so that
the Sun has not been completely quiet (i.e. free from apparent ac-
tive regions) for the last three activity cycles. Decreasing the in-
clination simultaneously amplifies the amplitude of the 6(b+y)/2
variability and diminishes the amplitude of the S-index variabil-
ity (see Fig. [6), so that it has a strong effect on the slope of the
6(b +y)/2 vs. S-index regression.

As solar activity rises the sunspot area coverage grows faster
than the facular area coverage (see Egs. [TH2), so that the rel-
ative contribution of sunspots to the solar photometric bright-
ness increases with the S-index. This leads to the non-linear pro-
file of the photometric brightness vs. chromospheric activity and
causes its saturation (for i = 90° and 57°) at high activity lev-
els. The contribution of faculae increases with decreasing i so
that this effect is most pronounced for the i = 90° case. For
i = 0 the facular contribution is so strong that it completely
dominates over the spot contribution even for the highest solar
activity level. As a result, the corresponding dependence of the
photometric brightness on activity is almost linear.

5.3. Spot- and facula-dominated regimes of variability

If the photometric brightness alteration §(b+y)/2 is positive, then
the facular contribution to stellar brightness (or more specifically
to Factive, Se€ Eq. @ outweighs the spot contribution. Conversely,
negative values of 6(b + y)/2 imply that the spot contribution
outweighs the facular contribution. Therefore, the sign of 6(b +
¥)/2 provides a clear indication of the relative role of faculae and
spots in altering stellar brightness.

However, the level of irradiance from a star without any mag-
netic features on the surface ((b + y)quiet/2 in Eq. is unknown
and may even be never reached (as for the Sun, where the cal-
culated 6(b + y)/2 is always positive). Thus stellar observations
do not allow one to measure §(b + y)/2. Only the A(b + y)(¢)/2
time series, which is different from the 6(b + y)(¢)/2 time series
by a constant term d(b + y)(#y)/2 (see Eq. , can be measured.
Thus, the absolute values of 6(b + y)/2 are unimportant, so that
the curves in Fig. [/| might be arbitrarily shifted up and down.
One can see that only the brightness-activity relationship can be
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compared to measurements and used to determine the regime of
the variability.

Consequently we define the variability of a star as facula-
dominated if an increase of the observed S-index leads to an
increase of stellar brightness (i.e. the derivative of the photomet-
ric brightness with respect to the observed S-index is positive)
and spot-dominated if it leads to a decrease of the photometric
brightness. This definition follows that introduced by Lockwood
et al. (1992). The same star can be observed as spot- or faculae-
dominated at different levels of activity. For example, the Sun
observed at i = 90° is faculae-dominated at low and intermedi-
ate activity, but it can become spot-dominated for a very short
time around the maximum of activity (see Fig.[7).

5.4. Brightness-Activity correlation for Sun-like stars

To model the brightness-activity relationships for Sun-like stars
we linearly scale the annual values of the solar S-index for the
1977-2011 period (which covers solar cycles 21-23 and the be-
ginning of cycle 24) to reproduce the measured stellar mean and
rms variation values of the S-index on various stars, where the
mean and rms variation are taken over the whole period that the
star is observed. We note that in reality stellar cycles need not
resemble the solar cycle and thus our approach is only an ap-
proximation.

Unlike the solar case, the observed stellar S-index corre-
sponds to an arbitrary inclination i. Therefore, we first assume
that the star has a given inclination i and convert the observed
mean and rms variation values of S; to the mean and rms varia-
tion values of S, using the technique described in Sect.d] Then
we construct the Sgq(t) time series as described in the above para-
graph and use it to calculate 5(b + y);/2 and S; (see Sect.[d). The
self-consistent character of our approach guarantees that the S;
values used to feed the model are identical to the values calcu-
lated in this final step. This procedure is repeated for a number
of i values.

In Fig. [§] we plot the modelled brightness-activity depen-
dences for HD 81809 which has a level of activity slightly
smaller than the solar value, for HD 10476, which is slightly
more active than the Sun, and for HD 82885, which is signif-
icantly more active than the Sun. The mean and rms variation
values of the observed S-index for these stars have been provided
by Lockwood (2013, personal communication). The calculations
were performed assuming a solar distribution of active regions.
We note that unlike Fig. [/, where we considered the hypothet-
ical case of the Sun observed out-of-ecliptic, the amplitude of
the S-index (or rather S;-index) variability does not depend on
the assumed inclination and always corresponds to the observed
amplitude which is used to calculate the Sgy(t) time series.

The 6(b+y)/2 values of HD 81809 are always positive, inde-
pendent of the inclination. This is not surprising, given its sim-
ilar activity level to the Sun. The star is observed as faculae-
dominated most of the time. However, for i = 57° and 90° start-
ing from S =~ 0.18, the dependence of the brightness on activity
is saturated so that the further increase in activity has almost
no effect on brightness. We note that the minimum value of the
observed S-index for HD 81809 (=~ 0.166) is smaller than the
solar minimum value (= 0.169) so that, unlike the solar case,
o(b + y)/2 reaches zero. A relatively robust measure of whether
the variability of a star is faculae- or spot- dominated over the
period of observations is the slope of the regression of bright-
ness on activity calculated employing the whole 6(b + y)/2 and
S-index time series (dashed lines in Fig.[8).
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Fig.9. Simulated values of the photometric brightness change
o(b +y)/2 as they would be measured from the equatorial plane
(red curve), at 57° inclination (magenta curve), and from the stel-
lar rotational axis (blue curve) vs. S-index. Unlike Fig. [§|the de-
pendences are calculated over a broad range of stellar magnetic
activity. The range bars designate the observed ranges of chro-
mospheric activity variations of the Sun, HD 81809, HD 10476,
and HD 82885.

The variability of HD 10476 is faculae-dominated for the
low values of the observed S-index and spot-dominated for the
high values at all i. The overall correlation is direct for i = 0°,
and inverse for i = 57° and i = 90°. Thus HD 10476 presents a
curious case of a star whose regime of variability over the period
of observations depends on the inclination. The activity of HD
82885 is so high that the facular contribution is negligibly small,
and its variability is always spot-dominated.

The discussion above was limited to the S-index and photo-
metric time series of specific stars. The approach presented in
Sect. |4] also allows one to model the dependence of the pho-
tometric brightness on the chromospheric activity over a broad
range of S values. These dependences are plotted in Fig. [9] for
three values of the inclination and assuming a solar distribution
of active regions. The chromospheric activity is characterised via
the logR},, parameter, which is a function of the S-index and
B — V colour (see [Radick et al.||[1998|, for a detailed discussion).
Hereafter, we will use the solar value of the color (B—V = 0.65)
to convert the S-index to logRy, (e.g. the range bars in Fig. E]
are also calculated assuming solar B — V value). This is equiva-
lent to keeping the effective temperature of the hypothetical Sun
unchanged, while increasing its activity level.

Figure 9] reveals that according to our model low values of
activity correspond to faculae-dominated variability, while high
values of activity correspond to spot-dominated variability. For
a solar distribution of active regions the lower the inclination of
the star, the stronger the amplification of the facular contribution
by the CLV effect. Therefore the threshold activity which corre-
sponds to the transition between the spot- and facuale-dominated
regimes is higher for lower inclination values (blue vs. red curves
in Fig.[9). Comparing Fig.[§|with Fig. OJone can see that the indi-
vidual stellar Brightness-Activity relationships presented in the
three panels of Fig. [§] are different parts of the general depen-
dence.

Up to this point we have established the connection between
stellar brightness and activity and discussed different regimes of
variability, refraining from a comparison with actual data. In the
next Section we show how our approach can be employed to
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model the general patterns of stellar variability obtained by the
Lowell and Fairborn programs and published by [Radick et al.
(1998)); ILockwood et al.| (2007).

6. Variability patterns: comparison of model with
observations

For every star from the Lowell and Fairborn programs, the two
time series, (b + y)(¢)/2 and S(t), are simultaneously available.
In the literature the amplitude of the photometric variability is
usually characterised via log(rms(b + y)/2) (expressed in stel-
lar magnitudes). The connection between photometric bright-
ness and chromospheric activity is expressed via the slope of the
regression of photometric brightness on the observed S-index
A[(b + y)/2]/AS (see the dashed lines in Fig. . Usually the
whole available time series are used to calculate these values, so
that the variability of every star is described by the two numbers,
log(rms(b +y)/2) and A[(b+y)/2]/AS . Positive A[(b+y)/2]/AS
values correspond to the faculae-dominated regime of variability
over the period of observations. The restriction to the particular
period of variability is important since a given star may appear
faculae or spot dominated at different times, so that having a
long time series is important. Negative A[(b + y)/2]/AS values
correspond to the spot-dominated regime of variability.

The goal of this section is to establish the dependences of
log(rms(b +y)/2) and A[(b + y)/2]/AS values on the mean level
of chromospheric activity and compare them to the observed
dependences. [Lockwood et al.| (2007) found that the variabil-
ity of the S-index increases from less active to more active stars
and established an empirical linear relationship between the vari-
ability of chromospheric activity log(rms R};, ) and mean activ-
ity logR{; (see their Fig. 6). This relationship may be used to
connect the rms variation and the mean values of the S-index
(assuming the solar value for the colour B-V which is needed
to convert logR{; into the S-index). The resulting relationship
between the rms variation and the mean values of S-index is es-
tablished for a group of stars with random distribution of incli-
nations and, thus, connects values which are averaged over all
possible inclinations (with a weighting factor sin i, which is pro-
portional to the probability that a random star has an inclination
i). Using the technique described in Sect. .2 we transformed this
relationship into the relationship which connects the rms varia-
tion and the mean values of the S-index expected when observ-
ing in the equatorial plane.

We consider a set of mean chromospheric activity < Sgg >
values with minimal value 0.167 (which is the minimum an-
nual value of the solar S-index) and maximal value 0.5. For
each < Sgyp > value we compute corresponding values of the
rms variation assuming different distributions of active regions
and then generate the S-index time series by scaling the solar
S-index time series. Next, we employ these time series to calcu-
late log(rms(b + y)/2), A[(b + y)/2]/AS, and < § > values for
several inclinations and active regions distributions. The depen-
dence of log(rms(b+y)/2) and of A[(b+y)/2]/AS on mean chro-
mospheric activity logR{,, is presented in Sect. and Sect.
respectively.

6.1. Photometric variability versus mean activity

In Fig.|10| we plot the stellar photometric variability log(rms(b +
¥)/2) vs. mean chromospheric activity logRj,, comparing the
data of Lockwood et al. (2007, stars and regression line) with
our calculations (coloured curves). The shaded areas around the

regression lines define the uncertainty in stellar variability as a
function of chromospheric activity. This has been estimated by
accounting for the uncertainty in the variance measurements for
the target and the comparison stars. Most of the program stars in
the|Lockwood et al.|(2007) sample have two suitable comparison
stars.Lockwood et al.[(2007) defined the variability of a program
star as the observed variance o-% ,3 (relative to the mean of the
two comparison stars) minus one half of the observed variance
of the comparison star pair 0'%’3. Radick et al.|(1998)) adopted the
uncertainty of the variance € = 0.0006 mag. This uncertainty is
the same for Lowell and Fairborn observations and does not de-
pend on the stellar magnitude (Lockwood et al.|2007)). We use
this value to estimate 1o~ and 20 uncertainties in the observed
photometric variability, assuming that both o 53 and 03 values
are known with the uncertainty e. We note that it is not easy to
properly take into account the variability of the comparison stars,
especially for the low activity program stars with small photo-
metric variability (actually several comparison stars appeared to
be more variable than the program stars). Thus our simple cal-
culations provide a rather low estimate of the uncertainty.

While our calculations are in a reasonably good agreement
with the empirical regression for the high activity stars, the vari-
abilities of the low activity stars given by our model are signifi-
cantly below the observations. Interestingly, the variability of 18
Scorpii, which is arguably the closest bright solar analog (Hall
et al.|2007a; [Soubiran & Triaud|[2004 [Petit et al.[|2008) is cor-
rectly reproduced by our model (see Fig. [10).

Models and measurements indicate that the solar irradiance
variability on the 11-year cycle time scale is smaller than given
by the|Lockwood et al.|(2007) empirical regression of the stellar
variability vs. activity (see e.g. Knaack et al.|2001}; Judge et al.
2012;|Shapiro et al.|2013al and references therein). As our model
is based on the SATIRE, that accurately reproduces measured
TSI variability, it is no surprise that it also leads to the same
deviation.

One of the reasons for the disagreement between the val-
ues of the photometric variability of low activity stars given by
our model and obtained with the Lockwood et al.| (2007) empir-
ical regression comes from the uncertainties in the observational
data. The|Lockwood et al.|(2007)) regression may be affected by
the short sample length (less than 20 years), small size (3 dozen
stars) and possibly a selection effect (see e.g.|Hall et al.[2009) so
that the Sun-like stars with small variabilities are not included in
the sample. Thus it would be important to repeat the compari-
son when more stellar data become available and the low end of
the stellar activity sequence (which is the most difficult to study
observationally) is better constrained.

The conspicuous feature of our calculations is a strong de-
crease of the photometric variability near logRj, = —4.8 (here-
after called the variability gap), which is absent in [Lockwood
et al.|(2007) data. In our calculations the variability gap is caused
by the compensation of the spot and facular contributions to
the variability, and consequently the transition from the faculae-
dominated (on the left side of the gap) to spot-dominated (on the
right side of the gap) regime of variability. The level of activity
(traced by logR},, ), at which the variability gap occurs depends
on the inclination and latitudinal distribution of active regions.
For a solar distribution the decrease of the inclination shifts ac-
tive regions towards the limb (see Fig. [3) and amplifies the fac-
ular contribution, shifting the variability gap to larger logRj,
values. The polar distribution displays the opposite behavior (see
Fig.[B.3) and the decrease of the inclination shifts the variability
gap to lower logRy values.
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Fig. 10. Comparison of the observed and modelled photomet-
ric variability. The modelled values of the photometric variabil-
ity are plotted vs. mean chromospheric activity for model stars
with solar (upper panel), polar (middle panel), and homogeneous
(lower panel) latitudinal distributions of active regions. The as-
terisks and the black lines indicate stars with observed variabil-
ity and the regression from [Lockwood et al.| (2007). The dark
(light) shaded areas indicate estimated 10 (20°) uncertainty in the
Lockwood et al| (2007) data. The diamond indicates 18 Scorpii
(HD 146233) from (2009). Coloured curves result
from our calculations for three values of the stellar inclination:
90° (red curve), 57° (magenta curve), 0° (blue curve). The dotted
vertical lines denote the mean level of chromospheric activity of
stars with unconfirmed variability (only stars with logRf;,, > =5
are shown). The solid vertical line in the top panel shows the
mean level of solar chromospheric activity.

Interestingly, the chromospheric activity levels of the stars,
whose variability Lockwood et al.| (2007) were not able to con-
firm, cluster around the variability gap predicted by our model
(see Fig. @) There are, however, also stars with confirmed vari-
ability located in the variability gap. The variability of such stars
cannot be reproduced by our model. We note that these are ex-
actly the stars which cause the deviation between the Lockwood|
regression and our calculations (here we ignore the
four stars with logR}, < =5 since their variability is quite un-
certain and our model cannot reproduce the variability of stars
with such a small magnetic activity, see Sect.[6.2)). The absence
of the gap in the observational data and consequently the devi-

ation between the [Lockwood et al.| (2007) empirical regression

and our model can be the result of one or more of the following:

1. The dependences of the spot and facular disc coverage on
the S-index (Egs.[TH2) employed in our model are rather approx-
imate and may also vary from star to star. This may have a strong
effect on the variability of stars around the gap. Indeed, the vari-
ability of such stars is determined by the balance between spot
and facular contributions. A small change of the ratio between
spot and facular surface coverages (as well as between spot and
facular brightness contrasts, see point 3) may break this delicate
balance and thus strongly affect the variability of the stars around
the gap (see also Appendix B). In contrast, such a change only
marginally affects the variability of stars far from the gap.

2. Our model only accounts for the photometric variabil-
ity on the activity time scale. The measured stellar variability
may be affected by the long-term variability and short-term vari-
ability on the time-scale of stellar rotation, which may be not
completely eliminated by the annual averaging performed by
Lockwood et al.| (2007). Since, unlike the case of the variability
on the activity time scale, we do not expect any compensation
effect in the rotational and long-term variabilities, they may sig-
nificantly contribute to the total variability around the gap (see
[Shapiro et al.[|2013a} for a more detailed discussion and estima-
tions).

3. The position of the gap very likely depends on B-V since
the facular and sunspot contrasts are expected to depend on the
effective temperature of the star. It is possible that while the Sun
is located in the variability gap, other stars with similar levels of
magnetic activity but higher photometric variabilities are located
outside of the gap.

4. The stellar variabilities may be affected by a not yet iden-
tified physical mechanism which is not taken into account by our
simple extrapolation from the Sun.

6.2. Faculae- and spot-dominated stars

One quantity which allows distinguishing easily between stars
whose photometric variability is dominated by faculae and
those with spot-dominated photometric variability is the sign
of the change in brightness with changing chromospheric ac-
tivity. |[Lockwood et al.| (1992)) introduced the slope of the re-
gression to photometric brightness vs. S-index A[(D + y)/2]/AS
as a measure of faculae- or spot-dominance. The zero value of
A[(b +y)/2]/AS corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.

In Fig. | E we plot A[(b+y)/2]/AS values given by|Lockwood|
2007) and similarly computed with our model. As in
Fig.|10| the three panels differ only in the spatial distribution of
active regions on the stellar surface assumed for the model (the
observed data, asterisks, are the same in all panels). Most of the
observed stars are located in between the synthetic curves, so
our results are in good agreement with the data of
(2007). For the spot-dominated stars our model reproduces
the increase of photometric variability relative to chromospheric
variability with increasing activity level.

Interestingly, three stars in Fig. [T1] appear to be spot-
dominated despite the low level of their mean chromospheric ac-
tivity. Our simple extrapolation from the Sun cannot reproduce
such low values of the mean chromospheric activity (one would
have to adjust the value of S € for this; see Eq. , which implies
that the temperature structures of the quiet and magnetic regions
of these stars are different from the respective solar temperature
structures. At the same time these stars are located in the light
grey shaded region in Fig.[TT] which implies that their photomet-
ric variabilities are below the uncertainty level and consequently
A[(b +y)/2]/AS values are quite uncertain. For example, one of
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these stars, HD 14376, was also observed by Hall et al.| (2009)
who found no activity-brightness correlation, instead of the in-
verse activity-brightness correlation found by [Lockwood et al.
(2007).

If observed stellar photometric brightness is affected by a
systematic trend or noise (which may be stellar and/or instru-
mental in nature, see Sect. @, then it will have a stronger ef-
fect on the measured photometric variability than on the A[(b +
¥)/2]/AS values. This may explain why the observed data and
our model are in a better agreement in Fig.[TT|than in Fig. [I0]

Radick et al| (1998) suggested that the term “Sun-like”
might be better applicable to the older and low activity stars
with faculae-dominated variability than for the stars with spot-
dominated variability. Our results indicate that the qualitative
behaviour of the more active Sun-like stars can be reproduced
using the Sun as a model star simply by extrapolation. Based
on this we can conclude that even the younger stars with spot-
dominated variability might be considered as “Sun-like” stars in
the sense that their variability is defined by the same physical
processes as the solar one.

We note that the Rossby number which defines the efficiency
of the stellar dynamo (Noyes et al.[1984) is supposed to increase
with stellar activity. At the same time the latitudes of the mag-
netic field emergence depend on the magnetic Rossby number
(Schiissler & Solankil|1992). The actual latitudes of emergence
of the field also depend on a number of further parameters, in-
cluding the depth of the convection zone (i.e. on B-V and on the
evolutionary state of the star, see [Schiissler et al.||{1996; Granzer
2002). In addition, meridional flows may move magnetic fea-
tures towards the poles even after emergence (Schrijver & Title
2001). Therefore, while, in general, one might expect that the
solar distribution of active regions is more representative for low
activity stars and the polar distribution for high activity stars,
there are likely to be deviations from this straightforward rule
and the stars with the same logRj,, may have different latitudi-
nal distributions of active regions. The comparison of the slopes
calculated with different distributions allows one to estimate the
scatter in the observed values which might be attributed to dif-
ferent latitudinal distributions of active regions.

Our calculations indicate that the transition from the facula-
to the spot-dominated regime occurs somewhere between
logR{x = —4.9 and logRj,, = —4.7, which agrees well with
the [Lockwood et al.| (2007) and |Hall et al.| (2009) observations.
The activity level of the transition depends also on the inclina-
tion and latitudinal distribution of active regions (and probably
on B-V, which is however outside of the scope of this study), so
that the regimes of variability are not sharply defined, which is
in line with the observations of |[Hall et al.| (2009). While accord-
ing to our calculations the solar variability is faculae-dominated
(though see |Harder et al.|[2009; Preminger et al.[|2011)), the Sun
is located very close to the threshold between the regimes, so
that the stars which are a bit more active than the Sun might be
observed as spot-dominated.

The mean and rms variation values of the chromospheric ac-
tivity do not uniquely define the S-index time series. This is an
extra source of the scatter in Fig.[TT|because the A[(b+y)/2]1/AS
values might be affected by the specific form of the S-index time
variability. We note that the theoretical A[(b + y)/2]/AS values
presented here were calculated employing the scaled solar S-
index time series (see Sect[5.4)), which is only an approximation.
Additionally the stellar observed time series may be too short to
reveal a true regime of the variability. For example if the Sun
is observed for a short period of time around its activity max-
imum from its equatorial plane it may be falsely identified as

spot-dominated (see Fig. [7). This effect may explain some part
of the scatter in the observed slopes in Fig. [IT]and points to the
importance of having long time-series to accurately clarify such
stars. The effect of the possible deviations in the stellar disc area
coverages by active regions from the dependences established in
Sect. [3]is discussed in Appendixes[A]and [B]

If the varying stellar activity crosses the threshold between
the facular and spot-dominated variability regimes then the star
can appear to be facula-dominated over some periods of time
(when the activity is below the threshold), while it will be ob-
served to be spot-dominated over other intervals of time (when
the activity is above the threshold). In Fig. we shaded the
logRy; ranges which correspond to such regimes of variability
for both latitudinal distributions of active regions. As expected
the Sun lies within the shaded area. Another interesting exam-
ple of a “cross over” star is HD 140538 (y Ser), which demon-
strates both direct and inverse activity-brightness correlations of
timescales of four years (Hall et al.|2009). We note, however,
that the complete picture of its variability might be also affected
by many other factors, including the change of the latitudinal
distribution of active regions, change of faculae to spot coverage
ratio, and observational noise.

7. Conclusions

A long-standing puzzle in the study of stellar activity has been
the observation that whereas on one hand stars with a relatively
low level of activity, become photometrically brighter (averaged
over a year) as their activity level increases, on the other hand
more active stars display the opposite behavior, becoming darker
with rising activity level. We reproduce this phenomenon based
on the assumption that the solar paradigm is also valid for more
active stars, i.e. we can qualitatively describe stellar behavior by
extrapolating from solar activity and brightness variations.

We have expanded a simplified version of the SATIRE model
of solar variability to Sun-like stars with different levels of mag-
netic activity. Our model attributes the variability of Sun-like
stars to the spatial inhomogeneities (i.e. bright faculae and dark
spots) on their surfaces, caused by the presence of a magnetic
field at the solar/stellar surface. The key ingredient to the ex-
trapolation is the finding that the area coverage by sunspots in-
creases more rapidly with chromospheric activity than the cov-
erage by faculae (see also [Foukal||1998)), although only the lat-
ter contribute strongly to the Ca II H and K line core emission,
which determines the S-index.

We have employed our model to study the dependences of
the stellar photometric variability on the observed mean level of
magnetic activity (as traced by the Ca II S-index), stellar incli-
nation (i.e. the angle between the direction to the observer and
stellar rotational axis) and, at a simple level, also on the latitudi-
nal distribution of active regions on the stellar surface.

We have found that our simple extrapolation from the Sun
to higher activity stars reproduces the observed trend that while
the variability of Sun-like stars with low magnetic activity is
dominated by faculae (i.e. photometric brightness and magnetic
activity are positively correlated), the variability of Sun-like
stars with high magnetic activity is spot-dominated (photometric
brightness and magnetic activity are negatively correlated). The
switch between the regimes happens around magnetic activity
levels slightly larger than solar and depends on the inclination
and latitudinal distribution of active regions. The slopes of the
activity-brightness correlation, calculated with our model, are in
good agreement with the [Lockwood et al.|(2007)) data. Our cal-
culations indicate that the variability of a star with a solar level of
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Fig. 11. Slope of the regression to the dependence of photometric
brightness variation on HK emission variation, plotted vs. mean
chromospheric activity logR}, . for stars with solar (upper panel),
polar (middle panel), and homogeneous (lower panel) distribu-
tions of active regions. The asterisks indicate the observed val-
ues for the stellar sample of [Lockwood et al.|(2007). The dia-
mond indicates 18 Scorpii (HD 146233) from Hall et al.| (2009).
The light shaded areas represent the activity levels for which
photometric variability, according to the activity-variability re-
gression from [Lockwood et al.| (2007), is smaller than the 1o
uncertainty and thus A[(b + y)/2]/AS values cannot be reliably
defined. Coloured curves are the output of our model calculated
for three values of the stellar inclination: 90° (red curve), 57°
(magenta curve), and 0° (blue curve). The dashed lines sepa-
rate the facula-dominated (positive A[(b + y)/2]/AS) from the
spot-dominated (negative A[(b+y)/2]/AS) variability. The solid
vertical line on the upper panel denotes the mean level of so-
lar chromospheric activity. The dark shaded bands indicate the
range of the chromospheric activities for which according to
our model the stars can be observed as either faculae or as spot-
dominated, depending on the period of time over which they are
observed (see text for details).

magnetic activity is faculae-dominated, independently of the in-
clination and latitudinal distribution of active regions on the sur-
face, although a too short time series of solar activity, if caught
at the right phase may lead to the opposite conclusion.

The measured photometric variabilities of the high activity
stars agree with our calculations reasonably well. However, the
variabilities of the low activity stars calculated with our model,
are smaller than given by the empirical correlation between the
stellar photometric variability and mean chromospheric activity

level. This is probably caused by the limitations of our simple
approach and by the uncertainties in the stellar measurements.

The general success of the model in reproducing the basic
qualitative behavior of spot-dominated stars is an indication that
the photometric variability of more active stars has the same fun-
damental causes as the Sun’s. Up until now physics-based mod-
els of irradiance variability were solely applied to the solar case.
Consequently, they could only be validated and constrained by
solar data, which represent a single point in a wide parameter
space of the possible magnetic activities, inclinations, latitudinal
distribution of active regions, etc. The approach presented in this
paper allows constraining the model over a much wider parame-
ter space, and, thus, along with interpreting stellar data, it helps
to better understand the mechanisms of solar variability.

As a next step we plan to apply an extension of this model to
study stellar variability on rotational time scales, as observed by
the COROT (Baglin et al.[2006) and Kepler (Borucki et al.[2010)
missions and in future to be measured by the PLATO mission
(Rauer et al.|2013)).
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Fig. A.1. The photometric variability as a function of mean chro-
mospheric activity calculated for @ = 0 (original Ay coverages
given by Eq. |1} solid curve), @ = 0.5 (increased Ag coverages,
dotted curve), @ = —0.5 (decreased Ag coverages, dashed curve).
The calculations are performed for the homogeneous distribu-
tion of active regions.

Appendix A: Deviations in the disc area coverages
by active regions

The relationships between disc area coverages and chromo-
spheric activity employed in the present study were established
on the basis of solar data and then extrapolated to higher activity
levels. While one might expect that the extrapolation works well
for stars with activities similar to that of the Sun, the disc area
coverages of more active stars may deviate from the values given
by Egs. (I)—(2). To estimate the impact of such deviations on our
results we recalculated log(rms(b + y)/2) and A[(b + y)/2]/AS
values plotted in Figs. [I0]and [T 1] first assuming that the cover-
age of the most active stars from the sample of Lockwood et al.
(2007) is 50 % larger then we expect from the extrapolation from
the Sun and than that it is 50 % smaller than we expect from solar
extrapolation.

Namely, we apply following correction to the spot area disc
coverage:

_SG

AG(S) =As(S)- (1 _—
§5)=458) (1@ =

), (A.])
where A§ (S) is the new spot disc area coverage, As (S) is the spot
disc area coverage given by Eq. (1), a is the coefficient which de-
termines the amplitude of the correction, S, is mean solar level
of chromospheric activity and S n.x Was chosen to be equal to
0.5, which is the highest mean chromospheric activity consid-
ered in the present study (see the description of the algorithm
employed to produce Figs. [I0]and [IT]in Sect. [6).

The resulting dependences of log(rms(b + y)/2) and A[(b +
¥)/21/AS on S are plotted in Figs. [A.T] and [A.2] for three values
of @. One can see that the scatter in the surface coverages may
lead to significant deviations in the theoretical curves plotted in
Figs.[A.T|and [A.2] At the same time the general success of our
approach in modeling the stellar data implies that the simple ex-
trapolation of solar disc area coverages is working remarkably
well even for stars significantly more active than the Sun.

Appendix B: Comparison with the SATIRE-S results

Our model of stellar variability is based on the representation
of the facular and spot disc area coverages as functions of the
S-index measured from a vantage point in the stellar equatorial
plane (see Eqs.[TH2)). For fixed inclination and distribution of ac-
tive regions the change of the stellar brightness due to magnetic
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Fig. A.2. Slope of the regression to the dependence of photo-
metric brightness variation on HK emission variation, plotted vs.
mean chromospheric activity logR};, calculated for @ = 0 (origi-
nal As coverages given by Eq.[I] solid curve), @ = 0.5 (increased
Ag coverages, dotted curve), @ = —0.5 (decreased Ag coverages,
dashed curve). The calculations are performed for homogeneous

distribution of active regions.

activity, 6(b + y)/2, is a single-valued function of the observed
S-index.

In reality Eqs. (I)—-(2) are only approximate. For every par-
ticular observational season the disc area coverages may differ
from the values given by these equations, as they define the rela-
tion averaged over the longest time interval for which solar data
are available (see Sect.[3). For example, a transit of a large spot
may cause the stars deemed facular-dominated by our analysis
to be temporarily spot-dominated.

To estimate the importance of this effect we considered the
solar S-index and photometric brightness (i.e. the Stromgren
(b + y)/2 flux) time series. The S-index was calculated from
the Sac Peak K-index Kgp (see Sect. E]) As there are no long-
term solar irradiance measurements equivalent to the Stromgren
(b + y)/2 flux we employed the SATIRE-S spectral irradiance
time series (see description in [Ball et al.|2012] [2013| and ref-
erences therein) convolved with the Stromgren (b + y)/2 spec-
tral filter profile. Using these data we calculated the slope of the
regression of photometric brightness on the observed S-index,
AL(b + y)/2]/AS, for 11-year time intervals (the value for the
year X is the slope of the regression calculated for the [X-5,
X+5] dataset), offset by one year each.

The S-index and photometric time series and slopes are plot-
ted in Fig. [B.I] One can see that the photometric flux is not a
single-valued function of the S-index and the slope of the re-
gression varies with time. For example, the increase of the slope
after 2003 might be explained by the decrease of the ratio be-
tween spot and facular disc area coverages.

The variations of the slope may explain some of the scatter
in the observed stellar slopes (see Fig. [TT)). The effect gets larger
if instead of the annual data we consider 3-month averages (see
Fig.[B:2). One can see that the transit of large spots affects the
photometric flux, while leaving the S-index unchanged (as for
a star with a solar level of activity the contribution of spots to
the S-index is negligibly small). We note that the slopes calcu-
lated with our model using the entire time series (1978-2010)
agree well with the more sophisticated and accurate SATIRE-S
calculations.

Figures [B.1] and reveal that according to the SATIRE-
S model the variability of the solar Stromgren (b + y)/2 flux is
always faculae-dominated if the Sun is observed for at least 11
years. This does not contradict with its position in the shaded
band in Fig. [TT|because if the Sun is observed for a shorter period
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Fig.B.1. Annual values of the solar spectral flux in the
Stromgren (b + y)/2 filters according to the SATIRE-S model
(upper panel) and the S-index calculated from the Sac Peak mea-
surements (middle panel) as well as the slopes of the activity-
brightness correlation (lower panel). The solid line in the lower
panel represents the slope calculated with the simplified model
used in this paper, while the dashed line corresponds to the
slope calculated with SATIRE-S data using the entire time se-

ries (1978-2010).

of time around its activity maximum it can be falsely identified
as spot-dominated (see Fig.[7).
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