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ABSTRACT

Context. Regular spaceborne measurements have revealed that solar brightness varies on multiple timescales, variations on timescales
greater than a day being attributed to a surface magnetic field. Independently, ground-based and spaceborne measurements suggest
that Sun-like stars show a similar, but significantly broader pattern of photometric variability.

Aims. To understand whether the broader pattern of stellar variations is consistent with the solar paradigm, we assess relative con-
tributions of faculae and spots to solar magnetically-driven brightness variability. We investigate how the solar brightness variability
and its facular and spot contributions depend on the wavelength, timescale of variability, and position of the observer relative to the
ecliptic plane.

Methods. We performed calculations with the SATIRE model, which returns solar brightness with daily cadence from solar disc
area coverages of various magnetic features. We took coverages as seen by an Earth-based observer from full-disc SoHO/MDI and
SDO/HMI data and projected them to mimic out-of-ecliptic viewing by an appropriate transformation.

Results. Moving the observer away from the ecliptic plane increases the amplitude of 11-year variability as it would be seen in
Stromgren (b + y)/2 photometry, but decreases the amplitude of the rotational brightness variations as it would appear in Kepler and
CoRoT passbands. The spot and facular contributions to the 11-year solar variability in the Stromgren (b + y)/2 photometry almost
fully compensate each other so that the Sun appears anomalously quiet with respect to its stellar cohort. Such a compensation does
not occur on the rotational timescale.

Conclusions. The rotational solar brightness variability as it would appear in the Kepler and CoRoT passbands from the ecliptic plane
is spot-dominated, but the relative contribution of faculae increases for out-of-ecliptic viewing so that the apparent brightness varia-
tions are faculae-dominated for inclinations less than about i = 45°. Over the course of the 11-year activity cycle, the solar brightness

variability is faculae-dominated shortwards of 1.2 um independently of the inclination.
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1. Introduction

The action of a dynamo in stars with convective envelopes leads
to the generation of magnetic field (Charbonneau 2010). The
magnetic field emerges on the stellar surface, forming structures
such as dark spots and bright faculae, and then rises further to
fill the outer stellar atmosphere (Solanki et al. 2006). The emer-
gent magnetic field can be traced via sophisticated techniques
such as Doppler or Zeeman-Doppler imaging (see reviews by
Berdyugina 2005; Reiners 2012, and references therein), or
through the non-thermal UV (Hall 2008) and X-ray (Giidel
2004) emission.

An alternative way of studying stellar magnetic fields is pro-
vided by brightness variations caused by surface magnetic fea-
tures. The transit of bright and dark magnetic features across
the visible stellar disc as the star rotates, and the evolution of
magnetic features cause changes of stellar brightness on the
timescale of the stellar rotation. The overall modulation of the
stellar disc coverage by magnetic features over the activity cycle
leads to brightness changes on timescales of the stellar activity
cycle.

The brightness variations of the Sun and Sun-like stars,
dominated by magnetism except at the shortest and longest
timescales, has been studied for the last few decades. The vari-
ations of solar brightness were detected with the start of regular
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spaceborne total solar irradiance, TSI (total radiative flux from
the Sun, normalized to one AU) monitoring (Hickey et al. 1980;
Willson et al. 1981). In particular, it was established that TSI
varies on the 27-day rotational and on 11-year activity timescales
(see reviews by Frohlich 2013; Kopp 2014). The same has been
noted of the spectrally resolved solar irradiance, the so-termed
spectral solar irradiance, SSI (Floyd et al. 2003; Harder et al.
2009; Deland & Cebula 2012).

Synoptic observations at the Lowell and Fairborn observato-
ries led to a detection of photometric variability in a few dozen
of Sun-like stars (Lockwood et al. 1997, 2007; Radick et al.
1998; Hall et al. 2009). While there have been some attempts to
retrieve short-term (i.e. night-to-night) stellar photometric vari-
ability from the Lowell data (see e.g. Radick et al. 1998), the
large uncertainties in the individual measurements make these
data more suitable for studying the long-term variability on
timescales of stellar activity cycles.

The advent of the CoRoT (Bordé et al. 2003; Baglin et al.
2006) and Kepler (Borucki et al. 2010) missions initiated a new
era in the study of stellar photometric variabilities. CoRoT and
Kepler allowed measuring brightness variations on timescales
up to about three months with unprecedented precision and ca-
dence. The uncertainties in the long-term calibration and rela-
tively short period of CoRoT and Kepler measurements makes
them more suitable for studying stellar brightness variations on
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the timescale of stellar rotation making them complementary to
the Lowell and Fairborn data. There have been a number of stud-
ies (e.g. Basri et al. 2010, 2011, 2013; McQuillan et al. 2012,
2014; Garcia et al. 2014), performed with Kepler data, aimed
at understanding whether solar variability is typical or rather
weak compared to the majority of Sun-like stars and to assess
the fraction of stars which are more variable than the Sun. These
studies have important applications for solar physics and climate
research as they allow an assessment of the dynamic range of
solar variability and consequently of its influence on the Earth’s
climate.

The important question in studies of stellar photometric vari-
ability is which kind of magnetic features dominate the pho-
tometric variability. In particular, whether photometric variabil-
ity is attributed to large concentrations of magnetic field which
form dark spots or to smaller magnetic elements, the ensemble of
which forms bright faculae and network. It is known that cyclic
(i.e. over the activity cycle) photometric variability of the Sun
and Sun-like stars less active than the Sun is faculae-dominated,
while that of more active stars is spot-dominated (Radick et al.
1990; Lockwood et al. 2007, 2013; Hall et al. 2009). This obser-
vation, together with the general patterns of variation (e.g. de-
pendence of the brightness variability on mean chromospheric
activity) established by the Lowell and Fairborn programs for
the long-term cyclic photometric variability of Sun-like stars
is often extrapolated to shorter timescales of stellar rotations
(cf. Gilliland et al. 2011; Harrison et al. 2012; Lewis 2013;
Dumusque et al. 2014; Dumusque 2014). At the same time the
applicability of such an extrapolation to the rotational timescale
has not been directly addressed in the literature so far. One of
the aims of the present paper is to determine if this assumption
is correct.

There have been several studies aimed at connecting pho-
tometric variability of Sun-like stars with magnetic features on
their surfaces. For example, Lanza et al. (2003, 2006) developed
a model for simulating brightness variations of the Sun and Sun-
like stars. They assumed that stellar magnetic features consist of
a mixture of spot and facular areas in a fixed proportion. Lanza
et al. (2009a,b) applied this model to light-curves of CoRoT-4a
and CoRoT-Exo-2a measured by CoRoT, while Gondoin (2008)
applied it to light-curves of € Eri and « Ceti measured by the
MOST microsatellite. Their analysis suggested that the facular
to spot area ratio is somewhat lower for more active stars (cf.
Foukal 1998; Solanki & Unruh 2013; Shapiro et al. 2014).

Facular signatures have been found in the frequency spec-
trum of the green photometry recorded by the Sun PhotoMeter
on the SOHO/VIRGO experiment (Karoff 2012) and in the fre-
quency spectra of the high-cadence Kepler light curves of several
Sun-like stars (Karoff et al. 2013). Efforts have also been made
to estimate the effect of faculae on stellar radial velocity signa-
tures (see Meunier et al. 2010; Jeffers et al. 2014; Dumusque
et al. 2014; Dumusque 2014, and references therein). However,
the effect of faculae on the rotational stellar brightness variabil-
ity measured by Kepler and CoRoT has not been addressed so
far.

In this paper we employ the Spectral And Total Irradiance
Reconstruction (SATIRE, see Fligge et al. 2000; Krivova et al.
2003) model to calculate the relative contributions of faculae
and spots to magnetically-driven solar brightness variability.
We study how these contributions depend on the wavelength,
timescale, and position of the observer relative to the ecliptic
plane. In particular, we investigate whether facular signatures
can be seen in the Kepler light curves of a star identical to the
Sun.
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In Sect. 2 we briefly describe the SATIRE approach. In
Sect. 3, we calculate the contribution by faculae and spots to
solar brightness variability, as apparent to an Earth-bound ob-
server, and the wavelength- and timescale-dependence. In Sect. 4
we investigate how the relative role of facular and spot contri-
butions varies with the position of the observer relative to the
ecliptic plane. We also examine if the change in apparent so-
lar brightness variability with observer perspective is similar at
rotational and cyclical timescales, as is often assumed in the lit-
erature. In Sect. 5 we calculate the contributions of faculae and
spots to the Kepler light curves of a star identical to the Sun.
Finally, we summarize our main results in Sect. 6.

2. The model

2.1. SATIRE-S

The calculations presented in this paper are based on the
SATIRE model. SATIRE attributes the solar brightness variabil-
ity on timescales of a day or longer to the time-dependent contri-
butions from dark and bright surface magnetic features. It mod-
els the visible solar disc as comprising of quiet Sun, and three
classes of magnetic features: sunspot umbrae, sunspot penum-
brae, and faculae (which encompasses all non-sunspot magnetic
activity, including network). The spectra of the quiet Sun and
magnetic features at different disc positions have been calcu-
lated by Unruh et al. (1999) with the ATLAS9 code (Kurucz
1992; Castelli & Kurucz 1994). Depending on the timescale, dif-
ferent approaches are used to derive the solar disc coverage by
magnetic features.

There are several implementations of SATIRE, differing by
the solar observations used to infer faculae and sunspot cover-
age (Krivova et al. 2011). Here, we utilize the version based
on full-disc magnetograms and intensity images, SATIRE-S, the
suffix denoting “satellite-era” (Ball et al. 2014; Yeo et al. 2014).
This makes SATIRE-S the only model returning TSI and SSI si-
multaneously and based on direct measurements of solar surface
magnetic field rather than on indirect proxies of solar magnetic
activity (see also discussion in Krivova et al. 2011).

In SATIRE-S, the Spectral Solar Irradiance S (¢, 4) is calcu-
lated by summing up the contributions from image pixels over
the solar disc, i.e.

S@A) =SB+ >N (I, - IFW) ek, a2 (1)
mn  k

The first summation on the right side of Eq. (1) is done over the
magnetogram pixels (with m and n being the abscissa and ordi-
nate of the pixel, respectively). The second summation is done
over the magnetic components of the solar atmosphere (i.e. um-
brae, penumbrae, and faculae). I,’jm(/l) and I,%? are the intensities
at wavelength A emergent at the position of the pixel {m, n} from
the magnetic component k and the quiet Sun, respectively. ot ()
is the coverage of the pixel {m,n} by the component k, and AQ
is the solid angle of the solar disc segment corresponding to one
magnetogram pixel when magnetogram is obtained at 1 au from
the Sun. S (1) is the solar irradiance as it would be observed if
the visible part of the solar disc were free from spots and faculae
(i.e. completely covered by the quiet Sun). It is given by

SBW) = IR AQ. )

SATIRE-S has been demonstrated to successfully reproduce the
apparent variability in TSI and SSI measurements from various
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Fig. 1. TSI from the SATIRE-S reconstruction (red curves) and from the PMOD composite (black) for the entire period of observations (panel a)),
and for the annual intervals representing high (panels b) and ¢)) and low (panel d)) levels of solar activity. Three black rectangles in panel a) con-
strain the periods and TSI ranges shown in the other panels. The presented SATIRE-S reconstruction (panel a)) is based on full-disc observations
of intensity and magnetic flux from the Kitt Peak Vacuum Telescope, the Michelson Doppler Imager (MDI) onboard the Solar and Heliospheric
Observatory, and the Helioseismic and Magnetic Imager onboard the Solar Dynamics Observatory. The parts of the reconstruction displayed in

panels b)—d) are based on the MDI data.

monitoring missions (see Ball et al. 2012, 2014; Yeo et al.
2014; Danilovic et al. 2016, and references therein). Figure 1
compares daily values returned by SATIRE-S with the ob-
served TSI (according to the PMOD composite; Frohlich 2006)
on the solar cycle timescale (Fig. la) and on the rotational
timescale (Figs. 1b—d). Conspicuous dips in the observations
(e.g. in September 2000 and in August 2002) are associated
with transits of large sunspot groups. The agreement between
SATIRE-S and observations appears to worsen somewhat in
2008 but this is associated with the increased noise contribu-
tion to the observations (note the difference in vertical scales
between panels b or ¢ and d of Fig. 1). Overall, SATIRE-S repli-
cates 92% of the TSI variability in PMOD composite and 96% of
the TSI variability when only the most reliable 19962013 mag-
netograms and TSI measurements are considered (both numbers
are according to Yeo et al. 2014).

2.2. The solar brightness variability observed
from the ecliptic

Using daily observations from the Michelson Doppler Imager
onboard the Solar and Heliospheric Observatory (SOHO/MDI,
Scherrer et al. 1995) and from the Helioseismic and Magnetic
Imager onboard the Solar Dynamics Observatory (SDO/HMI;
Schou et al. 2012), we reconstructed SSI over the period

of 2 February 1999 and 1 August 2014. Although MDI obser-
vations extend back to 1996, we disregard the pre-1999 data
(following Ball et al. 2012; Yeo et al. 2014). Ball et al. (2012)
reported evidence that the response of the MDI magnetograph
might have changed over the SOHO vacation. In addition to the
S (A4, 1) time series we calculate “facular” St.c(A, 1) and “spot”
S spot(4, 1) time series by omitting the spot term in Eq. (1) in the
first case and the facular term in the second case. The o¥ () val-
ues have been utilized from Yeo et al. (2014), who employed the
harmonising procedure which allows avoiding any inconsisten-
cies between the SOHO/MDI and SDO/HMI segments.

We define the amplitude of the solar brightness variability on
the activity timescale as

1 (SSI(A, ))2000 — (SSI(4, ))2008
2 (SSI(A, H))2000 + (SSI(A, 1))2008~
where the annual averaging is performed over the years repre-
senting periods of high (year 2000) and low (year 2008) solar
activity.

The amplitude of the solar brightness variability on the
timescale of solar rotation is defined as

SSI(A, ) — (SSI(A, 1))
(SSI(A, 1)) ’

where rms stands for the root mean square. The angle brack-
ets in the numerator and denominator of Eq. (4) denote the

ASSI(A) = (3)

oSSI(N) = rms( 4)
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Fig. 2. Umbrae (plotted in black), penumbrae (plotted in blue), and fac-
ulae and network (both plotted in red) as they would be seen on the solar
disc on October 31, 2003 about midnight UTC at four different inclina-
tions: i = 90° (i.e. from the ecliptic plane, panel a)), i = 60° (panel b)),
i = 30° (panel ¢)), and i = 0° (panel d)).

81-day running mean and the average over the entire time series,
respectively.

We feed Egs. (3), (4) with S(4,1), Sgac(4, 1), and Sgpoi(A4, 1)
time series to calculate the total amplitude of the solar brightness
variability, and its facular and spot components, respectively.

2.83. The solar brightness variability observed out-of-ecliptic

While the Earth-bound observer always have a near-equatorial
perspective of the Sun (hereafter we will neglect the angle be-
tween solar equator and ecliptic which is very small, being equal
to ~7.25°), the same is not true of other stars. To calculate the
solar brightness variability as it would be seen from an out-of-
ecliptic view-point we project the apparent coverages of mag-
netic features obtained by Yeo et al. (2014) from SOHO/MDI
and SDO/HMI measurements to out-of-ecliptic viewing (see
Fig. 2).

The projected distributions of magnetic features and corre-
sponding projected values of pixel coverages okl (1) are used
to calculate S'(,1), St (4,1), and Sf;pol(/l, f) time series, where
i is the angle between the solar rotational axis and direction
to the observer (hereafter referred to as the inclination). We
then substitute S'(4,1), St (4,1), and Sf;pol(/l, f) time series into
Egs. ((3), (4)) to recalculate the amplitude of total solar bright-
ness variability and its facular and spot components for arbitrary
inclination i.

The magnetic field measurements, and consequently the so-
lar surface coverage by faculae and network, are rather uncer-
tain towards the poles due to foreshortening. At the same time
the contribution of polar faculae and network to solar brightness
variability is very small independently of the inclination (see de-
tailed discussion in Vieira et al. 2012) so that we do not expect
that the uncertainty in their disc coverages here will affect our
results.
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An out-of-ecliptic perspective reveals magnetic features on
the far side of the Sun that would otherwise be obscured from
an ecliptic viewpoint. Since we do not know the true longitudi-
nal distribution of magnetic features on the far side of the Sun,
in our calculations the distribution of magnetic features on the
far side of the Sun is obtained by projecting the distribution of
magnetic features on the near side of the Sun on to the far side
assuming that the two sides are point symmetric with respect to
each other through the centre of the Sun. In other words the mag-
netic features on the far side of the Sun are assumed to be 180°
in longitude apart and with opposite latitudes from the features
observed on the near side of the Sun.

We do not expect this assumption to introduce any unphys-
ical effects on the calculated cyclic variability since the distri-
bution of magnetic flux should, on average, not differ between
the near and far sides of the Sun. The shortcoming of this al-
gorithm for calculating the brightness variability on the rota-
tional timescale is that it does not allow proper accounting for
the magnetic features rotating into and out of view. For example,
magnetic features will abruptly appear and disappear on the so-
lar disc even when the Sun is observed from its rotational axis.
However, the main contribution to the solar brightness variabil-
ity on the rotational timescale comes not from the disappearance
and appearance of magnetic features but rather from their evolu-
tion and the centre-to-limb variations (CLV) of their contrasts. In
Appendix A we show that our omission of the proper account-
ing for the disappearance and appearance of magnetic features
only has a minor impact on the calculated amplitude of solar
brightness variability on the rotational timescale.

3. Facular and spot components of solar brightness
variability observed from the ecliptic

In this section we utilize the model presented in Sect. 2 to assess
the contributions of faculae and spots to solar brightness vari-
ability observed from the ecliptic plane on the 11-year activity
cycle (Sect. 3.1) and on rotational (Sect. 3.2) timescales.

3.1. Activity cycle timescale

In Fig. 3 we plot the amplitudes of the 11-year solar brightness
variability and its facular and spot components (see Sect. 2.2) as
functions of wavelength. One can see that the facular component
computed with SATIRE-S overweights that of the spots in the
UV, visible, and almost entire near-IR spectral domains.

The amplitude of the facular component strongly decreases
with wavelength. This comes in part from the diminishing sensi-
tivity of the Planck function to the temperature contrast beween
facular and quiet regions. Due to higher temperature contrast be-
tween spot and quiet Sun, the spot component decreases with
wavelength not as fast as the facular one so that the regime of
the solar brightness variability on the activity cycle timescale
switches from faculae- to spot-dominated about 1200 nm.

Figure 3 demonstrates that the spectral dependences of the
spot and facular components are remarkably different. The facu-
lar component has a very complex profile due to the strong influ-
ence of Fraunhofer lines (Unruh et al. 1999, 2008; Shapiro et al.
2015). The effect of Fraunhofer lines on the spot component is
much more subtle and exposes itself as barely visible spikes su-
perposed on otherwise undulating dependence (see discussion in
Unruh et al. 2008; Shapiro et al. 2015).

The facular component drops abruptly longward of the CH
G-band at 430 nm, triggering a similar drop in overall solar


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527527&pdf_id=2

A. 1. Shapiro et al.: Are solar brightness variations faculae- or spot-dominated?

S50F ‘55
: 4

40 H E
ER EERE.
£ 301 -
E ¢ 32 E
(=3 C ] (=3
g zoi 12
v “UF ER
% E 1@
1%} r 1 @
< ERERS
(V2= | I A ] DA N S U S No
O: ,,,,,,,,,,,,,,,,,,,,,,,,,,,, 4-1

~ 1 ) . P R IR IR S

200 300 400 600 800 1000 1200 1400

Wavelength [nm]

Fig.3. Amplitude of the 11-year solar brightness variability (black
curves) and its facular (red) and spot (blue) components expressed in
mmag. We use axes with different scales shortward and longward of
400 nm (left and right parts and Y-axes of the figure, respectively sep-
arated by the vertical black line). The green shaded contours indicate
the transmission curves of the Stromgren filters b and y (centred at
467 and 547 nm, respectively). The scale for the transmission curves
is chosen so that transmission values 0% and 100% correspond to 0
and 5 mmag, respectively (according to the right axis).

brightness variability. As a result, solar brightness variability al-
most reaches zero (i.e. facular and spot components nearly com-
pensate each other) in the Stromgren b filter and is relatively
small in the Stromgren y filter (see Fig. 3). These filters are
widely used in ground-based synoptic programs aimed at the
brightness monitoring of Sun-like stars (see e.g. Radick et al.
1998; Lockwood et al. 2007, 2013; Hall et al. 2009).

To compare the solar brightness variations to those of Sun-
like stars the variability of the solar Stromgren (b + y)/2 flux
is often estimated by scaling the TSI variability, since no direct
measurements of solar brightness variability in Strémgren b and
y filters exist. This is usually done assuming that the solar bright-
ness variation is caused by a change of the solar effective tem-
perature (Lockwood et al. 2007, and references therein). Such an
approach yields 1.1 mmag for the amplitude of the 11-year so-
lar cycle variability, identical to that of what is arguably the best
solar twin, 18 Sco (cf. Petit et al. 2008), 1.1 mmag (see detailed
discussion in Lockwood et al. 2013). Our calculations show that
after a proper radiative transfer computation of spectra of solar
features, the solar variability in Stromgren (b + y)/2 photome-
try is significantly lower at 0.37 mmag (with facular and spot
components being equal to 1.2 and —0.83 mmag, respectively).

3.2. Timescale of solar rotation

In Fig. 4a we plot the amplitude of the rotational brightness vari-
ability of the Sun and its facular and spot components calculated
employing the entire SATIRE-S time series considered in this
study (2 February 1999-1 August 2014, see Sect. 2). This time
series covers more than a half of solar cycle 23 (including the
maximum in 2000) and the ascending part of cycle 24.

The amplitude of the solar brightness variability closely fol-
lows its facular component shortward of a rather sharp thresh-
old between faculae- and spot-dominated regimes and its spot
component longward of this threshold (see also low panels of
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Fig. 4. Amplitude of the rotational solar brightness variability (black
curves) and its facular (red) and spot (blue) components calculated
for the 1999-2014 period (panel a)), as well as averaged over the
years 2000 (panel b)) and 2008 (panel ¢)). The green shaded contours
indicate the transmission curves of the Stromgren filters b and y. The
dark (light) shaded areas show Kepler (CoRoT) total spectral efficiency.

Fig. 8 from Unruh et al. 2008, who calculated the rms variabil-
ity of the SATIRE-S SSI time series between May and August
2004 as well as the spot and facular component of the rms vari-
ability). As a consequence, the rotational solar brightness vari-
ability depends very strongly on wavelength in the UV, but is
monotonous and smooth in the visible and IR spectral domains.
In contrast to the 11-year activity cycle timescale, the transition
from the faculae- to spot-dominated regimes does not lead to a
cancellation of the facular and spot contributions to solar bright-
ness variability and to a subsequent decrease of the variability’s
amplitude.

The comparison of Fig. 3 with Fig. 4a reveals one more cru-
cial difference between brightness variability on the rotational
and 11-year activity timescales: the transition from faculae- to
spot-dominated regime in the case of the rotational variability
happens at substantially shorter wavelengths than for the 11-year
variability. This has to do with different spatial distributions of
bright (i.e. faculae and network) and dark (i.e. spots) magnetic

A46, page 5 of 14


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527527&pdf_id=3
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527527&pdf_id=4

A&A 589, A46 (2016)

features on the solar surface. Faculae and the network are dis-
tributed more homogeneously than the spots and, consequently,
the relative contribution of faculae and network to the bright-
ness variability on the rotational timescale is smaller than on the
11-year timescale. For example, a magnetic component of the
solar atmosphere homogeneously distributed on the solar surface
will contribute to the 11-year brightness variability (defined by
Eq. (3)) if the disc area coverage of this feature slowly changes
with the solar cycle, but will contribute only negligibly to the
rotational brightness variability (defined by Eq. (4)). As a result,
the transition from the faculae- to the spot-dominated regime of
rotational variability happens already around 400 nm, immedi-
ately longward of the CN violet system (which amplifies the fac-
ular contrast and thus ensures the faculae-dominated regime of
variability, see discussion in Shapiro et al. 2015).

Figures 4b and c present the amplitude of the rotational
brightness variability of the Sun and its facular and spot com-
ponents calculated employing two annual segments of the
SATIRE-S reconstruction, representing conditions of the activ-
ity maximum (2000, Fig. 4b) and minimum (2008, Fig. 4c).
Comparison of the amplitudes calculated over the entire pe-
riod (Fig. 4a) and those over the 2000 segment (Fig. 4b) shows
that the relative spot contribution to the SSI variability slightly
increases towards activity maximum.

Solar activity was exceptionally low in 2008 (with annually
averaged sunspot number being equal to 2.9 and 265 days be-
ing spotless; both numbers according to WDC-SILSO, Royal
Observatory of Belgium, Brussels). This renders the amplitude
of the rotational brightness variability in 2008 to be almost an
order of magnitude less than in 2000.

Both CoRoT and Kepler sensitivity functions peaks in the
visible part of the solar spectrum (see Fig. 4), where the ampli-
tudes of the brightness variability averaged over 1999-2014 pe-
riod and 2000 segment are spot-dominated. In 2008 spot and fac-
ulae contribution are, however, comparable when integrated over
the entire spectral domains of CoRoT and Kepler sensitivity.

4. Facular and spot components of solar brightness
variability observed out-of-ecliptic

In this section we investigate how the regimes of solar brightness
variability depend on the position of the observer relative to the
ecliptic plane.

The effect of the out-of-ecliptic observations on the 11-year
solar brightness variability has been studied in detail by Knaack
et al. (2001) but with a more rudimentary model than the one
presented in this study. While Knaack et al. (2001) uniformly
distributed faculae and sunspots in two latitude bands (one in
each solar hemisphere) assuming a fixed ratio between sunspot
umbra and penumbra areas, we utilize the observed positions and
disc area coverages of faculae, spots umbrae and penumbrae.

In Sect. 4.1 we briefly discuss the effect of the out-of-ecliptic
observations on the 11-year solar brightness variability and com-
pare our results with those of Knaack et al. (2001). In Sect. 4.2
we show how the observations from an out-of-ecliptic vantage
point affect the rotational solar brightness variability. We note
that the calculations of the rotational solar brightness variability
require knowledge of the spot and facular positions and the day-
to-day evolution of their disc area coverages and thus could not
be performed with the Knaack et al. (2001) model.
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Fig.5. Amplitude of the 1l-year solar brightness variability (black
curves in panel a)) and its facular and spot components (red and blue
curves in panel b), respectively) expressed in mmag. As in Fig. 4
the green shaded contours indicate the transmission curves of the
Stromgren filters b and y. The amplitude values are plotted for four val-
ues of solar inclination: 90° (thick solid), 60° (thin solid), 30° (dotted),
and 0° (dashed).

4.1. Activity cycle timescale

In Fig. 5 we plot the amplitude of the 11-year solar brightness
variability (Fig. 5a) and its facular and spot components (Fig. 5b)
calculated at four different inclinations.

When the observer moves from the ecliptic plane, the appar-
ent distribution of magnetic features generally shifts towards the
visible solar limb (see Fig. 2). The absolute value of the spot
brightness contrast decreases monotonically from the solar disc
centre towards the limb (see detailed discussion in Knaack et al.
2001). Furthermore, the shift of the spot towards the solar limb
decreases its apparent disc coverage due to the foreshortening
effect. As a result, the absolute value of the spot component de-
creases monotonically when the observer moves away from the
ecliptic plane (i.e. inclination decreases) independently of the
wavelength.

The facular brightness contrast increases towards the limb
in the visible spectral domain, so that the CLV of the facu-
lar contrast almost exactly compensates the foreshortening ef-
fect. As a result, the amplitude of the facular component only
marginally depends on the inclination in the visible spectral do-
main. At shorter wavelengths, the CLV of the facular contrast
gets weaker and even changes sign in the UV (i.e. faculae get
dimer towards the limb, see discussion in Yeo et al. 2013, and
references therein) so that the CLV and foreshortening effects
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do not compensate each other. Consequently, the amplitude of
the facular variability in the UV noticeably decreases when the
observer moves from the ecliptic plane.

As aresult the 11-year solar brightness variability decreases
with inclination longward of about 400 nm and increases with in-
clination at shorter wavelengths (see Fig. 5a). Such a behaviour
of the 11-year solar brightness variability was pointed out by
Knaack et al. (2001, see their Fig. 7). Knaack et al. (2001) esti-
mated that the 11-year variability of solar Stromgren (b + y)/2
flux increases by a factor of 1.3 when observed at inclination
i = 57° and by a factor of 2.2 when observed at i = 0°, i.e. along
the rotational axis (both numbers are relative to the brightness
variability observed from the ecliptic plane). Our calculations
yield similar factors of 1.35 and 2.7, respectively. The small dif-
ference between our results and those of Knaack et al. (2001)
indicate that the simplification of the distribution of magnetic
features on the solar surface employed by Knaack et al. (2001)
for the solar case, and later by Shapiro et al. (2014) for more
active stars, has only a minor effect on the calculations of the
11-year brightness variability.

Our calculations indicate that the 11-year variability of the
solar brightness is faculae-dominated in the UV and visible spec-
tral domains independently of the inclination.

4.2. Timescale of solar rotation

In Fig. 6 we present the amplitude of the rotational solar bright-
ness variability and its facular and spot components as a function
of wavelength calculated at three out-of-ecliptic positions of the
observer. The amplitudes plotted in Fig. 6 refer to the entire pe-
riod considered in this study (2 February 1999-1 August 2014).

Comparing Figs. 5 and 6 shows that the shift of the observer
from the ecliptic plane affects facular and spot components of
the solar brightness variability on the rotational timescale in a
very similar way as it does on the 11-year timescale. In particu-
lar, while the facular component only marginally depends on the

inclination in the visible domain of the spectrum, the strength
of the spot component noticeably decreases when the observer
moves away from the ecliptic plane.

Despite such a similarity in the variability of the individual
components on the 11-year and rotational timescales, the behav-
ior of the total brightness variability on these two timescales dif-
fers. The 11-year variability in the visible is faculae-dominated
so that the decrease of the spot component for the out-of-ecliptic
observer causes an increase of the brightness variability (see
Fig. 5). In contrast, the rotational variability in the visible spec-
tral domain is spot-dominated, so that the decrease of the spot
component leads to weaker overall variability (see Fig. 6). Thus
the amplitudes of solar brightness variability on the rotational
and activity cycle timescales show opposite trends with the incli-
nation i. Consequently special care is needed when extrapolating
the dependence of the brightness variability on the inclination
from the 11-year to the rotational timescale (cf. e.g. Gilliland
et al. 2011; Harrison et al. 2012; Lewis 2013) and vice versa.

5. The solar brightness variability as it would be
observed in broadband fliters

In this section we simulate the light curves of the Sun as they
would be observed by Kepler at various inclinations.

To calculate total, facular, and spot fluxes as they would be
measured by Kepler (F'(1), Fi, (1), and F, épot(t), respectively),
we convolve S'(4,1), S} (4,1), and § ;pot(/l, t) time series (see
Sect. 2.3) with the Kepler spectral efficiency profile (). These
time series are then used to calculate the light curves of solar
brightness with daily cadence, Fi(f)/Fi(ty) (hereafter, total light
curves), and the facular F}, (1)/F'(to) and spot Fépol(t)/F i(1o)
light curves (i.e. light curves, which only account for the
brightness variations caused by faculae and spots, respectively).
Here ¢ is the time of a reference measurement. The choice of £,
is not important, since only the variation of the solar brightness,
but not its absolute value is essential for the present study.
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meaning.

In Fig. 7 we show solar total, facular, and spot light curves
calculated for 2002, a year of relatively high solar activity (with
annual sunspot number being equal to 104) at four different incli-
nations. In line with the discussion in Sect. 3.2 solar brightness
variations as they would be measured by Kepler from the ecliptic
plane (i = 90°) are essentially driven by spots, i.e. total and spot
light curves change in phase (the Pearson correlation coefficient
between total and spot light curves for 2002 is pgy o = 0.82,
while it is only ppy, .. = 0.35 between the total and facular light
curves).

The shift of the observer 30° out-of-ecliptic towards the
South (i = 60°) has only marginal effect on the facular light
curve. Interestingly some of the dips due to sunspots remain un-
changed (e.g. in April 2002) while others are strongly reduced
ati = 60° (e.g. in July and August 2002). The former are caused
by spot groups in the Southern hemisphere, while the latter are
due to Northern hemisphere spots (note that the observer is now
looking at the Sun from the south).

It also has a small effect on the dips in the spot light curve
caused by sunspot groups in the South solar hemisphere (e.g. in
April 2002). At the same time such a shift of the observer no-
ticeably affects the dips caused by sunspot groups in the North
solar hemisphere (e.g. in July and August 2002). Overall bright-
ness variations at i = 60° are mainly associated with spots,
although the relative contribution of faculae is slightly higher
compared to observations from the ecliptic plane (pg?l’spm =0.7
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and pf(gyfac = 0.49). For i = 30° and i = 0°, the spot contribution

is significantly reduced while facular contribution is similar to
the i = 90° case. Consequently, solar brightness variations for
i = 30° and i = 0° are mainly due to faculae (p?(?t’SpOt = 041,

=024and 3y . = 0.7, p) . = 0.83) as explained in

0
P, tot,spot tot,fac

Sect. 4.2.

In Fig. 8 we plot the dependence of oo fac and Piogspor Val-
ues on inclination. For high inclinations pispot > Protfac> 1-€-
for the observer located close to the ecliptic, the solar bright-
ness variations are mainly associated with spots. The situation
reverses at about i = 45° and the day-to-day solar brightness
variability is mainly brought about by faculae at low inclinations.
Contribution of spots to solar brightness variations is slightly
larger when it is observed in the Stromgren (b + i) /2 photometry
than in the Kepler passband. We note that Kepler and CoRoT
have very similar passbands (see the shaded areas in Figs. 4
and 6) so that the Kepler and CoRoT curves will be hardly
distinguishable in Fig. 8.

In Fig. 9 we plot the rms values of solar brightness varia-
tions in the Stromgren (b + y)/2 photometry and in the Kepler
passband as a function of inclination. One can see that the ampli-
tude of solar rotational brightness variability observed in Kepler
passband decreases by a factor of about 2.5 when the observer
moves from the ecliptic plane (i = 90°) to the solar rotation
axis (i = 0°). A larger value of about 6 was recently found by


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527527&pdf_id=7

A. 1. Shapiro et al.: Are solar brightness variations faculae- or spot-dominated?

1of ]
L A 4
08f % s 2 x4
s T X ]
L A X 4
3 0 5w 2 ]
2
B 06 A X ]
= r * A * T
£ i s A ¥ ]
5 041 > -
R ¢ X * A x K
S & R
0.2 i
0.0, . . ‘ ‘ ]
0 20 40 60 80

Inclination i

Fig. 8. Dependence of the Pearson correlation coefficients between spot
and total light curves (o spot> blue symbols) and between facular and
total light curves (piorsac, T€d symbols) on inclination. The correlation
coefficients are calculated for solar brightness variations in 2002 as
they would be observed in the Kepler passband (asterisks) and in the
Stromgren (b + y)/2 photometry (triangles).

Borgniet et al. (2015) for the decrease of the TSI variability. The
difference between our result and that of Borgniet et al. (2015)
might be due to the difference in utilized distributions of mag-
netic features and their contrasts. We note that effect of the in-
clination on the 11-year TSI variability found by Borgniet et al.
(2015) is also different from that of Knaack et al. (2001; see
discussion in Borgniet et al. 2015).

Interestingly, our value of the rms variability of solar bright-
ness observed from the ecliptic in the Stromgren (b + y)/2 pho-
tometry (about 0.33 mmag) is close to the value given by Radick
et al. (1998) for the solar short-term photometric variations
(about 0.5 mmag, see their Fig. 7). A small difference between
two values might be attributed to different reference periods. Our
value refers to the 1999-2014 period, when the solar brightness
variations were generally lower than during the 1980-1989 pe-
riod (see Fig. 1), the value that Radick et al. (1998) refer to. We
note that scaling the TSI variability to calculate the variability of
the solar Stromgren (b +y)/2 flux, broadly employed in the liter-
ature (and utilized by Radick et al. 1998), works reasonably on
the rotational timescale, but leads to a substantial overestimate
of the variability on the 11-year activity timescale (see Sect. 3.1).

Basri et al. (2011, 2013) introduced a useful metric of stellar
photometric variability Rya(fien), Which describes the range of
photometric changes in a light curve over a given period in time
fien- It is calculated by sorting all flux points for the light curve
and taking the difference between the 95th and 5Sth percentile.
Basri et al. (2013) utilized R,,:(30 days) values. Here we follow
up on their approach and divide the Fi(¢), F ;ac(t), and F ; oD
time series calculated for 2 February 1999-1 August 5014
period into 30-day segments. For each segment we calculate
Ry,:(30 days) value by subtracting the second lowest brightness
value from the second highest. We note that since our model is
free from the spurious outliers, which plague measured lights
curves, subtracting the weakest value from the strongest would
give a very similar result. Individual Ry,(30 days) values corre-
spond to different phases of the solar activity cycle and thus are
well-suited for a comparison with Sun-like stars which are ob-
served at arbitrary phases of their cycles (see detailed discussion
in Basri et al. 2013, and, in particular, their Fig. 5).

Figure 10 shows values of the tail distribution functions
for Ry,(30 days) calculated for total, facular, and spot solar
light curves. The tail distribution functions give the fraction of
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Fig. 9. Rms variability of total (black symbols), facular (red symbols),
and spot (blue symbols) solar light curves as they would be observed
in the Kepler passband (asterisks) and in Stromgren (b + y)/2 pho-
tometry (triangles). The rms values are calculated for the 2 February
1999-1 August 2014 period.

R,4:(30 days) values which are larger than a certain value. In
the case of the Earth-based observer (Fig. 10a) the tail distri-
bution function of the total solar brightness variations closely
follows the facular component at small amplitudes but abruptly
switches to follow the spot component at an amplitude of about
0.15 mmag. This suggests that the variations of solar brightness
with small amplitude are associated with faculae, while varia-
tions with larger amplitudes are brought about by the passage of
spots.

The behaviour of the tail distribution functions at i = 60°
(Fig. 10b) is similar to the case of the Earth-based observer, but
the transition from faculae-driven to spot-driven variations hap-
pens at slightly higher amplitude of about 0.2 mmag. In contrast,
the solar brightness variations at inclination i = 30° (Fig. 10c)
are mainly faculae-dominated and only the strongest changes
(stronger than ~0.4-0.5 mmag) are due to spots. Ati = 0° (see
Fig. 10d) the solar brightness variations are caused by faculae
independently of the amplitude of variations. As in the case of
the 11-year variability, spots counteract the facular contribution,
slightly decreasing the total variations. We note that at i = 0°
the variations are solely caused by the evolution of magnetic
features.

We show the tail distribution functions of solar brightness
variations as they would be measured by CoRoT at i = 60°
in Fig. 10b. The tail distribution functions of the spot compo-
nent are basically identical for Kepler and CoRoT, while the
facular component is slightly larger for CoRoT. The somewhat
stronger effect of the different passband on the facular compo-
nent is probably due to the non-monotonic dependence of the
facular component of brightness variability on wavelength, in
particular, the two peaks about 390 nm and 430 nm (associated
with the CN violet system and CH G-band, respectively).

6. Conclusions

We employed the SATIRE-S model to assess the relative contri-
butions of spots and faculae to solar brightness variations de-
pending on the wavelength, inclination, and timescale of the
variability. This allowed us to identify the main drivers of bright-
ness variations of a star identical to the Sun as observed by
ground-based or spaceborne telescopes.

On the 11-year activity cycle timescale, the solar bright-
ness variations are faculae-dominated in the UV, visible, and
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Fig. 10. Tail distribution functions (see the definition in the main text) of solar brightness variations as they would be measured by Kepler (solid
curves), CoRoT (dotted curves in panel b)), and in Stromgren (b + y)/2 photometry (dotted curves in panel d)). Black, red, and blue curves
correspond to total, facular, and spot light curves, respectively. The variations are measured by R,,(30 days) and are given in parts per thousand
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near-infrared spectral domains. In particular, if the Sun were ob-  contrast is strongly affected by the weak atomic and molecu-
served in Stromgren filters b and y within the Lowell or Fairborn lar lines, see Shapiro et al. 2015). A small change of the facu-
synoptic programs, the variations of its seasonally-averaged lar contrast might break a delicate balance between facular and
brightness would be faculae-dominated. The Stromgren filters  spot contributions to Stromgren b and y photometry and signifi-
b and y turn out to be somewhat unfortunate choices for study- cantly increase the stellar brightness variability. Hence it is pos-
ing the variability of Sun-like stars in that the facular contrast sible that stars with slightly different parameters show brightness
is very small there, resulting in an almost full compensation of  variability significantly stronger than that of the Sun.
the facular and spot contributions to the 11-year solar brightness On the rotational timescale the situation is different. The rms
variations in these passbands. Consequently, the amplitude of  solar brightness variations on the rotational timescale averaged
the 11-year variability of the solar Stromgren (b + y)/2 flux ob-  over the 1999-2014 period is dominated by sunspots longward
served from the ecliptic plane is only about 0.4 mmag, whichis  of 400 nm and by faculae at shorter wavelengths. Thus solar
significantly smaller than the amplitude often assumed in the lit-  brightness variations observed by Kepler or CoRoT from the
erature (about 1 mmag, see Lockwood et al. 1997, 2007; Radick  ecliptic plane would to a large extend be due to spots. The only
et al. 1998). Thus the activity cycle brightness variability of a  exception is periods of very low solar activity when the spot con-
true solar twin would hardly be detectable with ground-based  tribution is weak and becomes comparable to that of the faculae.
observations in the Stromgren filters b and y. In agreement with previous studies (e.g. Knaack et al. 2001),
Interestingly, Lockwood et al. (2013) found that a few arelocation of the observer away from the ecliptic plane does not
dozens of stars with chromospheric activity similar to that of change the regime of solar Stromgren (b+y)/2 flux variations on
the Sun have significantly higher photometric variability than the the 11-year timescale but increases the amplitude of such vari-
Sun. It has been shown that this discrepancy cannot be explained ations (by a factor of up to 2.7 times, for observations along
by the special position of the Earth-bound observer who always the solar rotational axis). However, on the rotational timescale a
sees the Sun from the near-equator plane (Knaack et al. 2001; relocation of the observer from the ecliptic plane has an oppo-
Shapiro et al. 2014; Borgniet et al. 2015). This, however, does site effect on the brightness variations. In general, it decreases
not necessarily imply that the Sun is anomalous with respect the amplitude of solar brightness variations and, in particular,
to its stellar cohort. One can expect that the facular contrast in  the amplitude of solar brightness variations as they appear to
Sun-like stars depends on the stellar brightness temperature (cf. Kepler and CoRoT (by a factor of up to 2.5 for observations
Beeck et al. 2015) and on the stellar metallicity (since the facular  along the solar rotation axis). The facular contribution to solar
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brightness variations on the rotational timescale increases with
decreasing inclination, so that solar brightness variations on this
timescale observed by Kepler and CoRoT ati = 30° would be, to
a large extent, associated with faculae (with the exception of the
strongest variations, with amplitude over 0.4-0.5 mmag, which
are produced by large sunspot groups).

Our results indicate that the intercomparison of the observed
photometric trends obtained for the cyclic (e.g. with the Lowell
and Fairborn ground-based surveys) and for the rotational (e.g.
from the Kepler and CoRoT data) timescales must be carried out
with caution. In particular, the observation that the Sun exhibits
the same level of the rofational variability as most Kepler stars
(Basri et al. 2013) does not contradict its relatively low vari-
ability on the 11-year activity timescale (Lockwood et al. 2007,
2013).

While Kepler and CoRoT measure stellar brightness vari-
ations with a cadence of 30 min and 512 s (in the nominal
regimes), respectively, our model allows calculating the solar
brightness values only with daily cadence. Hence it cannot be
applied for simulating solar brightness variations on periods
shorter than a day and, in particular, on timescales of several
hours typical for planetary transits. As a next step, we plan to
extend our model to simulate the variations of solar brightness
on periods shorter than a days and to Sun-like stars with various
effective temperatures and metallicities.
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Fig. A.1. Trajectories of magnetic features with latitude ¢ = 30° (upper panels) and ¢ = —=30° (lower panels) as they would be seen on the solar
disc at three different inclinations: i = 90° (panels a) and d)), i = 45° (panels b) and e)), i = 0° (panels ¢) and f)). In panels b), ¢), e), and f)
the trajectories are drawn for the observer located north of the ecliptic. Left parts of these panels show the trajectories according to our model,
while right parts present “real” trajectories (i.e. corresponding to the original distribution of magnetic features). Black horizontal lines indicate the
intersection between the observer’s plane and the Sun, the solar disc centre is indicated.

Appendix A: Impact of limb magnetic features
on the rotational solar brightness variability

The rotational variability of the solar brightness originates from
three sources:

a) evolution of magnetic features, including their emergence
and death when on the visible disc;

b) passage of magnetic features across the visible solar disc as
the Sun rotates;

¢) appearance/disappearance of magnetic features at the limb
when they rotate into/out of the view.

The algorithm for calculating solar brightness variability as it
would be observed out-of-ecliptic presented in Sect. 2.3 properly
accounts for sources a) and b). However, it does not allow proper
accounting for the source c).

Figure A.1 illustrates the artefacts brought about by this
shortcoming in our model. First, according to our approach, the
magnetic feature is visible to the out-of-ecliptic observer only
when it is visible to the Earth-based observer, i.e. half of the so-
lar rotation period. Therefore, only parts of the real trajectories
of magnetic features on the northern hemisphere are accounted
for by our method for an observer located north of the eclip-
tic (e.g. only the trajectory between points 1-2 is seen instead
of 0-1-2-3 in panel b and 1-1a-2 instead of 1-1a—2—2a-1 in
panel ¢).

Second, our assumption on the distribution of magnetic fea-
tures (see Sect. 2.3) ensures that if the magnetic feature is visi-
ble to the Earth-based observer then it is also visible to the out-
of-ecliptic observer. Consequently, the trajectories of southern
hemispheric magnetic features as visible to the observer located
north of the ecliptic are artificially prolonged. For example, in-
stead of correct 1b—2a trajectory in panel e our method accounts
for a three-segment trajectory: 1-1a, 1b—2a, 2b-2. Furthermore,
while the southern magnetic features are not visible from the
North pole, our assumption leads to the appearance of a half a
circle trajectory of such features (1-1a-2 in panel f).

Since the distribution of magnetic features is, on average, the
same on the near and far sides of the Sun, the effects of these
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artefacts on variability sources a) and b) (see above) will be av-
eraged out. However, the points where magnetic features appear
and disappear as the Sun rotates are systematically shifted from
the visible limb (1 and 2 instead of O and 3 in panel b and 1
and 2 instead of 1b and 2a in panel e). In the case when the Sun
is observed from its rotational axis (i = 0°) and the rotational
variability should be solely due to the evolution of magnetic fea-
tures, the features still appear and disappears (in points 1 and 2
in panels c and f) according to our method.

To estimate the impact of these artefacts on the calculations
of solar rotational variability presented in this paper, in addi-
tion to S¥(A,7) time series introduced in Sect. 2.3, we calcu-
late §7(A, ) time series with the following recursive expression:

S, ) = SS,
S, tj01) = S 1) + S 141) = S b (A, 1)). (A.1)

Here ¢; time series (with daily cadence) corresponds to the ob-
servational times when the magnetogramms and full disc images
used by Yeo et al. (2014) were obtained (see Sect. 2), S B
values are given by the Eq. (2). The S{n(/l, 1;) time series are cal-
culated with Egs. (1), (2) by putting to zero the solar disc area
coverages of magnetic features in the section of the solar disc
which rotated into the view of the Earth-based observer during
the 24 h preceding the observation time ¢; (see Fig. A.2). The
Si (A,1;) time series are calculated by putting to zero the solar
disc area coverages of magnetic features in the section of the
solar disc which will rotate out of the view of the Earth-based
observer during the 24 h following the observation time ¢;.

Since fluxes S}, (4,¢;) and S (4,2;,) originate from the
same part of the solar disc (just rotated and evolved from day
ito day i + 1), the S7(A, 1) time series allows calculating solar
brightness variability ignoring appearance and disappearance of
magnetic features on the visible solar disc (i.e. without jumps in-
troduced by appearance and disappearance of magnetic features
in points 1 and 2, see Fig. A.1).

Figure A.3a shows that appearance and disappearance of
magnetic features on the visible solar disc has a very small ef-
fect on the solar brightness variability as it would be observed
by Kepler from the ecliptic plane. This is not surprising, given
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A. 1. Shapiro et al.: Are solar brightness variations faculae- or spot-dominated?
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Fig. A.2. Umbrae (plotted in black), penumbrae (plotted in blue),
and faculae and network (both plotted in red) as they would be seen
on the solar disc on July 5, 2013 (observation time 00:13:30 TAI)
at four different inclinations: i = 90° (panel a)), i = 60° (panel b)),
i = 30° (panel ¢)), and i = 0° (panel d)). In the latter three cases the
trajectory is drawn for the observer located north of the ecliptic. The
cyan section corresponds to the part of the solar disc which rotated
into the view of the Earth-based observer during the 24 h preceding
the observation time. The magenta section corresponds to the part
of the solar disc which will rotate out of view of the Earth-based
observer during the 24 h following the observation time.

that the contribution of faculae and spots to the solar brightness
decreases towards the limb (see Fig. A.4).

Figures A.3b—d show that the artificial appearance and disap-
pearance of magnetic features within the solar disc (see points 1
and 2 in Fig. A.1) also have a very small effect on the so-
lar brightness variability. We note that in our calculations ar-
tificial appearance and disappearance of magnetic features in
points 1 and 2 is partly compensated by the absence of their ap-
pearance and disappearance in points 0 and 3 (panel b) and 1b
and 2a (panel e). Hence the difference between solid and dotted
curves in Fig. A.3 represents the upper limit of the error in our
approach.
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Fig. A.3. Tail distribution functions of solar brightness variations as they would be measured by Kepler calculated utilising S’(4,#) (as in Sect. 5)
and S7(A,1) time series (split and dotted curves, respectively). Black, red, and blue curves correspond to total, facular, and spot light curves,
respectively. Plotted are the tail distribution functions calculated at four values of solar inclination: i = 90° (panel a)), i = 60° (panel b)), i = 30°
(panel ¢)), and i = 0° (panel d)).

[ 10.10
b =0.08
w0 )
g T 20.06 &
£ Lof U
o L J0.04 2
< L E
051 ]
i =0.02
0ol =——" . . 3000
0.0 02 0.4 0.6 0.8 1.0

[

Fig. A.4. Simulated values of the solar brightness change caused by um-
bral (black curves), penumbral (blue), and facular (red) feature covering
one ppt (part per thousand) of the visible solar surface as functions of
the feature position on the visible solar disc. We use axes with differ-
ent scales for the brightness changes associated with spot and facular
features. Solid (dotted) curves correspond to the brightness changes as
they would be seen by Kepler (CoRoT).
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