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Fig. 1. The TSI from the SATIRE-S reconstruction (red curves) and from the PMOD composite (black curves) for the entire period of observations
(upper left panel), and for the annual intervals representing high, intermediate, and low levels of solar activity (upper right, lower left, and lower
right panels, respectively). Three black rectangles on the upper left panel constrain the time periods and TSI ranges shown in other panels.

daily cadence. These reconstructions are based on solar disk cov-
erages (i.e. ↵k

i j

(t) values from Eq. (2)) by magnetic features de-
duced from the magnetograms and continuum images obtained
by Kitt Peak Vacuum Telescope (KPVT; Livingston et al. 1976)
for 1974.08.23–1999.02.01 period, Michelson Doppler Imager
onboard the Solar and Heliospheric Observatory (SOHO/MDI;
Scherrer et al. 1995) for 1999.02.02–2010.04.29 period, and the
Helioseismic and Magnetic Imager onboard the Solar Dynamics
Observatory (SDO/HMI; Schou et al. 2012) since 2010.04.30.
In the present paper we utilise solar disk coverages by mag-
netic features deduced from the SOHO/MDI and SDO/HMI data
(1999.02.02–2014.08.01 period). These are the most accurate
segments of the SATIRE-S reconstructions, which also contain
less data gaps than the KPVT segment (proportion of period cov-
ered is 0.91 for SOHO/MDI and 1.00 for SDO/HMI, see Table
1 from Yeo et al. 2014b). The harmonising procedure applied by
Yeo et al. (2014b) allows avoiding any inconsistencies between
SOHO/MDI and SDO/HMI segments.

While SATIRE-S has been demonstrated to successfully re-
produce multiple irradiance observations (see Ball et al. 2012,
2014; Yeo et al. 2014b, and references therein), significant un-
certainties of the observed SSI time series (Ermolli et al. 2013;
Wehrli et al. 2013; Solanki et al. 2013) undermines our abil-
ity to unambiguously test SATIRE-S against SSI measurements.

The accuracy of the TSI measurements (see, e.g. Fröhlich 2013;
Schmutz et al. 2013; Kopp 2014) are significantly higher than
those of the SSI, allowing a meaningful comparison between
SATIRE-S output and observed values. Fig. 1 presents a com-
parison between daily TSI values from the from SATIRE-S re-
construction and observed TSI (according to the PMOD com-
posite; Fröhlich 2006). SATIRE-S reproduces the observed 11-
year TSI variability (see upper right panel of Fig. 1) as well
as TSI modulation caused by transits of dark (i.e. spots) and
bright (i.e. faculae) magnetic features (see upper left and lower
panels of Fig. 1). Conspicuous spikes in the observations (e.g.
September 2000 and October 2003) are associated with tran-
sits of large sunspot groups. The agreement between SATIRE-S
and observations worsens somewhat in 2008 which we associate
with increased noise contribution to the observations (note that
the typical amplitude of the TSI modulation on the rotational
timescale is order of magnitude less in 2008 than in 2000 and
2003). Overall, SATIRE-S replicates 92% of the TSI variability
in PMOD composite and 96% of the TSI variability when only
the most reliable 1996–2013 segment of the PMOD composite
is considered (both numbers are according to Yeo et al. 2014b).

SATIRE-S vs PMOD composite
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Figure 1. Ca ii HK (top panel) and photometric (bottom panel) series for
HD 82885. Diamonds are the seasonal means. The differential series of the
comparison stars is shown by X’s. The stars are well behaved and the individual
points are hidden by the diamonds; this is not the case in time series with more
variable comparison stars or lower amplitude program stars. Figures 2–9 are
plotted identically to this one.

shown as open triangles and squares in this and subsequent fig-
ures; for HD 82885, these symbols are hidden by the target star
symbols, indicative of an excellent pair of comparison stars (this
is unhappily not always the case). Errors of the seasonal means
are comparable to or smaller than the size of the plot symbols.
All the HK+photometry time series in subsequent figures in this
paper use this format.

The inactive star HD 143761 (ρ CrB, G0+ Va, ⟨R′
HK⟩ =

−5.10) appears in L07 as constant with a low-confidence inverse
activity–brightness correlation. Baliunas et al. (1995) obtain ⟨S⟩
= 0.150 and assign it a variability classification of “Long.” We
obtain variability “v” (weakly variable) with a positive absolute
variability detection and no activity–brightness correlation. This
star and HD 10700 (τ Cet) are discussed by Judge & Saar (2007)
as potential Maunder Minimum candidates; we discuss them
further in Section 4.

3.2. Other Active Stars

There are seven other stars in the sample for which we
obtain a grand mean R′

HK > −4.80: HD 20630, 30495, 42807,
76151, 97334, 101501, and 190406. All of these receive a V
or V+ variability classification and have weak to strong inverse
activity–brightness correlations.

We obtain an inverse correlation at > 99% significance for
HD 20630 (κ Cet; Figure 2). Baliunas et al. (1995) report a
5.6 yr period with cycle peaks in 1985 and 1991. This appears
to continue in seasons of high activity in 1996 and 2002, but
the most recent observations suggest continued low activity
and higher luminosity through 2008. Two more seasons of
observation should provide an interesting datum on possible
cycle length variations in this star.

3.3. HD 140538

One of the most interesting targets in the sample is
HD 140538 (ψ Ser). It is of intermediate activity (⟨R′

HK⟩ =
−4.80) and is slightly cooler than the Sun (G5 V). The data ap-
pear in Figure 3. After four years of low variability (1997–2000),
HD 140538 appears to have begun a vigorous four-year cycle,
and our fall 2008 data following our CCD upgrade have con-

Figure 2. Time series for HD 20630.

Figure 3. Time series for HD 140538 (ψ Ser).

firmed an apparent descent to a second minimum. It is demon-
strably variable by the two criteria given in Section 2.4.

We detect a moderate inverse activity–brightness correlation
for this star, but the HK and photometric time series present
the opportunity for some interesting speculation. There is very
little photometric variation during the 2000–2004 cycle, but
an apparent inverse correlation over the 2004–2008 cycle. The
four seasons prior to 2000 show a perfect direct correlation.
Taking the observing seasons in groups of four, therefore, we
have a tentative picture of a star that has “flipped” from direct
brightness variations with sedate chromospheric activity, to a
relatively flat period during which a strong cycle appeared, to
inverse brightness variations over the subsequent cycle.

3.4. HD 146233

The solar twin HD 146233 (18 Sco; Figure 4) has been
widely discussed (Porto de Mello & da Silva 1997; Meléndez
& Ramı́rez 2007). It is not part of the L07 sample, and therefore
was of particular interest when its rms photometric variability
over more than a full ∼ 7 year cycle was found to be the same as
the Sun’s, which placed 18 Sco close to the Sun’s outlier position
in L07’s Figure 4; it also exhibited a fairly strong (> 90%) direct
activity–brightness correlation (Hall et al. 2007).

Perhaps more attention to the cynic’s adage about stopping
while one is ahead would have been prudent, as we now must
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Figure 4. Time series for HD 146233 (18 Sco).

Figure 5. Time series for HD 168009.

report otherwise. First, the activity–brightness correlation of the
most recent cycle disappeared in the two seasons subsequent to
our earlier paper. The activity has declined as expected, but
the photometric variability has not responded in kind; during
the 2007 and 2008 observing seasons, 18 Sco’s brightness was
nearly constant at a level close to its 12 year mean, yielding
a reduced variance of the overall time series. The comparison
stars continue to be slightly variable as well. Second, as noted in
Section 2, we have reprocessed our entire data set using the much
higher S/N new spectra as references for the older spectra. While
our ensemble results are unchanged, our stitching of the old and
new CCD spectra via the newly acquired template observations
shifted some of the older seasonal means, typically by 3%–10%
and preferentially in the more inactive stars; irritatingly, the 18
Sco 2003 data are among them. This weakens our previously
reported correlation; more significantly, the two most recent
HK means are not correlated with the photometry, and we now
find no significant correlation for the complete 12 year series.
The amplitude of 18 Sco’s activity and photometric variations,
however, remain about the same as the Sun’s.

3.5. Additional ELODIE Solar Analogs

In addition to 18 Sco, our sample includes three other stars
on the ELODIE “top ten” solar analogs list (Soubiran & Triaud
2004): HD 10307, HD 95128, and HD 168009. None of these
show significant correlations, and HD 10307 is a photometric

Figure 6. Time series for HD 88986.

Figure 7. Time series for HD 90508.

nondetection. Interestingly, HD 168009 exhibits noticeable
chromospheric variability at approximately solar S, but has been
photometrically very quiet since 2002 (Figure 5). The time series
is plagued throughout by variable comparison stars.

3.6. Weak Direct Correlations

In the 28-star sample, we observe only two stars with mod-
erately significant (90%–95%) direct correlations: HD 88986
and HD 90508; the time series appear in Figures 6 and 7. The
HD 88986 correlation appears spurious, since the time series
covers only seven seasons and we do not detect photometric
variability. Both these targets qualify as inactive stars by the
R′

HK criterion, with mean ⟨R′
HK⟩ of −5.03 for HD 90508 and

−5.14 for HD 88986. We do not, however, find that HD 88986
is much less magnetically active than the Sun, since its excess
flux ∆FHK is comparable to the present solar minimum. The
implications of this are discussed in Section 4.

3.7. Inactive Stars

The remaining seven stars are HD 1461, 4307, 10700, 38858,
43587, 157214, and 197076; all of them having solar or
subsolar R′

HK. Of these, we detect photometric variability in
only two (HD 10700 and 43587). One of the nondetections is
HD 157214, which exhibits a moderate but probably spurious
inverse activity–brightness correlation over a short time interval

HD 146233 (18 Sco)

HD 82885

from Hall et al. (2009)

activity

activity
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brightness

Variation of stellar  brightness
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HD 82885. Diamonds are the seasonal means. The differential series of the
comparison stars is shown by X’s. The stars are well behaved and the individual
points are hidden by the diamonds; this is not the case in time series with more
variable comparison stars or lower amplitude program stars. Figures 2–9 are
plotted identically to this one.
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are comparable to or smaller than the size of the plot symbols.
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and higher luminosity through 2008. Two more seasons of
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firmed an apparent descent to a second minimum. It is demon-
strably variable by the two criteria given in Section 2.4.

We detect a moderate inverse activity–brightness correlation
for this star, but the HK and photometric time series present
the opportunity for some interesting speculation. There is very
little photometric variation during the 2000–2004 cycle, but
an apparent inverse correlation over the 2004–2008 cycle. The
four seasons prior to 2000 show a perfect direct correlation.
Taking the observing seasons in groups of four, therefore, we
have a tentative picture of a star that has “flipped” from direct
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Figure 1. Ca ii HK (top panel) and photometric (bottom panel) series for
HD 82885. Diamonds are the seasonal means. The differential series of the
comparison stars is shown by X’s. The stars are well behaved and the individual
points are hidden by the diamonds; this is not the case in time series with more
variable comparison stars or lower amplitude program stars. Figures 2–9 are
plotted identically to this one.
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1Y2 vs. 1Y3). At 95% significance we deem the common star
‘‘possibly variable,’’ and at 99% we deem it ‘‘variable.’’ In this
paper we extend that test by first confirming the absence of var-
iability from two or more comparison stars and then test the time
series based on the program star minus the mean of the two com-
parison stars (e.g., 1 ! [mean of star 2 and star 3]) versus the
comparison stars themselves (e.g., 2Y3). This assures us in most
cases that low-level comparison star variability does not con-
tribute significantly to the composite light curve.

How data are averaged with respect to the intrinsic underlying
variability signal defines the degrees of freedom (dof ) used to
assess the confidence level of the correlation coefficient. For ex-
ample,werewe to usemonthly averages rather than annualmeans,
the dof would be "4 times larger, leading—most likely—to an
erroneously high significance level for detected variability. We
are most interested in detecting variability on multiyear to de-
cadal timescales. Therefore, the annual mean magnitudes define
the appropriate averaging interval. Although this choice arises
more from intuition and experience than mathematical exacti-
tude, we believe our method is sound.

Figures 2, 3, and 4 present a graphical catalog of the (bþ y)/2
and HK time series for our 32 program stars plus the Sun. We
begin by illustrating solar variability in Figure 2 in the same units
(stellar magnitudes) as for the stars, noting that we have con-
verted total irradiance variations to (bþ y)/2 by applying a scale
factor of 1.39 (based on blackbody considerations, cf. Paper II )
to the TSI variations. The top panel displays the Ca iiK data, and
the bottom panel shows the equivalent brightness variation. Re-
calling that the recorded solar cycle minimum to maximum range
is typically 0.9 W m!2 or 0.066% (based on averages at cycle
extrema) we note that when presented as daily values of visible
light stellar magnitudes the smooth upper envelope of solar var-
iability (as opposed to a runningmean) has a range of 0.0015mag,
roughly twice the TSI range, mainly because of the 40% dif-

ference between total irradiance and visible-light flux. The larg-
est transient dip related to a spot transit lies "0.004 mag be-
low cycle minimum. Thus, to see the Sun—or, rather, its exact
analog—as a star we must be able to record long-term stellar
variations at a level of "0.001 mag.

Figure 3 includes the 23 stars that survived the full span of our
programwith two usable comparison stars. In each panel the em-
bedded solid line is a cubic spline fitted through the annual mean
values. The top panel shows the S-index. The middle panel shows
photometric brightness variation of the program star minus the
mean of the two comparison stars. The bottom panel shows the
light curve of one comparison star minus the other, scaled verti-
cally by a reduction factor 1/

ffiffiffi
2

p
to represent the impact of com-

parison star variability on the program star light curve.
Figure 4 shows light curves for the nine stars having only one

suitable comparison star. The middle panel is the light curve of
the program star minus the chosen comparison star. The bottom
panel shows the light curve of one comparison star minus the
other plotted with the same vertical scaling as the middle panel
and included merely to illustrate graphically what our statistics
have already told us, namely that at least one of the stars in the
comparison star pair is no good.

Rarely, one of the two selected comparison stars may exhibit
statistically significant low-amplitude variability in the matrix
of correlation coefficients, although not to the degree required to
fail the F-test criterion used to choose between adopting one or
two comparison stars. Sometimes this occurs by chance, even at
the 95% level, where there is still a 1 in 20 chance of an acciden-
tally significant correlation. In five such cases we granted the
benefit of the doubt, retaining both stars to permit the exact var-
iance arithmetic critically needed to estimate the variability of
the program stars and to benefit from the 1/

ffiffiffi
2

p
noise reduction.

An example is HD 18256. The comparison star HD 17659
(star 3) may be slightly variable according to the formal statistic,
producing significant correlation between the program star time
series (star 1 ! [mean of star 2 and star 3]) and the comparison
star time series (star 2 ! star 3). In such cases we sought a sec-
ond opinion from the better of the two comparison stars. For
HD 18256 we obtain !1Y2;3 ¼ 0:0015 and !1Y2 ¼ 0:0013. The
‘‘variable’’ comparison star gives !1Y3 ¼ 0:0019. Obviously, in
this example there is a slight penalty in using both compari-
son stars, but the 1/

ffiffiffi
2

p
noise reduction gained by averaging two

comparison stars is some compensation, and exact knowledge of
the comparison star variance is desirable (see next section).

We recognize that our work necessarily includes a few ad hoc
decisions of this type, but in our limited sample we accept less
than perfect data in order to achieve long records.

3. PHOTOMETRIC RESULTS

3.1. Derived Intrinsic Variability of the Program Stars

Our goal is to arrive at a robust estimate of the intrinsic pho-
tometric variability of each program star (as distinct from the
observed variation of a program star) minus either (1) the mean
of the two comparison stars (Fig. 3), or (2) minus a sole compar-
ison star (Fig. 4). It is important to recognize that intrinsic var-
iability is a derived quantity that involves uncertainty, especially
as we approach the limit of detection where comparison star var-
iability is a significant source of noise.

As in Paper II, we perform variance arithmetic on the various
pairwise combinations to arrive at a final number for each pro-
gram star. The principal assumption implicit in this step is that
the distributions within the various data sets are approximately
Gaussian.As a practicalmatter, this assumption onlymatterswhen

Fig. 2.—Ca iiKand total irradiance variability of the Sun. TheK data are from
White et al. (1998) plus updates fromW. C. Livingston (2007, private communica-
tion). The irradiance data (Fröhlich 2003a, 2003b) can be found at http://www
.pmodwrc.ch/pmod.php?topic=tsi /composite/SolarConstant (graph) or http://www
.ngdc.noaa.gov/stp/SOLAR/ IRRADIANCE/irrad.html ( links to tabular data).
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variability (young stars). For stars with log R0
HK there is a rela-

tively well-defined increase in the amount of photometric vari-
ability relative to the chromospheric variability. Six outliers lie
well below the rest, including the unusually active star HD 129333.
As before, the nine stars with only one usable comparison star are
plotted using inverted triangles.

Left of the Sun’s location on this diagram there is considerable
scatter, which we attribute mainly to the poorly known level of
photometric activity of these stars rather than to an astrophysi-
cally meaningful effect.

This figure, which we consider a key exhibit in the morphol-
ogy of stellar variability for the Sun and its analogs, raises an
interesting question. Is the Sun’s location, just slightly above the
dividing line, fixed for historical time or could it shift around a
bit? Certainly, during the three solar cycles of modern observa-
tion, there is nothing to suggest that spot activity could over-
take facular activity as the principal component of solar variability.
The answer, apart from whatever theoretical ruminations might
arise, lies in expanding the sample of stars and pushing down the
limits of estimated photometric variability as far as possible. The
answer, therefore, lies in the indefinite future.

4.5. Lessons Learned

In this section we discuss how our results might have been
improved hadwe known in 1984what we know today.We began
our survey of Sun-like field stars in 1984 with the new knowl-
edge that young F7YK2 stars in the Hyades vary at the easily
detected level of a few percent (Radick et al. 1983; Lockwood et al.
1984). This was a revelation, since Jerzykiewicz & Serkowski
(1966) had shown that stars in this spectral range, if they vary at
all, do so at levels below 0.5% on a decadal timescale. The Sun
itself, shown from spacecraft observations in 1980 to be a vari-
able star on a timescale of days (Willson et al. 1981), had yet to
reveal its minuscule cycle timescale 0.1% variation (Fröhlich
2003a, 2003b).

The challenge, as we perceived it in 1984, was therefore to
map out variability downward from the easily detected several-
percent range of Hyades dwarfs to whatever level our instrumen-
tation would allow. To be reasonably certain of not coming up
empty handed, we included a number of young, presumably ac-
tive stars (based on their log R0

HK values) in our sample. These
rewarded us almost immediately by showing variability.

A preliminary reconnaissance of our capabilities based on ob-
servations of planetary targets (e.g., Lockwood 1977, 1981) had

Fig. 7.—Long-term (cycle timescale) photometric variation vs. average
chromospheric activity level.

Fig. 8.—Correlation between photometric brightness and HK emission var-
iations for long timescales based on 13Y20 yr of observation. (top) and 7Y12 yr
of observation from Paper II. (bottom). Many correlations are strengthened and
none of the 32 surviving stars in the longer sample show reversal in the sense of
the correlation.

Fig. 9.—Slope of the regression of photometric brightness variation on HK
emission variation, plotted as a function of average chromospheric level.
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able star on a timescale of days (Willson et al. 1981), had yet to
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2003a, 2003b).
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ability relative to the chromospheric variability. Six outliers lie
well below the rest, including the unusually active star HD 129333.
As before, the nine stars with only one usable comparison star are
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cally meaningful effect.
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ability relative to the chromospheric variability. Six outliers lie
well below the rest, including the unusually active star HD 129333.
As before, the nine stars with only one usable comparison star are
plotted using inverted triangles.
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scatter, which we attribute mainly to the poorly known level of
photometric activity of these stars rather than to an astrophysi-
cally meaningful effect.
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tion, there is nothing to suggest that spot activity could over-
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The answer, apart from whatever theoretical ruminations might
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itself, shown from spacecraft observations in 1980 to be a vari-
able star on a timescale of days (Willson et al. 1981), had yet to
reveal its minuscule cycle timescale 0.1% variation (Fröhlich
2003a, 2003b).

The challenge, as we perceived it in 1984, was therefore to
map out variability downward from the easily detected several-
percent range of Hyades dwarfs to whatever level our instrumen-
tation would allow. To be reasonably certain of not coming up
empty handed, we included a number of young, presumably ac-
tive stars (based on their log R0

HK values) in our sample. These
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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 chromospheric 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 coverages).

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 II index. Therefore various con-
version factors are usually employed to connect different data.
We use daily Sac Peak K-index KSP (Keil et al. 1998) which
can be transformed to monthly Kitt Peak K-index KSP with a
relationship KKP = −0.01 + 1.1KSP (White et al. 1998). The
Kitt Peak K-index can, in turn, be transformed to the S-index:
S = 1.53KKP + 0.04 (White et al. 1992; Radick et al. 1998). The
resulting solar S-index is plotted in the lower panel of Fig. 1.

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.

Figure 2 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 AS :

AS (S ) = (0.105±0.011)−(1.315±0.130)S+(4.102±0.370)S 2,(1)

and for facular disc area coverage AF :

AF(S ) = −(0.233 ± 0.002) + (1.400 ± 0.010)S . (2)

Here the errors correspond to 1σ-uncertainty. Note that all terms
are significant at the 9σ 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 2σ 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 Eqs. (1)–(2)
this results in AS ≈ 0.003% and AF ≈ 0.36% at that time. The
maximum annual value of 0.188 was reached in 1991, which
corresponds to AS ≈ 0.28% and AF ≈ 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 that Knaack 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. 1–2) 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
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.

faculae

spots

equator polarintermediate

slow-
rotator

fast-
rotator

SATIRE is extrapolated to stars by treating them as hypothetical Suns 
with coverage by magnetic features different from that of the Sun

 

Our approach
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Fig. 11. Slope of the regression to the dependence of photometric
brightness variation on HK emission variation, plotted vs. mean chro-
mospheric activity logR′HK for stars with solar (upper panel), polar (mid-
dle panel), and homogeneous (lower panel) distributions of active re-
gions. The asterisks indicate the observed values for the stellar sample
of Lockwood et al. (2007). The diamond 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 regression from Lockwood et al. (2007), is
smaller than the 1σ uncertainty and thus ∆[(b + y)/2]/∆S 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), in the upper panel
for stars with solar distribution of active regions, in the middle and
lower panels for those with polar and homogeneous distributions re-
spectively. The dashed lines separate the facula-dominated (positive
∆[(b + y)/2]/∆S ) from the spot-dominated (negative ∆[(b + y)/2]/∆S )
variability. The solid vertical line on the upper panel denotes the mean
level of solar 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).

level. This is probably caused by the limitations of our sim-
ple approach and by the uncertainties in the stellar measure-
ments.
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 fundamental causes as the Sun’s. Up until now physics-
based models of irradiance variability were solely applied to the
solar case. Consequently, they could only be validated and con-
strained 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 pre-
sented in this paper allows constraining the model over a much
wider parameter space, and, thus, along with interpreting stel-
lar 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. 10. Comparison of the observed and modelled photometric
variability. The modelled values of the photometric variability are
plotted vs. mean chromospheric activity for model stars with so-
lar (upper panel), polar (middle panel), and homogeneous (lower
panel) latitudinal distributions of active regions. The asterisks and
the black lines indicate stars with observed variability and the regression
from Lockwood et al. (2007). The dark (light) shaded areas indicate
estimated 1σ (2σ) uncertainty in the Lockwood et al. (2007) data.
The diamond indicates 18 Scorpii (HD 146233) from Hall et al. (2009).
Coloured curves result from our calculations for three values of the stel-
lar inclination: 90◦ (red curve), 57◦ (magenta curve), 0◦ (blue curve).
The dotted vertical lines denote the mean level of chromospheric activ-
ity of stars with unconfirmed variability (only stars with logR′HK > −5
are shown). The solid vertical line in the top panel shows the mean level
of solar chromospheric activity.

data and consequently the deviation 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 (Eqs. 1–2) employed in our model are rather
approximate and may also vary from star to star. This may
have a strong effect on the variability of stars around the
gap. Indeed, the variability of such stars is determined by
the balance between spot and facular contributions. A small
change of the ratio between spot and facular surface cov-
erages (as well as between spot and facular brightness con-
trasts, 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
variability on the time-scale of stellar rotation, which may
be not completely eliminated by the annual averaging per-
formed 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 variabil-
ities, they may significantly contribute to the total variability
around the gap (see Shapiro et al. 2013a, for a more detailed
discussion and estimations).
3. The position of the gap very likely depends on B-V

since the facular and sunspot contrasts are expected to de-
pend 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 photomet-
ric variabilities are located outside of the gap.
4. The stellar variabilities may be affected by a not yet

identified physical mechanism which is not taken into ac-
count 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 activ-
ity. Lockwood et al. (1992) introduced the slope of the regres-
sion to photometric brightness vs. S-index ∆[(b + y)/2]/∆S as
a measure of faculae- or spot-dominance. The zero value of
∆[(b + y)/2]/∆S corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.
In Fig. 11 we plot ∆[(b + y)/2]/∆S values given by

Lockwood et al. (2007) and similarly computed with our
model. As in Fig. 10 the three panels differ only in the spa-
tial distribution of active regions on the stellar surface as-
sumed 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 Lockwood et al. (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. 11 appear to be spot-

dominated despite the low level of their mean chromospheric
activity. Our simple extrapolation from the Sun cannot re-
produce such low values of the mean chromospheric ac-
tivity (one would have to adjust the value of S Q for this;
see Eq. 12), which implies that the temperature structures
of the quiet and magnetic regions of these stars are differ-
ent from the respective solar temperature structures. At the
same time these stars are located in the light grey shaded re-
gion in Fig. 11, which implies that their photometric vari-
abilities are below the uncertainty level and consequently
∆[(b + y)/2]/∆S values are quite uncertain. For example,
one of these stars, HD 14376, was also observed by Hall
et al. (2009) who found no activity-brightness correlation, in-
stead of the inverse 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
instrumental in nature, see Sect. 6.1), then it will have a
stronger effect on the measured photometric variability than
on the ∆[(b + y)/2]/∆S values. This may explain why the
observed data and our model are in a better agreement in
Fig. 11 than in Fig. 10.

Spot- vs faculae- dominated regimes

solar distribution of active regions

faculae-dominated

spot-dominated

18 Sco
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Fig. 11. Slope of the regression to the dependence of photometric
brightness variation on HK emission variation, plotted vs. mean chro-
mospheric activity logR′HK for stars with solar (upper panel), polar (mid-
dle panel), and homogeneous (lower panel) distributions of active re-
gions. The asterisks indicate the observed values for the stellar sample
of Lockwood et al. (2007). The diamond 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 regression from Lockwood et al. (2007), is
smaller than the 1σ uncertainty and thus ∆[(b + y)/2]/∆S 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), in the upper panel
for stars with solar distribution of active regions, in the middle and
lower panels for those with polar and homogeneous distributions re-
spectively. The dashed lines separate the facula-dominated (positive
∆[(b + y)/2]/∆S ) from the spot-dominated (negative ∆[(b + y)/2]/∆S )
variability. The solid vertical line on the upper panel denotes the mean
level of solar 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).

level. This is probably caused by the limitations of our sim-
ple approach and by the uncertainties in the stellar measure-
ments.
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 fundamental causes as the Sun’s. Up until now physics-
based models of irradiance variability were solely applied to the
solar case. Consequently, they could only be validated and con-
strained 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 pre-
sented in this paper allows constraining the model over a much
wider parameter space, and, thus, along with interpreting stel-
lar 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. 10. Comparison of the observed and modelled photometric
variability. The modelled values of the photometric variability are
plotted vs. mean chromospheric activity for model stars with so-
lar (upper panel), polar (middle panel), and homogeneous (lower
panel) latitudinal distributions of active regions. The asterisks and
the black lines indicate stars with observed variability and the regression
from Lockwood et al. (2007). The dark (light) shaded areas indicate
estimated 1σ (2σ) uncertainty in the Lockwood et al. (2007) data.
The diamond indicates 18 Scorpii (HD 146233) from Hall et al. (2009).
Coloured curves result from our calculations for three values of the stel-
lar inclination: 90◦ (red curve), 57◦ (magenta curve), 0◦ (blue curve).
The dotted vertical lines denote the mean level of chromospheric activ-
ity of stars with unconfirmed variability (only stars with logR′HK > −5
are shown). The solid vertical line in the top panel shows the mean level
of solar chromospheric activity.

data and consequently the deviation 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 (Eqs. 1–2) employed in our model are rather
approximate and may also vary from star to star. This may
have a strong effect on the variability of stars around the
gap. Indeed, the variability of such stars is determined by
the balance between spot and facular contributions. A small
change of the ratio between spot and facular surface cov-
erages (as well as between spot and facular brightness con-
trasts, 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
variability on the time-scale of stellar rotation, which may
be not completely eliminated by the annual averaging per-
formed 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 variabil-
ities, they may significantly contribute to the total variability
around the gap (see Shapiro et al. 2013a, for a more detailed
discussion and estimations).
3. The position of the gap very likely depends on B-V

since the facular and sunspot contrasts are expected to de-
pend 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 photomet-
ric variabilities are located outside of the gap.
4. The stellar variabilities may be affected by a not yet

identified physical mechanism which is not taken into ac-
count 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 activ-
ity. Lockwood et al. (1992) introduced the slope of the regres-
sion to photometric brightness vs. S-index ∆[(b + y)/2]/∆S as
a measure of faculae- or spot-dominance. The zero value of
∆[(b + y)/2]/∆S corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.
In Fig. 11 we plot ∆[(b + y)/2]/∆S values given by

Lockwood et al. (2007) and similarly computed with our
model. As in Fig. 10 the three panels differ only in the spa-
tial distribution of active regions on the stellar surface as-
sumed 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 Lockwood et al. (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. 11 appear to be spot-

dominated despite the low level of their mean chromospheric
activity. Our simple extrapolation from the Sun cannot re-
produce such low values of the mean chromospheric ac-
tivity (one would have to adjust the value of S Q for this;
see Eq. 12), which implies that the temperature structures
of the quiet and magnetic regions of these stars are differ-
ent from the respective solar temperature structures. At the
same time these stars are located in the light grey shaded re-
gion in Fig. 11, which implies that their photometric vari-
abilities are below the uncertainty level and consequently
∆[(b + y)/2]/∆S values are quite uncertain. For example,
one of these stars, HD 14376, was also observed by Hall
et al. (2009) who found no activity-brightness correlation, in-
stead of the inverse 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
instrumental in nature, see Sect. 6.1), then it will have a
stronger effect on the measured photometric variability than
on the ∆[(b + y)/2]/∆S values. This may explain why the
observed data and our model are in a better agreement in
Fig. 11 than in Fig. 10.
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Fig. 11. Slope of the regression to the dependence of photometric
brightness variation on HK emission variation, plotted vs. mean chro-
mospheric activity logR′HK for stars with solar (upper panel), polar (mid-
dle panel), and homogeneous (lower panel) distributions of active re-
gions. The asterisks indicate the observed values for the stellar sample
of Lockwood et al. (2007). The diamond 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 regression from Lockwood et al. (2007), is
smaller than the 1σ uncertainty and thus ∆[(b + y)/2]/∆S 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), in the upper panel
for stars with solar distribution of active regions, in the middle and
lower panels for those with polar and homogeneous distributions re-
spectively. The dashed lines separate the facula-dominated (positive
∆[(b + y)/2]/∆S ) from the spot-dominated (negative ∆[(b + y)/2]/∆S )
variability. The solid vertical line on the upper panel denotes the mean
level of solar 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).

level. This is probably caused by the limitations of our sim-
ple approach and by the uncertainties in the stellar measure-
ments.
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 fundamental causes as the Sun’s. Up until now physics-
based models of irradiance variability were solely applied to the
solar case. Consequently, they could only be validated and con-
strained 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 pre-
sented in this paper allows constraining the model over a much
wider parameter space, and, thus, along with interpreting stel-
lar 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. 10. Comparison of the observed and modelled photometric
variability. The modelled values of the photometric variability are
plotted vs. mean chromospheric activity for model stars with so-
lar (upper panel), polar (middle panel), and homogeneous (lower
panel) latitudinal distributions of active regions. The asterisks and
the black lines indicate stars with observed variability and the regression
from Lockwood et al. (2007). The dark (light) shaded areas indicate
estimated 1σ (2σ) uncertainty in the Lockwood et al. (2007) data.
The diamond indicates 18 Scorpii (HD 146233) from Hall et al. (2009).
Coloured curves result from our calculations for three values of the stel-
lar inclination: 90◦ (red curve), 57◦ (magenta curve), 0◦ (blue curve).
The dotted vertical lines denote the mean level of chromospheric activ-
ity of stars with unconfirmed variability (only stars with logR′HK > −5
are shown). The solid vertical line in the top panel shows the mean level
of solar chromospheric activity.

data and consequently the deviation 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 (Eqs. 1–2) employed in our model are rather
approximate and may also vary from star to star. This may
have a strong effect on the variability of stars around the
gap. Indeed, the variability of such stars is determined by
the balance between spot and facular contributions. A small
change of the ratio between spot and facular surface cov-
erages (as well as between spot and facular brightness con-
trasts, 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
variability on the time-scale of stellar rotation, which may
be not completely eliminated by the annual averaging per-
formed 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 variabil-
ities, they may significantly contribute to the total variability
around the gap (see Shapiro et al. 2013a, for a more detailed
discussion and estimations).
3. The position of the gap very likely depends on B-V

since the facular and sunspot contrasts are expected to de-
pend 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 photomet-
ric variabilities are located outside of the gap.
4. The stellar variabilities may be affected by a not yet

identified physical mechanism which is not taken into ac-
count 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 activ-
ity. Lockwood et al. (1992) introduced the slope of the regres-
sion to photometric brightness vs. S-index ∆[(b + y)/2]/∆S as
a measure of faculae- or spot-dominance. The zero value of
∆[(b + y)/2]/∆S corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.
In Fig. 11 we plot ∆[(b + y)/2]/∆S values given by

Lockwood et al. (2007) and similarly computed with our
model. As in Fig. 10 the three panels differ only in the spa-
tial distribution of active regions on the stellar surface as-
sumed 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 Lockwood et al. (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. 11 appear to be spot-

dominated despite the low level of their mean chromospheric
activity. Our simple extrapolation from the Sun cannot re-
produce such low values of the mean chromospheric ac-
tivity (one would have to adjust the value of S Q for this;
see Eq. 12), which implies that the temperature structures
of the quiet and magnetic regions of these stars are differ-
ent from the respective solar temperature structures. At the
same time these stars are located in the light grey shaded re-
gion in Fig. 11, which implies that their photometric vari-
abilities are below the uncertainty level and consequently
∆[(b + y)/2]/∆S values are quite uncertain. For example,
one of these stars, HD 14376, was also observed by Hall
et al. (2009) who found no activity-brightness correlation, in-
stead of the inverse 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
instrumental in nature, see Sect. 6.1), then it will have a
stronger effect on the measured photometric variability than
on the ∆[(b + y)/2]/∆S values. This may explain why the
observed data and our model are in a better agreement in
Fig. 11 than in Fig. 10.

Spot- vs faculae- dominated regimes
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Fig. 10. Comparison of the observed and modelled photometric
variability. The modelled values of the photometric variability are
plotted vs. mean chromospheric activity for model stars with so-
lar (upper panel), polar (middle panel), and homogeneous (lower
panel) latitudinal distributions of active regions. The asterisks and
the black lines indicate stars with observed variability and the regression
from Lockwood et al. (2007). The dark (light) shaded areas indicate
estimated 1σ (2σ) uncertainty in the Lockwood et al. (2007) data.
The diamond indicates 18 Scorpii (HD 146233) from Hall et al. (2009).
Coloured curves result from our calculations for three values of the stel-
lar inclination: 90◦ (red curve), 57◦ (magenta curve), 0◦ (blue curve).
The dotted vertical lines denote the mean level of chromospheric activ-
ity of stars with unconfirmed variability (only stars with logR′HK > −5
are shown). The solid vertical line in the top panel shows the mean level
of solar chromospheric activity.

data and consequently the deviation 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 (Eqs. 1–2) employed in our model are rather
approximate and may also vary from star to star. This may
have a strong effect on the variability of stars around the
gap. Indeed, the variability of such stars is determined by
the balance between spot and facular contributions. A small
change of the ratio between spot and facular surface cov-
erages (as well as between spot and facular brightness con-
trasts, 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
variability on the time-scale of stellar rotation, which may
be not completely eliminated by the annual averaging per-
formed 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 variabil-
ities, they may significantly contribute to the total variability
around the gap (see Shapiro et al. 2013a, for a more detailed
discussion and estimations).
3. The position of the gap very likely depends on B-V

since the facular and sunspot contrasts are expected to de-
pend 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 photomet-
ric variabilities are located outside of the gap.
4. The stellar variabilities may be affected by a not yet

identified physical mechanism which is not taken into ac-
count 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 activ-
ity. Lockwood et al. (1992) introduced the slope of the regres-
sion to photometric brightness vs. S-index ∆[(b + y)/2]/∆S as
a measure of faculae- or spot-dominance. The zero value of
∆[(b + y)/2]/∆S corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.
In Fig. 11 we plot ∆[(b + y)/2]/∆S values given by

Lockwood et al. (2007) and similarly computed with our
model. As in Fig. 10 the three panels differ only in the spa-
tial distribution of active regions on the stellar surface as-
sumed 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 Lockwood et al. (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. 11 appear to be spot-

dominated despite the low level of their mean chromospheric
activity. Our simple extrapolation from the Sun cannot re-
produce such low values of the mean chromospheric ac-
tivity (one would have to adjust the value of S Q for this;
see Eq. 12), which implies that the temperature structures
of the quiet and magnetic regions of these stars are differ-
ent from the respective solar temperature structures. At the
same time these stars are located in the light grey shaded re-
gion in Fig. 11, which implies that their photometric vari-
abilities are below the uncertainty level and consequently
∆[(b + y)/2]/∆S values are quite uncertain. For example,
one of these stars, HD 14376, was also observed by Hall
et al. (2009) who found no activity-brightness correlation, in-
stead of the inverse 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
instrumental in nature, see Sect. 6.1), then it will have a
stronger effect on the measured photometric variability than
on the ∆[(b + y)/2]/∆S values. This may explain why the
observed data and our model are in a better agreement in
Fig. 11 than in Fig. 10.
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Fig. 10. Comparison of the observed and modelled photometric
variability. The modelled values of the photometric variability are
plotted vs. mean chromospheric activity for model stars with so-
lar (upper panel), polar (middle panel), and homogeneous (lower
panel) latitudinal distributions of active regions. The asterisks and
the black lines indicate stars with observed variability and the regression
from Lockwood et al. (2007). The dark (light) shaded areas indicate
estimated 1σ (2σ) uncertainty in the Lockwood et al. (2007) data.
The diamond indicates 18 Scorpii (HD 146233) from Hall et al. (2009).
Coloured curves result from our calculations for three values of the stel-
lar inclination: 90◦ (red curve), 57◦ (magenta curve), 0◦ (blue curve).
The dotted vertical lines denote the mean level of chromospheric activ-
ity of stars with unconfirmed variability (only stars with logR′HK > −5
are shown). The solid vertical line in the top panel shows the mean level
of solar chromospheric activity.

data and consequently the deviation 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 (Eqs. 1–2) employed in our model are rather
approximate and may also vary from star to star. This may
have a strong effect on the variability of stars around the
gap. Indeed, the variability of such stars is determined by
the balance between spot and facular contributions. A small
change of the ratio between spot and facular surface cov-
erages (as well as between spot and facular brightness con-
trasts, 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
variability on the time-scale of stellar rotation, which may
be not completely eliminated by the annual averaging per-
formed 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 variabil-
ities, they may significantly contribute to the total variability
around the gap (see Shapiro et al. 2013a, for a more detailed
discussion and estimations).
3. The position of the gap very likely depends on B-V

since the facular and sunspot contrasts are expected to de-
pend 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 photomet-
ric variabilities are located outside of the gap.
4. The stellar variabilities may be affected by a not yet

identified physical mechanism which is not taken into ac-
count 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 activ-
ity. Lockwood et al. (1992) introduced the slope of the regres-
sion to photometric brightness vs. S-index ∆[(b + y)/2]/∆S as
a measure of faculae- or spot-dominance. The zero value of
∆[(b + y)/2]/∆S corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.
In Fig. 11 we plot ∆[(b + y)/2]/∆S values given by

Lockwood et al. (2007) and similarly computed with our
model. As in Fig. 10 the three panels differ only in the spa-
tial distribution of active regions on the stellar surface as-
sumed 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 Lockwood et al. (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. 11 appear to be spot-

dominated despite the low level of their mean chromospheric
activity. Our simple extrapolation from the Sun cannot re-
produce such low values of the mean chromospheric ac-
tivity (one would have to adjust the value of S Q for this;
see Eq. 12), which implies that the temperature structures
of the quiet and magnetic regions of these stars are differ-
ent from the respective solar temperature structures. At the
same time these stars are located in the light grey shaded re-
gion in Fig. 11, which implies that their photometric vari-
abilities are below the uncertainty level and consequently
∆[(b + y)/2]/∆S values are quite uncertain. For example,
one of these stars, HD 14376, was also observed by Hall
et al. (2009) who found no activity-brightness correlation, in-
stead of the inverse 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
instrumental in nature, see Sect. 6.1), then it will have a
stronger effect on the measured photometric variability than
on the ∆[(b + y)/2]/∆S values. This may explain why the
observed data and our model are in a better agreement in
Fig. 11 than in Fig. 10.
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Fig. 10. Comparison of the observed and modelled photometric
variability. The modelled values of the photometric variability are
plotted vs. mean chromospheric activity for model stars with so-
lar (upper panel), polar (middle panel), and homogeneous (lower
panel) latitudinal distributions of active regions. The asterisks and
the black lines indicate stars with observed variability and the regression
from Lockwood et al. (2007). The dark (light) shaded areas indicate
estimated 1σ (2σ) uncertainty in the Lockwood et al. (2007) data.
The diamond indicates 18 Scorpii (HD 146233) from Hall et al. (2009).
Coloured curves result from our calculations for three values of the stel-
lar inclination: 90◦ (red curve), 57◦ (magenta curve), 0◦ (blue curve).
The dotted vertical lines denote the mean level of chromospheric activ-
ity of stars with unconfirmed variability (only stars with logR′HK > −5
are shown). The solid vertical line in the top panel shows the mean level
of solar chromospheric activity.

data and consequently the deviation 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 (Eqs. 1–2) employed in our model are rather
approximate and may also vary from star to star. This may
have a strong effect on the variability of stars around the
gap. Indeed, the variability of such stars is determined by
the balance between spot and facular contributions. A small
change of the ratio between spot and facular surface cov-
erages (as well as between spot and facular brightness con-
trasts, 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
variability on the time-scale of stellar rotation, which may
be not completely eliminated by the annual averaging per-
formed 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 variabil-
ities, they may significantly contribute to the total variability
around the gap (see Shapiro et al. 2013a, for a more detailed
discussion and estimations).
3. The position of the gap very likely depends on B-V

since the facular and sunspot contrasts are expected to de-
pend 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 photomet-
ric variabilities are located outside of the gap.
4. The stellar variabilities may be affected by a not yet

identified physical mechanism which is not taken into ac-
count 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 activ-
ity. Lockwood et al. (1992) introduced the slope of the regres-
sion to photometric brightness vs. S-index ∆[(b + y)/2]/∆S as
a measure of faculae- or spot-dominance. The zero value of
∆[(b + y)/2]/∆S corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.
In Fig. 11 we plot ∆[(b + y)/2]/∆S values given by

Lockwood et al. (2007) and similarly computed with our
model. As in Fig. 10 the three panels differ only in the spa-
tial distribution of active regions on the stellar surface as-
sumed 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 Lockwood et al. (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. 11 appear to be spot-

dominated despite the low level of their mean chromospheric
activity. Our simple extrapolation from the Sun cannot re-
produce such low values of the mean chromospheric ac-
tivity (one would have to adjust the value of S Q for this;
see Eq. 12), which implies that the temperature structures
of the quiet and magnetic regions of these stars are differ-
ent from the respective solar temperature structures. At the
same time these stars are located in the light grey shaded re-
gion in Fig. 11, which implies that their photometric vari-
abilities are below the uncertainty level and consequently
∆[(b + y)/2]/∆S values are quite uncertain. For example,
one of these stars, HD 14376, was also observed by Hall
et al. (2009) who found no activity-brightness correlation, in-
stead of the inverse 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
instrumental in nature, see Sect. 6.1), then it will have a
stronger effect on the measured photometric variability than
on the ∆[(b + y)/2]/∆S values. This may explain why the
observed data and our model are in a better agreement in
Fig. 11 than in Fig. 10.
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Fig. 10. Comparison of the observed and modelled photometric
variability. The modelled values of the photometric variability are
plotted vs. mean chromospheric activity for model stars with so-
lar (upper panel), polar (middle panel), and homogeneous (lower
panel) latitudinal distributions of active regions. The asterisks and
the black lines indicate stars with observed variability and the regression
from Lockwood et al. (2007). The dark (light) shaded areas indicate
estimated 1σ (2σ) uncertainty in the Lockwood et al. (2007) data.
The diamond indicates 18 Scorpii (HD 146233) from Hall et al. (2009).
Coloured curves result from our calculations for three values of the stel-
lar inclination: 90◦ (red curve), 57◦ (magenta curve), 0◦ (blue curve).
The dotted vertical lines denote the mean level of chromospheric activ-
ity of stars with unconfirmed variability (only stars with logR′HK > −5
are shown). The solid vertical line in the top panel shows the mean level
of solar chromospheric activity.

data and consequently the deviation 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 (Eqs. 1–2) employed in our model are rather
approximate and may also vary from star to star. This may
have a strong effect on the variability of stars around the
gap. Indeed, the variability of such stars is determined by
the balance between spot and facular contributions. A small
change of the ratio between spot and facular surface cov-
erages (as well as between spot and facular brightness con-
trasts, 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
variability on the time-scale of stellar rotation, which may
be not completely eliminated by the annual averaging per-
formed 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 variabil-
ities, they may significantly contribute to the total variability
around the gap (see Shapiro et al. 2013a, for a more detailed
discussion and estimations).
3. The position of the gap very likely depends on B-V

since the facular and sunspot contrasts are expected to de-
pend 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 photomet-
ric variabilities are located outside of the gap.
4. The stellar variabilities may be affected by a not yet

identified physical mechanism which is not taken into ac-
count 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 activ-
ity. Lockwood et al. (1992) introduced the slope of the regres-
sion to photometric brightness vs. S-index ∆[(b + y)/2]/∆S as
a measure of faculae- or spot-dominance. The zero value of
∆[(b + y)/2]/∆S corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.
In Fig. 11 we plot ∆[(b + y)/2]/∆S values given by

Lockwood et al. (2007) and similarly computed with our
model. As in Fig. 10 the three panels differ only in the spa-
tial distribution of active regions on the stellar surface as-
sumed 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 Lockwood et al. (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. 11 appear to be spot-

dominated despite the low level of their mean chromospheric
activity. Our simple extrapolation from the Sun cannot re-
produce such low values of the mean chromospheric ac-
tivity (one would have to adjust the value of S Q for this;
see Eq. 12), which implies that the temperature structures
of the quiet and magnetic regions of these stars are differ-
ent from the respective solar temperature structures. At the
same time these stars are located in the light grey shaded re-
gion in Fig. 11, which implies that their photometric vari-
abilities are below the uncertainty level and consequently
∆[(b + y)/2]/∆S values are quite uncertain. For example,
one of these stars, HD 14376, was also observed by Hall
et al. (2009) who found no activity-brightness correlation, in-
stead of the inverse 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
instrumental in nature, see Sect. 6.1), then it will have a
stronger effect on the measured photometric variability than
on the ∆[(b + y)/2]/∆S values. This may explain why the
observed data and our model are in a better agreement in
Fig. 11 than in Fig. 10.
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Fig. 10. Comparison of the observed and modelled photometric
variability. The modelled values of the photometric variability are
plotted vs. mean chromospheric activity for model stars with so-
lar (upper panel), polar (middle panel), and homogeneous (lower
panel) latitudinal distributions of active regions. The asterisks and
the black lines indicate stars with observed variability and the regression
from Lockwood et al. (2007). The dark (light) shaded areas indicate
estimated 1σ (2σ) uncertainty in the Lockwood et al. (2007) data.
The diamond indicates 18 Scorpii (HD 146233) from Hall et al. (2009).
Coloured curves result from our calculations for three values of the stel-
lar inclination: 90◦ (red curve), 57◦ (magenta curve), 0◦ (blue curve).
The dotted vertical lines denote the mean level of chromospheric activ-
ity of stars with unconfirmed variability (only stars with logR′HK > −5
are shown). The solid vertical line in the top panel shows the mean level
of solar chromospheric activity.

data and consequently the deviation 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 (Eqs. 1–2) employed in our model are rather
approximate and may also vary from star to star. This may
have a strong effect on the variability of stars around the
gap. Indeed, the variability of such stars is determined by
the balance between spot and facular contributions. A small
change of the ratio between spot and facular surface cov-
erages (as well as between spot and facular brightness con-
trasts, 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
variability on the time-scale of stellar rotation, which may
be not completely eliminated by the annual averaging per-
formed 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 variabil-
ities, they may significantly contribute to the total variability
around the gap (see Shapiro et al. 2013a, for a more detailed
discussion and estimations).
3. The position of the gap very likely depends on B-V

since the facular and sunspot contrasts are expected to de-
pend 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 photomet-
ric variabilities are located outside of the gap.
4. The stellar variabilities may be affected by a not yet

identified physical mechanism which is not taken into ac-
count 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 activ-
ity. Lockwood et al. (1992) introduced the slope of the regres-
sion to photometric brightness vs. S-index ∆[(b + y)/2]/∆S as
a measure of faculae- or spot-dominance. The zero value of
∆[(b + y)/2]/∆S corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.
In Fig. 11 we plot ∆[(b + y)/2]/∆S values given by

Lockwood et al. (2007) and similarly computed with our
model. As in Fig. 10 the three panels differ only in the spa-
tial distribution of active regions on the stellar surface as-
sumed 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 Lockwood et al. (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. 11 appear to be spot-

dominated despite the low level of their mean chromospheric
activity. Our simple extrapolation from the Sun cannot re-
produce such low values of the mean chromospheric ac-
tivity (one would have to adjust the value of S Q for this;
see Eq. 12), which implies that the temperature structures
of the quiet and magnetic regions of these stars are differ-
ent from the respective solar temperature structures. At the
same time these stars are located in the light grey shaded re-
gion in Fig. 11, which implies that their photometric vari-
abilities are below the uncertainty level and consequently
∆[(b + y)/2]/∆S values are quite uncertain. For example,
one of these stars, HD 14376, was also observed by Hall
et al. (2009) who found no activity-brightness correlation, in-
stead of the inverse 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
instrumental in nature, see Sect. 6.1), then it will have a
stronger effect on the measured photometric variability than
on the ∆[(b + y)/2]/∆S values. This may explain why the
observed data and our model are in a better agreement in
Fig. 11 than in Fig. 10.
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Fig. 10. Comparison of the observed and modelled photometric
variability. The modelled values of the photometric variability are
plotted vs. mean chromospheric activity for model stars with so-
lar (upper panel), polar (middle panel), and homogeneous (lower
panel) latitudinal distributions of active regions. The asterisks and
the black lines indicate stars with observed variability and the regression
from Lockwood et al. (2007). The dark (light) shaded areas indicate
estimated 1σ (2σ) uncertainty in the Lockwood et al. (2007) data.
The diamond indicates 18 Scorpii (HD 146233) from Hall et al. (2009).
Coloured curves result from our calculations for three values of the stel-
lar inclination: 90◦ (red curve), 57◦ (magenta curve), 0◦ (blue curve).
The dotted vertical lines denote the mean level of chromospheric activ-
ity of stars with unconfirmed variability (only stars with logR′HK > −5
are shown). The solid vertical line in the top panel shows the mean level
of solar chromospheric activity.

data and consequently the deviation 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 (Eqs. 1–2) employed in our model are rather
approximate and may also vary from star to star. This may
have a strong effect on the variability of stars around the
gap. Indeed, the variability of such stars is determined by
the balance between spot and facular contributions. A small
change of the ratio between spot and facular surface cov-
erages (as well as between spot and facular brightness con-
trasts, 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
variability on the time-scale of stellar rotation, which may
be not completely eliminated by the annual averaging per-
formed 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 variabil-
ities, they may significantly contribute to the total variability
around the gap (see Shapiro et al. 2013a, for a more detailed
discussion and estimations).
3. The position of the gap very likely depends on B-V

since the facular and sunspot contrasts are expected to de-
pend 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 photomet-
ric variabilities are located outside of the gap.
4. The stellar variabilities may be affected by a not yet

identified physical mechanism which is not taken into ac-
count 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 activ-
ity. Lockwood et al. (1992) introduced the slope of the regres-
sion to photometric brightness vs. S-index ∆[(b + y)/2]/∆S as
a measure of faculae- or spot-dominance. The zero value of
∆[(b + y)/2]/∆S corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.
In Fig. 11 we plot ∆[(b + y)/2]/∆S values given by

Lockwood et al. (2007) and similarly computed with our
model. As in Fig. 10 the three panels differ only in the spa-
tial distribution of active regions on the stellar surface as-
sumed 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 Lockwood et al. (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. 11 appear to be spot-

dominated despite the low level of their mean chromospheric
activity. Our simple extrapolation from the Sun cannot re-
produce such low values of the mean chromospheric ac-
tivity (one would have to adjust the value of S Q for this;
see Eq. 12), which implies that the temperature structures
of the quiet and magnetic regions of these stars are differ-
ent from the respective solar temperature structures. At the
same time these stars are located in the light grey shaded re-
gion in Fig. 11, which implies that their photometric vari-
abilities are below the uncertainty level and consequently
∆[(b + y)/2]/∆S values are quite uncertain. For example,
one of these stars, HD 14376, was also observed by Hall
et al. (2009) who found no activity-brightness correlation, in-
stead of the inverse 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
instrumental in nature, see Sect. 6.1), then it will have a
stronger effect on the measured photometric variability than
on the ∆[(b + y)/2]/∆S values. This may explain why the
observed data and our model are in a better agreement in
Fig. 11 than in Fig. 10.
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Fig. 10. Comparison of the observed and modelled photometric
variability. The modelled values of the photometric variability are
plotted vs. mean chromospheric activity for model stars with so-
lar (upper panel), polar (middle panel), and homogeneous (lower
panel) latitudinal distributions of active regions. The asterisks and
the black lines indicate stars with observed variability and the regression
from Lockwood et al. (2007). The dark (light) shaded areas indicate
estimated 1σ (2σ) uncertainty in the Lockwood et al. (2007) data.
The diamond indicates 18 Scorpii (HD 146233) from Hall et al. (2009).
Coloured curves result from our calculations for three values of the stel-
lar inclination: 90◦ (red curve), 57◦ (magenta curve), 0◦ (blue curve).
The dotted vertical lines denote the mean level of chromospheric activ-
ity of stars with unconfirmed variability (only stars with logR′HK > −5
are shown). The solid vertical line in the top panel shows the mean level
of solar chromospheric activity.

data and consequently the deviation 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 (Eqs. 1–2) employed in our model are rather
approximate and may also vary from star to star. This may
have a strong effect on the variability of stars around the
gap. Indeed, the variability of such stars is determined by
the balance between spot and facular contributions. A small
change of the ratio between spot and facular surface cov-
erages (as well as between spot and facular brightness con-
trasts, 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
variability on the time-scale of stellar rotation, which may
be not completely eliminated by the annual averaging per-
formed 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 variabil-
ities, they may significantly contribute to the total variability
around the gap (see Shapiro et al. 2013a, for a more detailed
discussion and estimations).
3. The position of the gap very likely depends on B-V

since the facular and sunspot contrasts are expected to de-
pend 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 photomet-
ric variabilities are located outside of the gap.
4. The stellar variabilities may be affected by a not yet

identified physical mechanism which is not taken into ac-
count 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 activ-
ity. Lockwood et al. (1992) introduced the slope of the regres-
sion to photometric brightness vs. S-index ∆[(b + y)/2]/∆S as
a measure of faculae- or spot-dominance. The zero value of
∆[(b + y)/2]/∆S corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.
In Fig. 11 we plot ∆[(b + y)/2]/∆S values given by

Lockwood et al. (2007) and similarly computed with our
model. As in Fig. 10 the three panels differ only in the spa-
tial distribution of active regions on the stellar surface as-
sumed 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 Lockwood et al. (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. 11 appear to be spot-

dominated despite the low level of their mean chromospheric
activity. Our simple extrapolation from the Sun cannot re-
produce such low values of the mean chromospheric ac-
tivity (one would have to adjust the value of S Q for this;
see Eq. 12), which implies that the temperature structures
of the quiet and magnetic regions of these stars are differ-
ent from the respective solar temperature structures. At the
same time these stars are located in the light grey shaded re-
gion in Fig. 11, which implies that their photometric vari-
abilities are below the uncertainty level and consequently
∆[(b + y)/2]/∆S values are quite uncertain. For example,
one of these stars, HD 14376, was also observed by Hall
et al. (2009) who found no activity-brightness correlation, in-
stead of the inverse 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
instrumental in nature, see Sect. 6.1), then it will have a
stronger effect on the measured photometric variability than
on the ∆[(b + y)/2]/∆S values. This may explain why the
observed data and our model are in a better agreement in
Fig. 11 than in Fig. 10.
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Fig. 10. Comparison of the observed and modelled photometric
variability. The modelled values of the photometric variability are
plotted vs. mean chromospheric activity for model stars with so-
lar (upper panel), polar (middle panel), and homogeneous (lower
panel) latitudinal distributions of active regions. The asterisks and
the black lines indicate stars with observed variability and the regression
from Lockwood et al. (2007). The dark (light) shaded areas indicate
estimated 1σ (2σ) uncertainty in the Lockwood et al. (2007) data.
The diamond indicates 18 Scorpii (HD 146233) from Hall et al. (2009).
Coloured curves result from our calculations for three values of the stel-
lar inclination: 90◦ (red curve), 57◦ (magenta curve), 0◦ (blue curve).
The dotted vertical lines denote the mean level of chromospheric activ-
ity of stars with unconfirmed variability (only stars with logR′HK > −5
are shown). The solid vertical line in the top panel shows the mean level
of solar chromospheric activity.

data and consequently the deviation 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 (Eqs. 1–2) employed in our model are rather
approximate and may also vary from star to star. This may
have a strong effect on the variability of stars around the
gap. Indeed, the variability of such stars is determined by
the balance between spot and facular contributions. A small
change of the ratio between spot and facular surface cov-
erages (as well as between spot and facular brightness con-
trasts, 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
variability on the time-scale of stellar rotation, which may
be not completely eliminated by the annual averaging per-
formed 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 variabil-
ities, they may significantly contribute to the total variability
around the gap (see Shapiro et al. 2013a, for a more detailed
discussion and estimations).
3. The position of the gap very likely depends on B-V

since the facular and sunspot contrasts are expected to de-
pend 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 photomet-
ric variabilities are located outside of the gap.
4. The stellar variabilities may be affected by a not yet

identified physical mechanism which is not taken into ac-
count 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 activ-
ity. Lockwood et al. (1992) introduced the slope of the regres-
sion to photometric brightness vs. S-index ∆[(b + y)/2]/∆S as
a measure of faculae- or spot-dominance. The zero value of
∆[(b + y)/2]/∆S corresponds to the threshold between faculae-
and spot-dominated regimes of photometric variability.
In Fig. 11 we plot ∆[(b + y)/2]/∆S values given by

Lockwood et al. (2007) and similarly computed with our
model. As in Fig. 10 the three panels differ only in the spa-
tial distribution of active regions on the stellar surface as-
sumed 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 Lockwood et al. (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. 11 appear to be spot-

dominated despite the low level of their mean chromospheric
activity. Our simple extrapolation from the Sun cannot re-
produce such low values of the mean chromospheric ac-
tivity (one would have to adjust the value of S Q for this;
see Eq. 12), which implies that the temperature structures
of the quiet and magnetic regions of these stars are differ-
ent from the respective solar temperature structures. At the
same time these stars are located in the light grey shaded re-
gion in Fig. 11, which implies that their photometric vari-
abilities are below the uncertainty level and consequently
∆[(b + y)/2]/∆S values are quite uncertain. For example,
one of these stars, HD 14376, was also observed by Hall
et al. (2009) who found no activity-brightness correlation, in-
stead of the inverse 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
instrumental in nature, see Sect. 6.1), then it will have a
stronger effect on the measured photometric variability than
on the ∆[(b + y)/2]/∆S values. This may explain why the
observed data and our model are in a better agreement in
Fig. 11 than in Fig. 10.
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