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386 M. Fligge et al.: Modelling irradiance variations

Fig. 5. Variability of total solar irradiance as measured by VIRGO
during its first two years of operation. We reconstruct solar irradiance
variations over the periods marked by the solid, thick lines.

5. Results

In the following, we present reconstructions of solar total and
spectral irradiance variations over the two intervals 15 August
1996 – 15 September 1996 and 6 November 1996 – 6. January
1997. We compare them to VIRGO measurements of the total
and the spectral irradiance at 402 nm (blue), 500 nm (green) and
862 nm (red), respectively. Fig. 5 shows the complete record of
total solar irradiance variations measured during the first two
years of operation (dotted line). The two periods under consid-
eration are marked by the thick, solid line.

The magnetograms (averaged over 5 minutes and recorded
every 96 minutes in the standard observing mode of MDI) are
processed according to the schemeoutlined inSect. 2. Following
Eqs. (1) and (4) model solar irradiance variations are calculated.
We use exactly the same model configuration, i.e. atmospheric
models and free parameters Φ1, Φ2 and Φ̃3 for both time inter-
vals.

5.1. August – September 1996

We first discuss the results of our calculations for the time be-
tween 15 August and 15 September 1996, i.e. days 228 to 259
of 1996. At this time the Sun was still very close to activity
minimum, making it particularly suitable for a detailed study
of the influence of single active regions on irradiance variations
unhampered by the presence of other active regions. During
this period a faculae-dominated active region harboring a small
sunspot crossed the solar disk (see Fig. 2). The reconstructed
(solid curve) and measured (dashed curve) irradiance variations
are presented inFig. 6. The four panels show, from top to bottom,
a) total irradiance variations and spectral irradiance variations
in the b) blue, c) green and d) red color channels, respectively.

The model reconstructs the observed irradiance variations
relatively well. The measurements exhibit a clear spectral de-
pendence of the contrast showing largest RMS (root-mean-
square) variations in the blue channel and decreasing variability
for the longer wavelength bands, which are well reproduced by

Fig. 6.Measured (dashed) and modelled (solid) solar total and spectral
irradiance variations for the time between 15 August (day 228) and
11 September 1996 (day 255). The panels correspond to (from top to
bottom) a) the total irradiance, and to the spectral irradiance variations
measured in the b) blue, c) green and d) red color channels of VIRGO.
Our model is able to reconstruct irradiance variations on time-scales of
the solar rotation and clearly can reproduce the double-peaked structure
originating from the CLV of facular brightening. However, significant
deviations from the measurements remain unexplained. For compari-
son, the dotted curve shows the reconstruction due to Paper I, which
neglected the CLV of the facular contrast.

our reconstructions. Also, the calculated RMS variations of the
total irradiance are in good agreement with the measurements.

The limb brightening of faculae causes the double-peaked
shapeof the irradiance (seen in all channels).Near the solar limb,
irradiance is increased due to the enhanced facular brightness
(days 237 to 240). When the active region approaches disk cen-
ter (days 240 to 243) the solar irradiance starts to decrease due
to the vanishing facular contrast. This is further enhanced by the
increasing influence of the spot. Then, as the regionmoves to the

from Fligge et al. (2000) 
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Code for Solar Irradiance Reconstruction (COSIR)!
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G. Cessateur et al.: Modeling the PREMOS solar irradiance data 5

Fig. 4. comparison between irradiance at 215 nm as seen by PREMOS
and as computed with the COCOSIS model with the contribution of
sunspots (in red) and without (in green) for the end of year 2012.

the PREMOS and COCOSIS data sets which occurs at the end of
November, 2011. A 13.5-day solar modulation is clearly visible
within the PREMOS data, while our COCOSIS model fails to
reproduce such modulation. A quick look to Fig. 1 shows indeed
that there is a lack of facula compared to the previous local max-
ima. Only a comparisonwith an other independent data set might
help us to understand this particular feature. The SORCE data
(Rottman 2005) have been considered for this particular time
range, but the standard deviation of the data is quite high which
prevents us from an accurate comparison. We used then the irra-
diance at 210 nm as seen by the backup channel from PREMOS.
Such channel provides one measurement per day, which is more
than enough to capture the salient feature from rotational vari-
ations. A direct comparison between COCOSIS and PREMOS
observations for both wavelengths around this particular date are
then displayed by the Fig. 5. Surprisingly, no high amplitude
could been found in the PREMOS data at 210 nm as well as for
the COCOSIS model. The 13.5-day solar modulation is however
still present, which indicates the presence of two faculae regions
with a latitude difference of about 180◦ as expected with the ob-
servations at 215 nm.

Same approach have also been performed for irradiance at 266
nm as seen by PREMOS still for the end of November 2011.
COCOCIS model and PREMOS observations are very well cor-
related alike irradiance at 210 nm. No modulation with such ex-
tensive amplitude occuring at 215 nm has been observed. This
suggest therefore that we do have different responses according
the spectral range.

The spectral dynamic is highly coherent for this spectral region
and can not allow a priori such differences especially for rota-
tional modulations (Cessateur et al. 2011). We have therefore
to consider the filter itself along with their own response to the
solar spectrum. The filter at 215 nm is a narrow one, while the
one at 210 nm is really broad as displayed by Fig. 2. It has been
known for some times that the response of the filters used within
a radiometer design could change according time (Wehrli et al.
1996). This might be the most likely explanation regarding this
sudden irradiance increase. The reason for such ephemera filter’s
broadening is however unknown so far. No sudden variations of
the satellite temperature over this period has been notified.

3.2. Irradiance at 535 nm and 607 nm

The solar variability is particularly low for the visible, less than
0.3% over the 11-year cycle. We are looking here for a variabil-

Fig. 5. Top figure: irradiance at 215 nm as seen by PREMOS (in black)
and calculated with COCOSIS (in red) for the end of year 2011. Bottom
figure: same for the irradiance at 210 nm.

ity which should be even less since the PREMOS data are only
available for less than 3 years. In order to ease the interpretation,
we have chosen to not display the full time serie available at
535 and 607 nm but only 18 months starting from January 2011.
Since the observationnal channet at 535 nm are not yet fully cor-
rected from degradation, we only use the corrected backup chan-
nel where the time resolution is less that for the operationnal
channel at 607 nm. Figure 6 then displays the direct comparison
between PREMOS and COCOSIS for both wavelenghts. The in-
trinsic variability of the solar irradiance is less than 0.1% over
18 months, with a minima occuring near July 2011 due to the
appearance of a sunspot. COCOSIS is able to reproduce quite
well the solar modulation related to the rotation. Most disagree-
ments are actually occuring for local maxima, where the am-
plitude of the PREMOS data is sensibily higher than predicted
by our model, around August and Decembre 2011 for exemple.
Diffence between observations and model for those two particu-
lar periods are of about 300 ppm and 400 ppm for irradiance at
535 nm and 607 nm respectively.

As for the irradiance at 215 nm, we can also calculate contri-
butions from each different magnetic features to the absolute
value of the irradiance at 607 nm. Contribution from faculae
and network regions are respectively 0.9% and 5.6%. Penumbra
and umbra regions contributed respectively of about 0.07%
and less than 0.002%. We can also look for the intrinsic vari-
ability for each magnetic component. For doing so, we com-
pare the flux at 607 nm obtained for each magnetic features
taken separatly and then compare to the quiet Sun, as follows
[Fi(λ, t)−FQS (λ, t)]/FQS (λ, t), where i represents either faculae,
umbra, penumbra or network. Figure 7 displays such quantity,
which finally reveals the variability for the different magnetic
features, for the last six months of 2011. Umbra and penum-
bra contributions are high correlated, and have a marked impact
on rotationnal variability especially. We note that the network

from Cessateur et al. 2014
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from field intensities as low as 1 milligauss to many thou-
sands of gauss. The second part of the article shows some
recent applications in solar physics with emphasis on the
hidden magnetic fields of the photosphere, chromosphere
and corona.

2. GENERATION OF POLARIZED RADIATION

It is suitable to begin by recalling that the state of polar-
ization of a quasi-monochromatic beam of electromag-
netic radiation can be conveniently characterized in terms
of four quantities that can be measured by furnishing our
telescopes with a polarimeter. Such observables are the
four Stokes parameters (I, Q, U, V ), which were formu-
lated by Sir George Stokes in 1852 and introduced into
astrophysics by the Nobel laureate Subrahmanyan Chan-
drasekhar in 1946. The Stokes I(λ) profile represents
the intensity as a function of wavelength, Stokes Q(λ)
the intensity difference between vertical and horizontal
linear polarization, Stokes U(λ) the intensity difference
between linear polarization at +45◦ and −45◦, while
Stokes V (λ) the intensity difference between right- and
left-handed circular polarization (cf. Born &Wolf 1994).
Note that the definition of the StokesQ andU parameters
requires first choosing a reference direction for Q > 0 in
the plane perpendicular to the direction of propagation.

Let us now review the most important mechanisms that
induce (and modify) polarization signatures in the spec-
tral lines that originate in stellar atmospheres: the Zee-
man and Paschen-Back effects, scattering processes and
the Hanle effect.

2.1. The Zeeman effect

As illustrated in Figure 1, the Zeeman effect requires the
presence of a magnetic field which causes the atomic
and molecular energy levels to split into different mag-
netic sublevels characterized by their magnetic quantum
numberM (Condon & Shortley 1935). Each level of to-
tal angular momentum J splits into (2J + 1) sublevels,
the splitting being proportional to the level’s Landé fac-
tor, gJ , and to the magnetic field strength. As a re-
sult, a spectral line between a lower level with (Jl, gl)
and an upper level with (Ju, gu) is composed of several
individual components whose frequencies are given by

νJuMu
JlMl

= ν0 + νL(guMu − glMl), where ν0 is the fre-
quency of the line in the absence of magnetic fields and
νL = 1.3996×106B is the Larmor frequency (with B
the magnetic field strength expressed in gauss). In par-
ticular, a line transition with Jl = 0 and Ju = 1 has
three components (see Fig. 1): one π component cen-
tered at ν0 (or at λ0), one σred component centered at
ν0 − guνL (or at λ0 + gu∆λB), and one σblue compo-
nent centered at ν0 + guνL (or at λ0 − gu∆λB), where
∆λB = 4.6686×10−13λ2

0B (with λ0 in Å and B in
gauss).

The important point to remember is that the polarization
signals produced by the Zeeman effect are caused by the
wavelength shifts between the π (∆M = Mu −Ml = 0)
and σb,r (∆M = ±1) transitions. Such wavelength shifts
are also the physical origin of the spectral line polariza-
tion induced by the Paschen-Back effect discussed below
in Section 2.5, since the only difference with respect to
the linear Zeeman effect theory considered here lies in
the calculation of the positions and strengths of the vari-
ous π and σ components.

Figure 1. The oscillator model for the Zeeman effect indi-
cating the characteristic shapes of the circular and linear
polarization profiles as generated locally via the emission
process. It is important to note that the Stokes V (λ) pro-
file changes its sign for opposite orientations of the mag-
netic field vector, while the Stokes Q(λ) profile reverses
sign when the transverse field component is rotated by
±90◦.

The Zeeman effect is most sensitive in circular polar-
ization (quantified by the Stokes V parameter), with a
magnitude that for not too strong fields scales with the
ratio between the Zeeman splitting and the width of the
spectral line (which is very much larger than the natu-
ral width of the atomic levels!), and in such a way that
the emergent Stokes V (λ) profile changes its sign for op-
posite orientations of the magnetic field vector. This so-
called longitudinal Zeeman effect responds to the line-
of-sight component of the magnetic field. Accordingly, if

from Trujillo Bueno et al. (2006)
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just “tip of the iceberg”

27-day variability

11-year variability long-term variability



Ball et al.: Comparison between SORCE observations and the SATIRE model

Fig. 1. A 5-min magnetogram showing |B| taken by MDI on SoHO
on 23 December 2008. Darker regions have a higher flux. Note the
dark-area in the south-west quadrant, a bias present in all MDI mag-
netograms.

these spectral forcings are considered in climate models (Haigh
et al. 2010).

Here we utilise the Spectral and Total Irradiance
REconstruction model, or SATIRE (Fligge et al. 2000;
Krivova et al. 2003), to investigate the difference between
modeled and observed solar irradiance on scales of days to
years. A previous comparison of SIM and TIM data was made
by Unruh et al. (2008) over three solar rotations. Over this
short period the model agrees well with observation especially
between 400 and 1300 nm. Here we extend this approach to a
period of 73 rotations between 21 April 2004 and 1 November
2009 during the declining phase of cycle 23 to solar minimum.
Over this longer period variability due to the solar-cycle can be
compared.

In the next section we first describe the model setup used
to make a comparison with SORCE data; the data are de-
scribed in section 3 along with the analysis and processing per-
formed. In section 4 we first compare the TSI reconstruction
with SORCE/TIM and the PMOD TSI composite while in sec-
tion 5 we turn to a spectral comparison between the model and
SORCE/SIM, first in detail in three specific spectral regions and
then for all wavelengths over 200-1630 nm. In section 6 we di-
cuss the results and present conclusions.

2. Modeling Irradiance
We model solar irradiance using the SATIRE model specifically
tailored to satellite era data. It is denoted as SATIRE-S to dis-
tinguish it from other versions of the model from hereon in;
cf. Krivova et al. (2011b). A detailed overview can be found in
Krivova et al. (2003) but here follows a brief description.

SATIRE-S assumes that all variation in solar irradiance is the
result of changes in the distribution of magnetic features on the
solar surface. Any other changes to the Sun are not modelled,
including variation in the intrinsic properties of the model com-

Fig. 2. The median filter used to remove the bias from magnetograms as
seen in Fig. 1. The filter was formed by taking the mean of 100 images
during the inactive period of 2008 and 2009 having applied a 41x41
pixel median window to each one. A scaled version of this filter is then
used to subtract the bias from all magnetograms.

ponents. If available, SoHO MDI full disk magnetograms and
continuum intensity images1 (Scherrer et al. 1995) are used to
identify four surface components which are each then assigned
with an emergent intensity spectrum. Umbra and penumbra are
identified in continuum images and faculae are identified in mag-
netograms where a significant magnetic signal is present, but no
umbral or penumbral pixels are found in the continuum image.
All remaining pixels are considered to be quiet Sun. The facular
contrast is dependent on and proportional to the field strength
of the magnetogram pixel up to a saturation point, Bsat, beyond
which the contrast is held constant. Bsat is the only free param-
eter in the model and is determined here by achieving a unity
regression gradient with the comparison data2. Both observation
and theory suggest that increasing amounts of concentrated mag-
netic flux provide diminishing returns on contrast increases and
Bsat takes this into account (Solanki & Stenflo 1985; Fligge et al.
2000; Ortiz et al. 2002; Vögler 2004).

Previous reconstructions using MDI have used level 1.5 five-
minute magnetograms (Krivova et al. 2003). Here we use recal-
ibrated daily level 1.8 averaged five one-minute magnetograms

1 http://soi.stanford.edu/
2 Regression slopes are calculated using the FITEXY routine from

Press et al. (1992)

2

from Ball et al. (2012)

NO contribution to the rotational variability

Strong contribution to the 11-year and possibly long-term variability
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782 S. V. Berdyugina and D. M. Fluri: Evidence for the Hanle effect in molecular lines

Fig. 6. Fit to the observation of Stokes Q/I in the C2 lines without magnetic field (thick dashed line) and with the magnetic field B = 15 G
(thick solid line). The observation from the atlas by Gandorfer (2000) is shown with a thin solid line.

In order to determine the magnetic field strength from the
observed Stokes Q/I signals, we synthesized profiles for a
range of field strengths using Eq. (1). The damping parame-
ters in the Voigt function were calculated using the radiative
damping constants given by Eq. (15), and the Doppler widths
of the profiles were adjusted to the observed ones. Since the
blue component in the P-triplet is blended with the middle com-
ponent, we linearly added the two profiles. Such an operation
can be justified by the fact that the lines are optically thin. The
scaling factor q = 1.54×10−8 was determined using the R2(13)
line because it remains unaffected by weak magnetic fields.

A simultaneous fit to the R- and P-triplets reveals that the
average magnetic field has a strength of 15 ± 3 G. The result
is shown in Fig. 6 with the thick solid line. For comparison,
the profiles corresponding to the non-magnetic case are shown
with the thick dashed line. It is clearly seen that the R1(14) and
R3(12) lines strongly respond to the weak magnetic field and
are excellent diagnostics. At such a magnetic field the P-triplet
remains almost undisturbed but, as seen from Fig. 5, it becomes
an important diagnostic at fields of 20 G to 70 G.

Note that in the previous studies by e.g. Trujillo Bueno
(2003c) and Faurobert & Arnaud (2003) only P-triplets similar
to the one selected by us have been analyzed. Our calculations
show that for the average field strength below 20 G these lines
are rather poor diagnostic tools. This can explain the apparent
absence of the magnetic field effect on the scattering polariza-
tion of these lines.

5. Discussion

We have found the first clear evidence for the Hanle effect in
molecular lines, namely in the C2 triplet at 5140 Å. The ob-
served magnetic field strength is significantly greater than zero.
This eliminates the doubt whether our current model of molec-
ular physics contains a serious shortcoming as compared to
atomic physics, and whether molecules behave in principle dif-
ferently to atoms. Our results are well in agreement with the

theory of molecular scattering developed by Berdyugina et al.
(2002).

Let us address the issue of apparently different Hanle sig-
natures in molecular and atomic lines. A general overview of
the second solar spectrum has led to the impression that molec-
ular lines remain invariant both spatially and in time, whereas
many atomic lines are known to vary significantly due to the
Hanle effect (Gandorfer 2000; Berdyugina et al. 2002). This
does not mean that molecular lines are immune to the Hanle
effect, as we have proven in this work. However, there are three
main categories of arguments that have to be taken into account
in the interpretation of the Hanle effect: (i) the magnetic field
range, in which a given line is most sensitive to the Hanle ef-
fect; (ii) inhomogeneities of the thermodynamic properties and
of the magnetic field distribution in the solar atmosphere; (iii)
accuracy and limitations of spectropolarimetric observations.
Note that another essential point would be a very basic differ-
ence between molecular and atomic physics, which we can rule
out as discussed above. In the following we examine in detail
these three points.

As pointed out by Trujillo Bueno (2003c) the critical Hanle
field in Gauss is given by

BH ≈
1.137 × 10−7

τRg′L
· (16)

It identifies the approximate magnetic field strength of the
highest Hanle effect sensitivity and depends on the product of
the radiative lifetime and Landé factor. With the nearly con-
stant lifetime (cf. Fig. 2) and the Landé factor decreasing with
J, most C2 lines in the studied band have a critical Hanle field
greater than 30 G. The same is found e.g. for MgH lines with
high J numbers (Trujillo Bueno 2003b). This critical Hanle
field has to be compared with the magnetic field strength of
15 G that we have obtained in this work. With such an av-
erage turbulent magnetic field strength, it is no surprise that
most molecular lines in the second solar spectrum undergo a
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Fig. 12. Magnetic field strength calculated with the model described in
Sect. 3 applied to the R-triplet ratios only. The data sets are the same as
in Fig. 10.

owing to line opacity, which is certainly larger for the P-triplet.
Since the C2 polarization is formed higher in the atmosphere
than that of the continuum, this implies that line polarization
is built on top of a depolarized profile (Fluri & Stenflo 2003),
which reduces the peak polarization with respect to the local, un-
affected continuum. However, these lines are still optically thin,
so the difference in their optical thicknesses is not sufficient to
explain the difference between modeling and observation. This
effect is taken into account in the radiative transfer modeling
in Paper II and confirmed to be very small. Another possibility
is depolarization owing to collisions. There are indications that
collision rates depend on the total angular momentum J and can
be higher for lower J numbers (Derouich 2006). In this case, the
depolarization would be stronger for the R-triplet than for the
P-triplet, which is in accord with our measurements. This effect
is also accounted for in Paper II.

If the magnetic filling factor α was not fixed, then the results
were qualitatively similar. Good fits for all ratios were obtained
for α ≈ 0.8 and 60 ≤ B ≤ 90 G (depending on the measure-
ment). The measured R2/P ratio can only be obtained for higher
field strengths, as can be seen in Fig. 3. At these field strengths
P3, which was not taken into account in the line ratios, is al-
ready significantly depolarized. This implies that the magnetic
field must be below 60 G, and the best fit then yields α = 1.0
and 3 ≤ B ≤ 8 G. This also supports the conclusion that there
seems to be a significant difference between the two triplets. It
also confirms a high filling factor for turbulent magnetic fields.

Nevertheless, it is possible to evaluate the turbulent magnetic
field strength from the amplitude ratios in the R- and P-triplets
separately with the differential Hanle effect model in the weak-
field regime, because the J-dependent effects will be strongly di-
minished within one triplet. Using the theoretical ratios as func-
tions of the magnetic field strength shown in Fig. 3, we interpret
the measured ratios presented in Fig. 10 in terms of B, keeping
the filling factor as a free parameter. The result yields α = 1 for
all fits and is shown in Fig. 12.

We conclude that the average strength of the turbulent mag-
netic field during the solar minimum in 2008–2009 was at least
4.7± 0.2 G. It may have reduced in strength since the solar max-
imum in 2000, for which the single measurement indicated the

field strength of at least 6 ± 1 G. The strength for intermediate
years (2003–2004) is 5 ± 1 G.

Thus, the magnetic field may have weakened by a few Gauss
as the solar activity changed from maximum to minimum during
the last decade. Note that the scale of this variation is still model-
dependent. In the present interpretation we neglected some de-
polarizing effects, e.g. collisions. This provides the robust lower
limits on both the average strength and the variation scale of the
turbulent magnetic field (as indicated above). When these effects
are more consistently accounted for, the strength of the field and
its variations scale up. For instance, we show in Paper II that
the scaling factor may be as large as two, which leads to fields
weaker than ∼10 G. This is still within the range of previously
reported values inferred from molecular lines and significantly
lower than those for atomic lines. To resolve this contradiction,
one needs to apply the differential Hanle effect to atomic lines
and, therefore, reduce the model dependent effects. Our synop-
tic observations have a potential for this analysis and we will
pursue it in the near future.

5.2. Modeling of Stokes V/I

The signals in Stokes V/I can be used to calculate the line-of-
sight (LOS) magnetic field component. Several measurements
taken under good seeing conditions show V/I signals on the or-
der of 0.1% in the Fe I lines. The magnetic patches of the same
polarity have a size of 3 to 10 pixels along the slit, equal to 4.4′′
to 14.6′′ with the width of 0.5′′. Because the signal-to-noise ra-
tio is sufficiently high, we do not need to average V/I over the
whole slit like Q/I, but it is sufficient to average several pixels.

Using the STOPRO code (Solanki 1987; Frutiger et al. 2000)
we calculated Stokes V/I profiles for the three iron lines next
to the C2 lines. The synthetic profiles were broadened using
an instrumental profile of 50 mÅ. Because the strong iron lines
form in NLTE conditions, we slightly adjusted their oscillator
strengths, so that the calculated Stokes I better matches the ob-
servations. Unfortunately, the available set of iron lines did not
allow us to separate the filling factor and the field strength.
Therefore, we could determine only their product, so the field
strengths discussed below are actually low limits and correspond
to the filling factor α = 1. Because the spatial resolution was low,
we could expect cancellations of Stokes V within the observed
patches.

Figure 13 shows the best fit for a magnetic field of 5 ± 1 G
(solid thick lines) to an observation of August 16, 2008, averaged
over 5.8′′ (dotted). The thin lines are calculations for 3 G and
7 G to demonstrate the sensitivity of the V/I amplitudes to the
weak magnetic field. The intensity decrease in Stokes I at longer
wavelengths in this spectrum results from vignetting effects and
cannot be completely removed because of the absence of spectral
flatfields. Only a first order correction was applied to Stokes I by
fitting a second-order polynomial through continuum points. As
mentioned before, Stokes I should be treated with caution, but
V/I does not suffer from any vignetting or gain table effects.

Fits to different observations on various days and for differ-
ent parts of the slit revealed magnetic fields of 3 G to 8 G with
the errors of ±1 G. Weaker magnetic fields could not be accu-
rately determined because of the noise level. Despite measuring
only αB, we can exclude strong fields with a high filling fac-
tor, because they would contribute to Q/I due to the transverse
Zeeman effect. While there were some small variations visible
in Q/I of the iron lines across the slit, the signals never ex-
ceeded the level of the scattering polarization (max 0.1%), and
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Figure 1. (a) Images of a patch of the quiet Sun near the disk center recorded by the SuFI instrument in wavelength bands centered on 397 nm, 388 nm, 312 nm,
300 nm, and 214 nm (from left to right). The gray scale has been individually set to cover three times the rms range of each image. (b) Same as panel (a), but right at
the solar limb. The Ca H image (397 nm) is plotted with an enhanced brightness scale for the off-limb parts in order to reveal spicules. Owing to the low-light level,
no 214 nm data are available at this position.

smaller cells in such low-flux regions, which, however, cannot
be confirmed without an in-depth analysis. At many locations
both magnetic polarities are located in close proximity to each
other.

Ls displays a meso to supergranular scale pattern. The larger
apparent scale of this pattern (compared to that displayed by
Stokes V) may result from the fact that, on average, Ls features
have a lower signal-to-noise ratio than Stokes-V patches, so that
we are probably missing more features of the former. The spatial
distribution is also different, with the most prominent Stokes-
V elements being absent in the linear polarization signal. The
opposite is generally not the case. The more prominent patches
of linear polarization are usually associated with (weaker)
patches of Stokes V (see Danilovic et al. 2010).

Stokes-V movies, such as that displayed in Animation 2, re-
veal how dynamic the quiet-Sun magnetic field is, with the
weaker magnetic features, i.e., those in the internetwork, being
particularly dynamic. Constant appearance and disappearance
of patches of Stokes V is observed along the edges of the “meso-
granular scale” internetwork cells. As pointed out by de Wijn
et al. (2008), weaker features often disappear and reappear close

by. This could be an effect of features dropping below the noise
level by weakening and appearing again as they get more con-
centrated. However, we also expect the emergence and submer-
gence of magnetic flux to take place on timescales of minutes.
This is supported by the analysis of Ls. Strong patches of linear
polarization are found to be rather short lived and are often asso-
ciated with bipolar magnetic features suggestive of small-scale
loops (Danilovic et al. 2010). Some of these are also associated
with supersonic velocities, presumably in the form of upflows
(Borrero et al. 2010). There are also locations at which fresh flux
emerges in a complex patch of mixed polarities (e.g., Zhang et al.
1998), similar to the simulations of Cheung et al. (2008), but
on a small scale. An example in our data is given at around
(36, 18) the middle of the time series.

The Sunrise/IMaX Stokes-V movie displays qualitative sim-
ilarities to movies of the vertical magnetic field in turbulent
dynamo simulations (Vögler & Schüssler 2007), although both
the spatial and the temporal scales are quite different. However,
both display vortical motions of weak magnetic field patches
(see Bonet et al. 2010 for a study of the vortices in these data;
cf. Steiner et al. 2010). In the simulations, the mixed-polarity
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gence of magnetic flux to take place on timescales of minutes.
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Fig. 3.—(a) HD 1835; (b) HD 10476; (c) HD 13421; (d ) HD 18256; (e) HD 25998; ( f ) HD 35296; (g) HD 39587; (h) HD 75332; (i ) HD 76572; ( j ) HD 82885;
(k) HD 115383; (l ) HD 120136; (m) HD 124570; (n) HD 129333; (o) HD 131156; ( p) HD 143761; (q) HD 149661; (r) HD 152391; (s) HD 157856; (t) HD 158614;
(u) HD 160346; (v) HD 182572; (w) HD 190007. Chromospheric Ca iiHK emission (top), photometric program star (middle), and photometric comparison star (bottom)
time series plots for the stars of our sample having two valid comparison stars. Brightness increases upward in all cases, and the bottom panel is scaled by
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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.

PATTERNS OF VARIATION AMONG SUN-LIKE STARS 301No. 1, 2007
Variability as a function of activity  

from Lockwood et al. 2007
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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.
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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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We note that the Rossby number which defines the efficiency
of the stellar dynamo (Noyes et al. 1984) is supposed to increase
with stellar activity. At the same time the latitudes of the mag-
netic field emergence depend on the magnetic Rossby number
(Schüssler & Solanki 1992). The actual latitudes of emergence
of the field also depend on a number of further parameters, in-
cluding the depth of the convection zone (i.e. on B-V and on the
evolutionary state of the star, see Schüssler et al. 1996; Granzer
2002). In addition, meridional flows may move magnetic fea-
tures towards the poles even after emergence (Schrijver & Title
2001). Therefore, while, in general, one might expect that the
solar distribution of active regions is more representative for low
activity stars and the polar distribution for high activity stars,
there are likely to be deviations from this straightforward rule
and the stars with the same logR′HK may have different latitudi-
nal distributions of active regions. The comparison of the slopes
calculated with different distributions allows one to estimate the
scatter in the observed values which might be attributed to dif-
ferent latitudinal distributions of active regions.

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

The mean and rms variation values of the chromospheric ac-
tivity do not uniquely define the S-index time series. This is an
extra source of the scatter in Fig. 11 because the ∆[(b+y)/2]/∆S
values might be affected by the specific form of the S-index time
variability. We note that the theoretical ∆[(b + y)/2]/∆S values
presented here were calculated employing the scaled solar S-
index time series (see Sect.5.4), which is only an approximation.
Additionally the stellar observed time series may be too short to
reveal a true regime of the variability. For example if the Sun
is observed for a short period of time around its activity max-
imum from its equatorial plane it may be falsely identified as
spot-dominated (see Fig. 7). This effect may explain some part
of the scatter in the observed slopes in Fig. 11 and points to the
importance of having long time-series to accurately clarify such
stars. The effect of the possible deviations in the stellar disc area
coverages by active regions from the dependences established in
Sect. 3 is discussed in Appendixes A and B.

If the varying stellar activity crosses the threshold between
the facular and spot-dominated variability regimes then the star
can appear to be facula-dominated over some periods of time
(when the activity is below the threshold), while it will be ob-
served to be spot-dominated over other intervals of time (when
the activity is above the threshold). In Fig. 11 we shaded the
logR′HK ranges which correspond to such regimes of variability
for both latitudinal distributions of active regions. As expected
the Sun lies within the shaded area. Another interesting exam-
ple of a “cross over” star is HD 140538 (ψ Ser), which demon-
strates both direct and inverse activity-brightness correlations of
timescales of four years (Hall et al. 2009). We note, however,
that the complete picture of its variability might be also affected
by many other factors, including the change of the latitudinal
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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 sam-
ple 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 calcu-
lated for three values of the stellar inclination: 90◦ (red curve), 57◦
(magenta curve), and 0◦ (blue curve). 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 up-
per 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 fac-
ulae or as spot-dominated, depending on the period of time over which
they are observed (see text for details).

distribution of active regions, change of faculae to spot coverage
ratio, and observational noise.

7. Conclusions
A long-standing puzzle in the study of stellar activity has been
the observation that whereas on one hand stars with a relatively
low level of activity, become photometrically brighter (averaged
over a year) as their activity level increases, on the other hand
more active stars display the opposite behavior, becoming darker
with rising activity level. We reproduce this phenomenon based
on the assumption that the solar paradigm is also valid for more
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We note that the Rossby number which defines the efficiency
of the stellar dynamo (Noyes et al. 1984) is supposed to increase
with stellar activity. At the same time the latitudes of the mag-
netic field emergence depend on the magnetic Rossby number
(Schüssler & Solanki 1992). The actual latitudes of emergence
of the field also depend on a number of further parameters, in-
cluding the depth of the convection zone (i.e. on B-V and on the
evolutionary state of the star, see Schüssler et al. 1996; Granzer
2002). In addition, meridional flows may move magnetic fea-
tures towards the poles even after emergence (Schrijver & Title
2001). Therefore, while, in general, one might expect that the
solar distribution of active regions is more representative for low
activity stars and the polar distribution for high activity stars,
there are likely to be deviations from this straightforward rule
and the stars with the same logR′HK may have different latitudi-
nal distributions of active regions. The comparison of the slopes
calculated with different distributions allows one to estimate the
scatter in the observed values which might be attributed to dif-
ferent latitudinal distributions of active regions.

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

The mean and rms variation values of the chromospheric ac-
tivity do not uniquely define the S-index time series. This is an
extra source of the scatter in Fig. 11 because the ∆[(b+y)/2]/∆S
values might be affected by the specific form of the S-index time
variability. We note that the theoretical ∆[(b + y)/2]/∆S values
presented here were calculated employing the scaled solar S-
index time series (see Sect.5.4), which is only an approximation.
Additionally the stellar observed time series may be too short to
reveal a true regime of the variability. For example if the Sun
is observed for a short period of time around its activity max-
imum from its equatorial plane it may be falsely identified as
spot-dominated (see Fig. 7). This effect may explain some part
of the scatter in the observed slopes in Fig. 11 and points to the
importance of having long time-series to accurately clarify such
stars. The effect of the possible deviations in the stellar disc area
coverages by active regions from the dependences established in
Sect. 3 is discussed in Appendixes A and B.

If the varying stellar activity crosses the threshold between
the facular and spot-dominated variability regimes then the star
can appear to be facula-dominated over some periods of time
(when the activity is below the threshold), while it will be ob-
served to be spot-dominated over other intervals of time (when
the activity is above the threshold). In Fig. 11 we shaded the
logR′HK ranges which correspond to such regimes of variability
for both latitudinal distributions of active regions. As expected
the Sun lies within the shaded area. Another interesting exam-
ple of a “cross over” star is HD 140538 (ψ Ser), which demon-
strates both direct and inverse activity-brightness correlations of
timescales of four years (Hall et al. 2009). We note, however,
that the complete picture of its variability might be also affected
by many other factors, including the change of the latitudinal
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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 sam-
ple 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 calcu-
lated for three values of the stellar inclination: 90◦ (red curve), 57◦
(magenta curve), and 0◦ (blue curve). 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 up-
per 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 fac-
ulae or as spot-dominated, depending on the period of time over which
they are observed (see text for details).

distribution of active regions, change of faculae to spot coverage
ratio, and observational noise.

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

“Such an inadequate sample cannot 
fully constrain the activity at which a 
star might flip from spot-dominated to 
f acu lae -domina ted b r igh tnes s 
variations, but even this small sample 
demonstrates that these regimes are far 
from sharply defined.” from Hall et al. 
(2009)	
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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.

Variability vs. magnetic activity
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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.

Variability vs. magnetic activity
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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.

Variability vs. magnetic activity

no variability gap in stellar data
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