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ABSTRACT

Context. Comparison studies of Sun-like stars with the Sun suggest an anomalously low photometric variability of the Sun compared
to Sun-like stars with similar magnetic activity. Comprehensive understanding of stellar variability is needed to find a physical reason
for this observation.
Aims. We investigate the effect of metallicity and effective temperature on the photometric brightness change of Sun-like stars seen at
different inclinations. The considered range of fundamental stellar parameters is sufficiently small so the stars investigated here still
count as Sun-like or even as solar twins.
Methods. To model the brightness change of stars with solar magnetic activity, we extended a well-established model of solar bright-
ness variations based on solar spectra, Spectral And Total Irradiance REconstruction (SATIRE), to stars with different fundamental
parameters. For this we calculated stellar spectra for different metallicities and effective temperature using the radiative transfer code
ATLAS9.
Results. We show that even a small change (e.g. within the observational error range) of metallicity or effective temperature signifi-
cantly affects the photometric brightness change compared to the Sun. We find that for Sun-like stars, the amplitude of the brightness
variations obtained for Strömgren (b + y)/2 reaches a local minimum for fundamental stellar parameters close to the solar metallicity
and effective temperature. Moreover, our results show that the effect of inclination decreases for metallicity values greater than the so-
lar metallicity. Overall, we find that an exact determination of fundamental stellar parameters is crucially important for understanding
stellar brightness changes.
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1. Introduction

Stellar activity is caused by magnetic fields emerging from
below the stellar surface and evolving due to the complex inter-
action of gas dynamics and magnetic flux. The resulting con-
centrations of magnetic fields produce a variety of phenomena,
including spots and faculae that lead to darkening and brighten-
ing on the stellar surface. Such emerging magnetic features can
be directly observed on the Sun, due to its exclusive location,
and thus have been studied in great detail (see e.g. Solanki et al.
2006). In contrast, stellar activity can be accessed only by indi-
rect manifestations of the surface structures, i.e. spectroscopic
and brightness variations, as well as proxies of magnetic heating
of the stellar atmosphere, and chromospheric Ca II and coronal
X-ray emission.

Stellar long-term variability investigations were launched in
the 1950s by several observatories, such as the Lowell Obser-
vatory, to monitor variations in photometric brightness and
chromospheric activity (see Wilson 1978; Baliunas et al. 1995;
Lockwood et al. 2013, and references therein). These studies
provide an observational survey of the relation between pho-
tometric variations and chromospheric activity among lower
main-sequence stars (Radick et al. 1998, 2018; Lockwood et al.
2007; Hall et al. 2009), and led to several important findings.
First, the photometric variability is stronger for stars with

higher magnetic activity. Second, it was found that among stars
with a certain chromospheric activity level a transition from
faculae-dominated to spot-dominated stellar photometric varia-
tions occurs (Lockwood et al. 2007; Hall et al. 2009) such that
the correlation between Ca II and the photometry displayed by
the Sun becomes an anticorrelation for more active stars. Third,
investigations comparing the Sun with other main-sequence stars
(Lockwood et al. 2007, 2013) showed that solar brightness vari-
ability over the 11-year activity cycle appears to be anomalously
low compared with stars of near-solar magnetic activity.

This last observation was used to suggest that historical solar
variability and consequently the solar role in pre-industrial cli-
mate change might have been significantly greater than thought
before (see e.g. Lean et al. 1992; Shapiro et al. 2011; Judge et al.
2012; Solanki et al. 2013). Another recently proposed explana-
tion (Shapiro et al. 2016) is based on the fact that solar bright-
ness variability is caused by a delicate balance between dark
and bright magnetic features. This balance is sensitive to the
combination of stellar fundamental parameters that define prop-
erties of magnetic features, i.e. effective temperature, metallic-
ity, and surface gravity. Consequently, stars with slightly dif-
ferent fundamental parameters can show significantly altered
parameters, e.g. higher brightness variations. So far this hypoth-
esis could not be tested due to the absence of reliable stellar
atmospheric models for magnetic features that has hindered the
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development of quantitative models of stellar brightness vari-
ability for a long time.

In contrast to other stars, accurate model atmospheres of
quiet regions and magnetic features exist for the Sun. The vari-
ability of Sun-like stars can reasonably be assumed to be based
on the same mechanisms as on the Sun, where the processes
that are responsible can be observed in detail. Therefore, it is
possible to extend solar irradiance models (see Ermolli et al.
2013; Solanki et al. 2013, and references therein) to investigate
Sun-like stars. Previous studies suggested several approaches
depending on the issue of interest. For example, the effect
of inclination for stars observed out of their equatorial plane
on the photometric variability (Schatten 1993; Knaack et al.
2001; Vieira et al. 2012; Shapiro et al. 2014) was studied and
a potential increase in variability was found for large inclina-
tions. Lanza et al. (2009) developed different brightness variabil-
ity models that account for active regions, but which have at
least eleven free parameters, to analyse and fit observed light
curves. Moreover, the correlation between the faculae and spot-
dominated stellar variability and magnetic activity was inves-
tigated by modelling a hypothetical Sun at different activity
levels and extrapolating the surface coverage by solar mag-
netic features to another mean chromospheric activity level
(Shapiro et al. 2014). These investigations can explain the activ-
ity dependence of variability as well as the transition from
faculae- to spot-dominated stars; however, they do not address
the anomalously low brightness variability of the Sun, which
remains a long-standing puzzle.

Generally, stars are characterised as Sun-like or even solar
twins if their fundamental stellar parameters are close to the
solar parameters. While such stars are close to the solar case,
no star has the identical set of fundamental stellar parameters.
Here the goal is to shed light on the role of several stellar fun-
damental parameters for stellar brightness change, in particu-
lar different metallicities and effective temperatures. For this,
we extended the successful brightness variations model Spec-
tral And Total Irradiance REconstruction (SATIRE; Fligge et al.
2000; Krivova et al. 2003) to Sun-like stars with different funda-
mental stellar parameters. Thus, we take advantage of building
on the successful existing solar models that have been developed
for decades and agree accurately with the solar observations.
Whereas most stellar brightness variation studies assumed solar
contrast of magnetic features, we took a different path. Our novel
approach is based on calculating the spectral contrasts of spot
umbrae, spot penumbrae, and faculae to the quiet stellar region
depending on stellar fundamental parameters. This allows us to
investigate the influence of stellar fundamental parameters, for
example metallicity and effective temperature, on stellar bright-
ness variations. Here, we limited our study to stars with the same
surface distribution of magnetic features as the solar case. The
main goal is to investigate stellar brightness change, in particu-
lar in the Strömgren b and y filters and the Kepler pass-band, on
the timescale of magnetic activity cycles.

This paper is structured as follows. In Sect. 2 our theoretical
approach is described. In Sect. 3 we present our results of the
effect of the metallicity, inclination, and effective temperature
on stellar brightness change. Finally, we provide a summary and
draw conclusions in Sect. 4.

2. Model: From the Sun to stars

In this study we focus on stellar photometric brightness change
on the magnetic activity cycle timescale, which for the Sun
is approximately 11 years. Another important timescale is the

rotational timescale, which will be investigated separately in
a follow-up paper. To obtain a time dependent spectrum the
observed magnetic feature distributions of solar cycle 23 are
used, which was a cycle of intermediate strength. The effect of
the cycle strength on the brightness variations was investigated
in Shapiro et al. (2014), and here we used a representative cycle
for which we have good measurements of solar surface mag-
netic field. The typical distributions of faculae and spots on the
solar surface during the maxima and minima of the solar cycle
are shown in Fig. 1, together with the time-evolution of the solar
irradiance in Strömgren filter b. The difference between the years
2000 and 2008, indicated by red horizontal lines in the bottom
panel of Fig. 1, is taken here to represent the brightness change
on the activity cycle timescale.

2.1. Photometric brightness change

The SATIRE model that we describe here was used to compute
the photometric brightness change. The SATIRE model sepa-
rately accounts for the quiet stellar regions, star spot umbral, star
spot penumbral, and facular components (Krivova et al. 2003).
Following the detailed description in Shapiro et al. (2014) the
spectral flux can be decomposed into two main contributions:

F(λ) = FQ(λ) + Fm(λ), (1)

where Q denotes the quiet part of the stellar surface, m is asso-
ciated with different magnetic features, and λ is the wavelength.
Then, the disc integrated flux FQ(λ) is obtained by integrating

FQ(λ) =

∫ 1

0
IQ(λ, µ)ω( µ)dµ, (2)

where ω( µ) = 2πµ(rstar/dstar)2 is a weighting function with
the stellar radius, rstar, and the distance between the star and
observer, dstar. The considered emergent intensity, IQ(λ, µ), also
depends on µ, which is the cosine of the angle between the
observer’s direction and the local stellar radius. The magnetic
features contribute through their contrast Im(λ, µ) − IQ(λ, µ) to
the stellar brightness

Fm(λ) =

∫ 1

0

∑
m

αm(µ)
(
Im(λ, µ) − IQ(λ, µ)

)
ω( µ)dµ, (3)

where the fractional coverage of the ring at the corresponding µ
on the stellar disc is given by the functions αm( µ). In this for-
mulation the coverage at the stellar disc centre is associated with
αm( µ = 1) and at the limb with αm( µ = 0). In order to gain a
more detailed understanding of separate contributions from fac-
ulae and spots, Fm can be further decomposed. The facular spec-
tral flux is defined as

FFac(λ) =

∫ 1

0
αFac( µ)

(
IFac(λ, µ) − IQ(λ, µ)

)
ω( µ)dµ, (4)

whereas the spectral flux from spots consists of both the spot
umbra and spot penumbra components:

Fspot(λ) =

∫ 1

0
αPen( µ)

(
IPen(λ, µ) − IQ(λ, µ)

)
ω( µ)dµ

+

∫ 1

0
αUmb( µ)

(
IUmb(λ, µ) − IQ(λ, µ)

)
ω( µ)dµ. (5)

The solar intensities, I(λ, µ), and solar surface coverages, αm( µ),
fully determine the solar Sun. In previous investigations the
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Fig. 1. Distribution of magnetic features on the solar surface (upper row) and computed irradiance variations (lower panel). Upper plots: black
areas represent umbra, blue regions denote penumbra, and red areas are faculae. Top left: 11 July 2000. Top right: 1 Dec. 2008. Lower plot: solar
irradiance in Strömgren b filter. Here we normalise the total amount of spectral energy to one AU. The vertical blue lines represent the times of
the two upper plots. The two horizontal lines represent the average irradiance levels in the years 2000 and 2008.

magnetic feature coverage, αm( µ), was varied to model differ-
ent stars (Knaack et al. 2001; Lanza et al. 2009; Shapiro et al.
2014), whereas the emergent intensities, Im(λ, µ) and IQ(λ, µ),
and thus the contrasts of the magnetic features were fixed to be
as on the Sun. Since the aim of this investigation is to understand
potential differences between brightness changes on a hypo-
thetical Sun with slightly different fundamental parameters, we
utilise a complementary approach and use the same coverage of
stellar features as for the solar case, but contrasts of the mag-
netic features and their centre-to-limb variations (CLVs) will be
adopted by recalculating the emergent intensities from the quiet
and magnetic stellar regions.

2.2. Radiative transfer model

In this study we are interested in the amplitude of solar cycle
brightness change, defined here as the difference between annu-
ally averaged solar brightness in 2000 (cycle maximum) and
2008 (cycle minimum). To obtain the brightness change using
Eqs. (1)–(3), the emergent spectra for the different stellar com-
ponents are needed. They can be calculated by solving the
radiative transport equation for the corresponding atmospheric
models. For the photospheric layers of the quiet Sun, spot umbra,

and spot penumbra such atmospheric models are often computed
assuming radiative equilibrium, while convection is included
through mixing length theory (Böhm-Vitense 1958). The faculae
models are semi-empirical (Vernazza et al. 1981; Lemaire et al.
1981; Fontenla et al. 1993, 2006), i.e. they are constructed to
match their output to solar observations recorded at intermedi-
ate spatial resolution (Vernazza et al. 1981). Thus, faculae mod-
els are not in radiative equilibrium. Even though these models
do not account for the geometric properties of magnetic features
such as hot walls in magnetic flux tubes (Solanki 1993; Steiner
2005), ensembles of which form network and faculae, they have
been successfully used for many applications, in particular for
modelling solar brightness variations (Solanki et al. 2013).

In order to obtain the emergent intensities across a wide
range of wavelengths from the atmospheric models, we used
the LTE spectral synthesis code ATLAS9 (Kurucz 1992;
Castelli & Kurucz 1994). For the calculation of the stellar con-
tinuum opacities, the following contributors were taken into
account: Free-free (ff) and bound-free (bf) transitions in H−, H I,
H+

2 , He I, He II, and He−. In addition, ff and bf transitions for
low to high temperature absorbers such as C, N, O, Ne, Mg,
Al, and Si. Moreover, electron scattering and Rayleigh scat-
tering on H I, He I, and H2 were considered. ATLAS9 further
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Fig. 2. Amplitude of solar cycle brightness change, here the difference
between annually averaged solar brightness in 2000 (cycle max) and
2008 (cycle min) calculated with the SATIRE model (black). In addi-
tion, we plot the facular and spot components of the brightness change
(red and blue). The grey shaded area indicates the spectral response
function of the Kepler telescope measurements and the yellow shaded
areas the Strömgren filters b and y (centred at 467 nm and 547 nm,
respectively). Solid lines: Solar cycle brightness change calculated with
the newest ATLAS9 code and ODFs. Dotted lines: Same, but using
emergent spectra calculated by Unruh et al. (1999).

exploits opacity distribution functions (ODFs) to account for the
opacity of millions of atomic and molecular spectral lines. The
ODFs were generated by the code DFSYNTHE (Castelli 2005)
for two microturbulence velocities of 1.5 km s−1 for the quiet
stellar component and facular component, and of 2.0 km s−1

for the spot components, where a higher velocity was chosen
to partly account for the large Zeeman splitting in the spots
(Fontenla et al. 2006; Anderson et al. 2010). To account for the
CLV, the emergent intensities, I(λ, µ), were calculated for 11 dif-
ferent µ values.

So far the SATIRE model has mainly made use of
pre-calculated emergent spectra by Unruh et al. (1999) to
successfully reconstruct the solar irradiance variations. For our
purpose it is necessary to calculate these emergent spectra for
different fundamental stellar parameters. The ATLAS9 code has
evolved since Unruh et al. (1999) used it to compute the emer-
gent spectra generally needed for the SATIRE model. Therefore,
we recomputed the change in the solar spectrum between 2000
and 2008, as well as the facular and spot contributions to this
change (shown in Fig. 2) by exploiting the newest ATLAS9 ver-
sion together with recalculated ODFs for solar elemental compo-
sition taken from (Anders & Grevesse 1989). As our references
we use the same atmospheric structures as Unruh et al. (1999)
for the quiet sun, sun spots, and faculae. The thus obtained
brightness changes agree very well with previous calculations
by the SATIRE model based on the Unruh et al. (1999) spec-
tra (see dotted lines in Fig. 2). The small deviations are due to
updates incorporated over the last decades in the ATLAS9 and
DFSYNTHE codes.

Now that we have validated the approach for the solar case,
let us consider different metallicity values. These affect the spec-
trum in two ways. First, they change the strengths of atomic
and molecular lines. Second, for a cool star, changed metallic-
ity values influence the continuum opacity, due to the change in
the concentration of electron donors. We consider these effects

separately to judge the importance of each. In a first step, only
the direct effect of the metallicity on the atomic and molecu-
lar lines was considered on its own. For this, we used the cor-
responding recalculated ODFs for the new metallicity, while
keeping the atmosphere models used by Unruh et al. (1999) for
the quiet Sun and magnetic features, thus neglecting the effect
of a different metallicity on the atmosphere’s structure and the
electron concentration. The results of this approach are pre-
sented in Sect. 3.1. In the next step, the effect of lines and
the change in the electron concentration along with the back-
reaction of the changed radiation field on the atmospheric struc-
ture were considered. For this the ATLAS9 code provides a
tool that self-consistently calculates 1D radiative equilibrium
atmosphere models for different fundamental stellar parame-
ters, i.e. effective temperature and metallicity. However, since
the facular model was obtained semi-empirically, and no three-
dimensional magnetohydrodynamic calculations (3D MHD) of
magnetic features for different metallicities are currently avail-
able, the only option is to modify the reference facular model.
The empirical modification of the atmospheric model for the
faculae and the results of this approach are discussed in
Sect. 3.2.

3. Results

To understand how fundamental stellar parameters affect the
brightness change of a hypothetical Sun, we varied the metal-
licity, the inclination, and the effective temperature separately.
We began our study by investigating the effect of metallicity on
stellar brightness change. For that we first considered only the
effect of Fraunhofer lines on the opacity (Sect. 3.1), where at
this first stage we neglected the feedback on the atmospheric
structure. We then analysed the combined effect due to Fraun-
hofer lines, changed electron number density, and changed stel-
lar atmospheric structure (Sect. 3.2). The effect of inclination
and effective temperature is considered in Sects. 3.3 and 3.4,
respectively.

3.1. Direct effect of metallicity on Fraunhofer lines

On timescales greater than a day, brightness variations are deter-
mined by changes in the surface-area coverage by magnetic fea-
tures (e.g. Solanki et al. 2013; Yeo et al. 2017). Therefore, the
sum of the facular and star spot contributions is decisive for the
amplitude of the photometric brightness change. Furthermore,
Shapiro et al. (2015) showed that for the Sun, which is faculae-
dominated, the main contribution to the brightness change on
solar cycle timescales in the UV and visible spectral domains
comes from the molecular and atomic lines that are present in
the emergent spectra of faculae (see also Mitchell & Livingston
1991; Unruh et al. 2000). This has to do with the particular tem-
perature structure of faculae. While their temperature is that of
the quiet Sun near the Rosseland mean optical depth, τRoss, equal
to unity, they are considerably hotter in the higher layers. Hence,
at the disc centre their continuum contrast is relatively low, while
in the cores of most spectral lines of neutral elements they are
bright (Yeo et al. 2013). This is partly because the spectral lines
of neutral atoms and molecules are weakened in faculae due to
enhanced ionisation and dissociation, respectively.

The strengths of the lines (and especially of the weak unsat-
urated lines) depend on the metallicity, so that any change in the
metallicity should affect the amplitude of the stellar brightness
change. To quantify this effect we first computed emergent spec-
tra by using ODFs for the relevant metallicities.
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Fig. 3. Panel a: radiative flux difference between 2000 and 2008 for dif-
ferent atmospheric components and two metallicity values M/H. Facu-
lar (red) and spot (blue) contributions for M/H values of 0.0 (solid lines)
and 0.2 (dashed lines). Panel b: same as in panel a, but now for the facu-
lar and spot contributions combined. The yellow and grey shaded areas
are the same as in Fig. 2.

We calculated a set of ODFs with different metallicities,
which are defined as

M/H = log
(

(Nmetals/NH)star

(Nmetals/NH)Sun

)
, (6)

where Nmetalls is the number density of all metals and NH
the number density of hydrogen. We started with the solar
metallicity, M/H = 0.0, and the element composition by
Anders & Grevesse (1989). To obtain metallicities in the range
−0.4 ≤ M/H ≤ 0.4 in steps of 0.1, we scaled the ratio of all met-
als to hydrogen accordingly. The ODFs were then used together
with the reference atmospheric models to calculate the emergent
intensities for Eqs. (1)–(5) (SATIRE model). However, at this
step the approach is not yet self-consistent. While the ratio of
all metals to hydrogen is changed and thus the formation height
of different lines is shifted, the H− opacity, which is the main
contributor to the continuum in the visible, remains unchanged
because neither the electron density nor the temperature struc-
ture is recalculated. We note that in this approach, when only
the metallicity for the line opacities is changed the effective tem-
perature, Teff , is still somewhat affected; for example, for higher
metallicities Teff becomes lower due to stronger lines.

The brightness change computed in this way is shown in
Fig. 3. Figure 3a shows the effect of an increased metallicity
M/H = 0.2 for the facular and spot contributions separately,
while Fig. 3b shows the effect on the overall brightness change.
The solar case from Fig. 2 is also plotted for comparison. As
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Fig. 4. Brightness change integrated over Strömgren b and y filters as a
function of metallicity.

explained earlier in this section, the main reason why the Sun is
brighter during activity cycle maximum are the weaker spectral
lines in the faculae (Shapiro et al. 2015). If we enhance metal-
licity, we increase the strength of spectral lines, so that to the
first order more lines get weakened in faculae and their con-
trast increases. Because the line density is higher in the UV, the
increase in contrast is also greater there, as confirmed by Fig. 3b.
In contrast, the spot contribution changes little (Fig. 3a). This
can be understood by looking at the spectral profiles of the fac-
ulae and spot contributions to the brightness change. While the
facular profile contains many spectral features brought about by
the Fraunhofer lines, the spot profile is quite smooth. This indi-
cates that the contrast due to Fraunhofer lines is predominant for
the faculae component, while continuum plays a more important
role for the spot component. This is supported by the tempera-
ture profile of sunspot umbrae and penumbra, which have sim-
ilar (or flatter) gradients than the quiet Sun but a significantly
lower effective temperature. Stellar photometric brightness vari-
ation measurements spanning a decade or more have predom-
inantly been made in the Strömgren b and y filters. Thus the
dependence of brightness change on metallicity in these filters,
shown in Fig. 4, is of particular interest. The brightness change
in these filters is also particularly sensitive to metallicity. This
is partly because facular and sunspot variations nearly balance
each other for solar metallicity, especially in Strömgren b. For
M/H = 0.2, for example, the brightness change in the Ström-
gren filter b is increased by a factor of 10.6 relative to the Sun,
whereas in the Strömgren filter y it is increased by a smaller but
still sizeable factor of 1.86.

Interestingly, for metallicities smaller than in the Sun, the
brightness change becomes negative in the Strömgren b filter,
which indicates that for low metallicities the brightness changes
over the activity cycle are spot-dominated rather than faculae-
dominated. Both regimes have been observed in main-sequence
stars (Radick et al. 1998; Lockwood et al. 2007; Montet et al.
2017), where magnetically less active and consequently older
stars usually show a direct correlation between brightness and
activity, i.e. they are faculae-dominated, while more active stars
are spot-dominated. It was observationally established that the
transition between these two regimes is approximately at a chor-
mospheric activity of log R′HK ≈ −4.7, although the two regimes
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Fig. 5. Self-consistently calculated atmospheric models for different
metallicities. All models are constructed for Teff of the quiet sun model,
which is Teff = 5777 K. Panel a: temperature structure of quiet stellar
region vs. column mass. Panel b: temperature change, ∆T , with respect
to the solar metallicity value M/H = 0.0 with column mass. The red line
indicates τRoss = 1 layer for the quiet Sun’s (M/H = 0.0) atmosphere.

overlap (Montet et al. 2017). Our finding that a change in metal-
licity can lead to a change from faculae- to spot-dominated
brightness variations for the same activity level is one possible
explanation for this observation.

3.2. Adjusting atmospheric models to changed metallicity

While in Sect. 3.1 we focused on the effect of metallicity directly
on the opacity of atomic and molecular lines, we did not take
into account the change in the electron concentration that affects
the H− concentration and consequently the continuum opaci-
ties. Recalculating the overall electron concentration leads to a
significant change in the radiation field and a shift in the con-
tinuum formation height, which results in a different effective
temperature. In order to restore the initial effective tempera-
ture, we accounted for the changed radiation field by recalcu-
lating the atmospheric structure to be in radiative equilibrium.
In this section the aim is to investigate all effects together, the
Fraunhofer lines, recalculated electron concentrations, and the
changed atmospheric structure for different metallicities in the
range −0.1 ≤ M/H ≤ 0.4.

In order to quantify the full effect of metallicity on the bright-
ness change of a star it is therefore necessary to recalculate mod-
els for the corresponding M/H value as described in Sect. 2.2.
Models of the quiet stellar regions, umbra, and penumbra can
be self-consistently calculated with ATLAS9 assuming radia-
tive equilibrium and preserving their effective temperatures for
a prescribed M/H value. In Fig. 5a the recalculated atmospheric
structures for the quiet stellar regions are displayed for four dif-
ferent M/H values, whereas the resulting ∆T between a particu-
lar metallicity value and the solar case (M/H = 0.0) is shown
in Fig. 5b. Focusing on the location of the Rosseland optical

Fig. 6. Amplitude of solar cycle brightness change as defined in Fig. 2.
Orange solid line: solar case (M/H = 0.0); black solid line: hypothetical
Sun calculated with M/H = 0.3 using solar atmosphere models; black
dotted line: same as before, but using atmospheric models consistently
recalculated with M/H = 0.3, i.e. the back-reaction of the radiation
field on the atmospheric structure, and continuum opacity change due
to a different electron concentration are considered. The yellow and grey
shaded areas are the same as in Fig. 2.

depth, τRoss = 1, in this plot shows that the greatest atmospheric
changes of a few hundred K are at depths where the continuum
is formed. This can be explained as follows. On the one hand, for
increased metallicity spectral lines become stronger, the emerg-
ing radiation decreases, and so does Teff . To compensate for this
decrease in emerging radiation, and to return to the initial Teff , in
a self-consistent atmosphere the temperature of the continuum-
forming layer has to be increased. The stronger continuum off-
sets the deeper spectral lines, so that Teff remains unchanged. On
the other hand, increased opacity due to higher metallicity leads
to a slight shift in the τRoss = 1 on the column mass scale, so that
the continuum is formed at somewhat higher layers compared to
the solar case.

As the facular model is not in radiative equilibrium, it can-
not be directly recalculated by the ATLAS9 code. Therefore, we
assumed that a changed metallicity value has the same effect on
the temperature structures of the faculae as on the quiet stellar
regions, applying the ∆T shown in Fig. 5b to the solar facu-
lar model. In other words, we assumed that the change of the
metallicity preserves the temperature contrast between the facu-
lae and the quiet regions as a function of the column mass. We
plan to test this assumption in future with a realistic 3D MHD
calculation, which is, however, beyond the scope of the present
paper. Taking all the combined effects into account has a large
impact on stellar photometric brightness change, as shown by
the difference between the solid black line and the dashed black
line in Fig. 6. In this particular case, for a metallicity value of
M/H = 0.3, the radiative flux difference between activity max-
imum and minimum in the Strömgren b and y filters is approx-
imately 1.5 times greater when we consider recalculated and
adjusted atmospheric models compared to the case considered
in the previous Sect. 3.1.

Finally, the effect of metallicity on the brightness changes in
the Strömgren b and y filters, and the Kepler pass-band is shown
in Fig. 7. In this set of calculations the combined effect of lines,
recalculated atmospheric model and changed electron concen-
tration is captured. We note that the solar case is not the same
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Fig. 7. Change in radiative flux integrated over Strömgren b and y fil-
ters and Kepler pass-band as a function of metallicity for cases with
recalculated atmosphere models.

reference as in the previous section; Unruh et al. (1999) adjusted
the temperature structure of the initial facular model for the solar
case to match the observed emergent spectra without changing
the electron concentration. Recalculating the electron concentra-
tion for the adjusted temperatures in the facular model leads to
a greater brightness change and consequently a shifted reference
point. The combined effect leads to an even stronger increase
in brightness change with greater metallicity than was found in
Sect. 3.1 for the isolated effect of metallicity on Fraunhofer lines.
A transition to a spot-dominated regime is found for the Ström-
gren b filter close to M/H = −0.1, where a similar result was
found in Sect. 3.1.

These findings support the hypothesis that the balance
between radiation from dark and bright magnetic features that
determines the brightness change on the magnetic activity cycle
timescale is sensitive to stellar fundamental parameters. In par-
ticular, the solar metallicity value is close to a complete com-
pensation regime, which is one possible explanation for the
low brightness change of the Sun compared to other Sun-like
stars of similar chromospheric activity (Lockwood et al. 2007,
2013). Previous analysis of the relationship between chromo-
spheric activity measured in log R′HK and photometric variations
in Strömgren (b + y)/2 for Sun-like stars revealed a power-
law relation (Lockwood et al. 1992, 2007). The Sun, however,
was found to be located significantly below the established
power-law relation (Lockwood et al. 2007; Shapiro et al. 2014;
Radick et al. 2018). According to our calculations a hypotheti-
cal Sun with a metallicity of M/H = 0.4 would have photometric
variations for (b + y)/2 of log rms = 0.52×10−3, and thus would
lie close to the power-law relation found by (Lockwood et al.
2007, their Fig. 7).

3.3. Inclination effects

The Sun is always observed from a close to an equator-on van-
tage point. This is different for other stars, which are observed
at random inclination angles, defined as the angle between
the observer’s viewing direction and the rotational axis of the
star. We define the inclination angle such that a pole-on view
corresponds to 0◦ and an equator-on view to 90◦. Several inves-
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Fig. 8. Brightness change in the Strömgren b and Kepler filters for dif-
ferent inclination angles (90◦ corresponds to an equator-on view) and
different metallicity values. Panel a: brightness change vs. metallic-
ity for four different inclination angles. Panel b: brightness change vs.
inclination angle for three different metallicities and two different filters
(Strömgren b and Kepler).

tigations have studied the effect of inclination on the solar bright-
ness variation on the magnetic activity cycle timescale (e.g.
Schatten 1993; Knaack et al. 2001; Shapiro et al. 2014). All pre-
vious studies found that an inclined Sun would show a greater
brightness variation, although they differed in the magnitude of
the effect of inclination. However, prior studies considered only
the solar case, and did not consider other stellar fundamental
parameters. Here we investigate the effect of the inclination for
stars with different metallicities; our focus is on the brightness
change in the Strömgren b and Kepler filters. Using the cal-
culated spectra for different metallicities with the recalculated
model (see Sect. 3.2), the brightness changes were obtained for
different view angles.

Figure 8a shows the brightness change with the metallicity
for four inclination angles α = [0◦, 30◦, 60◦, 90◦]. It is evident
that for metallicity values between M/H = − 0.1 and M/H = 0.2
the brightness change increases with decreasing inclination.
With increasing M/H values the effect of inclination diminishes.
The dependence on the inclination is more complex for metallic-
ities greater than M/H = 0.2. We note that our result for different
inclinations of the solar case is in agreement with previous inves-
tigations (Radick et al. 1998; Knaack et al. 2001; Shapiro et al.
2014). Therefore, we conclude that the brightness change in stars
with different fundamental parameters can show different depen-
dences on inclination. This is illustrated in Fig. 8b, where the
brightness change with inclination is shown for three metallicity
values. For M/H = 0.3, starting from the equator-on view, the
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Fig. 9. Amplitude of solar cycle brightness change as defined in Fig. 2.
Black line: solar case with solar effective temperatures for all features;
green line: hypothetical Sun, but with Teff reduced by 100 K for all com-
ponents; orange line: same as before, but with Teff increased by 100 K
for all components.

brightness change in the Strömgren b filter (Fig. 8b) decreases
first with decreasing inclination angle. Then, at lower inclination
angles the brightness change increases again towards a pole-on
view. This is explained in more detail in Appendix A, where we
discuss the CLVs of faculae.

3.4. Effective temperature

So far we have only studied the effect of metallicity. Another
important fundamental stellar parameter that likely affects stel-
lar brightness change is the effective temperature. To understand
the role of the effective temperature, the brightness change was
calculated for effective stellar temperatures of 100 K below and
100 K above the solar value. Such small deviations from the solar
value are of special interest as the measurement accuracy of this
parameter is approximately 100 K (Pinsonneault et al. 2012).

The atmospheric models for different effective temperatures
were recalculated following the same procedure as described in
Sect. 2.2. Subsequently, the brightness change was calculated
with SATIRE. Figure 9 shows the total brightness change for
the three considered Teff values. Already a 100 K decrease in
Teff causes the brightness change to increase remarkably, while a
similar increase in Teff lowers the brightness change and leads to
a spot-dominated cycle in the Strömgren b filter (for solar M/H).
Such a sensitive response to a slight change in the effective tem-
perature emphasises the special combination of stellar parame-
ters of our Sun.

3.5. Towards observational quantities

Having investigated the effect of metallicity on the spectral
brightness change, together with the effect of the inclination, we
now link our comprehensive theoretical results to observed stel-
lar photometric brightness changes. Observed stellar photomet-
ric brightness variations are usually analysed in the Strömgren b
and y filters separately or as one averaged quantity over Ström-
gren (b + y)/2 (Lockwood et al. 2007, 2013; Radick et al. 2018).
Furthermore, observational studies also quantify the brightness
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Fig. 10. Estimated rms of the radiative flux change in the Strömgren
(b + y)/2 filters for four different cases vs. metallicity. Black: only the
effect of the Fraunhofer line on the opacity is considered; blue: recalcu-
lated atmosphere models are used.

change as the root mean square (rms) variation of the annual
mean magnitudes that are obtained from long-term observations.
However, for our model we considered the brightness difference
between the magnetic cycle maximum and minimum of only
one cycle, which means that a one-to-one comparison cannot be
made in a straightforward manner.

We approximated the rms variation for Strömgren (b + y)/2
by using the relation rms = A/

√
2, where A is the amplitude of

a sine function. Figure 10 shows the rms variations obtained in
this way versus metallicity. We note that the absolute value of the
brightness change was considered, i.e. the phase at which maxi-
mum brightness is reached was neglected. Overall, Fig. 10 shows
that photometric brightness variation for Strömgren (b + y)/2 is
close to a local minimum for solar metallicity and inclination.
The same holds for solar metallicity and inclination angles up to
roughly 60◦, and for the brightness change in the Strömgren b fil-
ter (see Figs. 4, 7, and 8). The smallest rms variations among the
computed cases is found for metallicity M/H = −0.1. Combin-
ing this with the results of the effective temperature study reveals
that the photometric brightness variations in the Strömgren b,
and Strömgren (b+y)/2 filter for the solar case is close to a local
minimum for the parameter space of the metallicity and effective
temperature.

4. Conclusions

Physics-based models are of importance for a comprehensive
understanding of long-term stellar and solar brightness varia-
tions, but to date have rarely been applied to stars other than
the Sun. Of special interest is the long-standing puzzle that solar
brightness variability on the timescale of the 11 year activity
cycle appears anomalously low in comparison to variability
of Sun-like stars with a near-solar level of magnetic activ-
ity. Such models are also of importance for the detection of
extra solar planets (see e.g. Borgniet et al. 2015). Thus, there
has been a drive towards understanding the solar–stellar con-
nection, especially after the launch of the Corot (Bordé et al.
2003; Baglin et al. 2006) and Kepler (Borucki et al. 2010)
space missions that provide broadband stellar photometry of
unprecedented precision. In addition, detailed models of stellar
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variability are of interest for the upcoming TESS (Ricker et al.
2015; Lund et al. 2017) and PLATO (Catala 2009; Rauer et al.
2016) missions.

In this study we extended the well-established solar variabil-
ity model (SATIRE) to stars with different fundamental parame-
ters. For this we kept the distribution of magnetic features fixed,
but we calculated the emergent intensities for different values of
metallicity and effective temperatures. In a first step, we demon-
strated that changing metallicity affects the Fraunhofer lines in
quiet stellar regions in a different way than in faculae. In partic-
ular, we find that higher metallicity values result in a significant
increase in contrasts of faculae, i.e. bright magnetic features. The
enhanced contrasts lead to a greater amplitude in the photometric
brightness change over a magnetic activity cycle. While isolat-
ing the effect of Fraunhofer lines on the brightness change con-
firmed their important contribution, which was first established
for the solar case (Shapiro et al. 2015), it is crucial to account
for the back-reaction of the changed radiation field on the atmo-
spheric structure. In a self-consistent approach, the brightness
change is affected by metallicity such that even small changes in
metallicity values have a significant impact on stellar brightness
change for pass-bands used in space- and ground-based stellar
observations. Furthermore, examining the brightness changes for
a hypothetical Sun with slightly changed effective temperature in
both directions reveals an increase in brightness change for the
Strömgren b filter.

All in all, we conclude that the combination of the solar
fundamental parameters corresponds to a local minimum in the
brightness change in the Strömgren filters on the solar cycle
timescale. This finding thus explains the anomalously low solar
brightness change by the incidental combination of fundamental
solar parameters (Shapiro et al. 2016). This is a plausible expla-
nation for low solar brightness change. In addition, a possible
observational bias hinders the identification of stars with low
brightness change, and thus potential solar twins.

We also find that the inclination does not have a strong
impact on the brightness change for stars with metallicities
somewhat higher than solar. Due to the dependence of CLVs on
metallicity, a star with double the metallicity of the Sun would
show almost no difference in the brightness changes when it is
observed equator-on or pole-on. In contrast, inclination angles
play an important role for stars with low metallicity (approxi-
mately M/H = 0.2 or lower). For stars with lower metallicity
than in the Sun, different inclination angles can even lead to a
transition from faculae-dominated to spot-dominated brightness
changes. While this result confirms previous investigations on
the importance of the inclination for solar metallicity, it addi-
tionally reveals that the inclination effect becomes weaker for
stars with higher metallicities.

In the future, our theoretical findings will be tested against
observational data. Recently, sufficient observational data were
obtained for one Sun-like star to perform an extensive analy-
sis. The star HD 173701, whose metallicity is twice as high as
the solar value, shows higher chromospheric variation, but an
even higher photometric brightness variation. Both effects can
be explained by the difference in the metallicity (Karoff et al.
2018). Another curious case is the Sun-like star HD 143761,
which has a near-solar effective temperature but whose metal-
licity is half of the solar value (von Braun et al. 2014). This star
shows a photometric variability that is spot-dominated, despite
being less active than the Sun (Radick et al. 2018). Such a rule-
breaking behaviour can be explained by a lower facular con-
trast due to its low metallicity, which is in line with our results.
We note, however, that this example should be treated with

caution since observational data with two different instruments
detected a change from correlated to anticorrelated behaviour
(Radick et al. 2018). Unfortunately, for more detailed compar-
isons we lack a complete set of measurements to determine
accurate fundamental parameters of many of the observed main-
sequence stars with observed brightness variations on activity
cycle timescales. Therefore, an effort is currently underway to
obtain a more complete set of observations, including accurate
measurements of stellar fundamental parameters and long-term
variability for an extended number of Kepler stars (Petigura et al.
2017; Kong et al., in prep.) for comparison between modelling
and measurements.

We conclude that the complex interaction between radiation
and matter is crucial in order to obtain correct brightness varia-
tion calculations. However, since the model adjustment uses sim-
plified assumptions and cannot account for 3D effects, 3D MHD
calculations are needed for a more realistic approach. These
simulations can provide a more realistic modelling for their
brightness changes using a 1.5D approach (Norris et al. 2017).
Unfortunately, current 3D MHD calculations are only available
for different effective temperatures on a coarse grid (Beeck et al.
2015). Consequently, we aim to obtain 3D MHD simulations on
a finer effective temperature grid together with different metal-
licity cases and to compute the entire spectrum in order to study
the dependence of stellar brightness changes on the fundamental
stellar parameters.
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Appendix A: Dependence of brightness change on
inclination and CLV

To understand why the dependence of brightness change on
the inclination itself depends on metallicity, we investigate the
CLV of facular contrast. Figure A.1 shows the CLV of the fac-
ular contrast in the Strömgren b filter and the Kepler pass-band
for the solar case, and the case with M/H = 0.3. These two
cases represent the two different types of behaviour discussed
in Sect. 3.3. The facular contrast is multiplied by the corre-
sponding µ to account for the foreshortening effect. For the
solar case, the facular contrast increases from the disc centre
outwards. Since this increase continues almost to the edge of
the disc, a relocation of the faclulae towards the centre will
result in only a slight decrease in the contrast with inclina-
tion. Thus, the effect of the brightness change is weak (see
Fig. A.2a).

For greater metallicity, the facular contrast in the middle of
the disc is almost constant, while a steep drop starts at r/R ≈ 0.7.
The difference between the facular contrast around the disc cen-
tre and the limb is significantly greater than for the solar case.
Therefore, two contributions compete in the brightness change
when the star with higher metallicity is inclined towards the
pole-on view. With inclination some of the faculae are seen
closer to the disc centre where the facular contrast does not
change, others are shifted to the limb where the facular con-
trast drops significantly. Therefore, the facular brightness change
decreases greatly with inclination for a metallicity value of 0.3
(see Fig. A.2b).

To explain the different behaviour with inclination for metal-
licity values in the range −0.1 < M/H ≤ 0.2 and metal-
licity values greater than 0.2, we plot the facular and spot
brightness changes with different inclinations for the solar value
(M/H = 0.0) and the metallicity value M/H = 0.3 in Fig. A.2.
For the solar case, the facular brightness change decreases some-
what with inclination, at the same time spot brightness change
decreases by a much larger amount, so that total brightness
change goes up. For the M/H = 0.3 the brightness change
due to spots drops with inclination by a similar amount to that
for M/H = 0, but at the same time facular brightness change
drops by a similar amount, or even slightly more, so that the
balance between faculae and spots remains either the same or
is only slightly shifted towards the spot contribution. Conse-
quently, the total brightness change either remains the same or
decreases.

While the total surface area covered by magnetic features
remains constant when the star is inclined, due to the equato-
rial symmetry of the distributions, the location of magnetic fea-
tures on the disc changes. Thus, the contrasts of the faculae and
spots are modified. Consequently, the total brightness change
is altered due to a changed balance of facular and spot con-
tributions. For the solar metallicity value the faculae contribu-
tion decreases slightly with decreasing inclination, i.e. towards
a pole-on view, but at the same time the negative contribution
of the spots increases significantly. This leads to an increase in
the total brightness change. We find the opposite behaviour for
metallicity values greater than M/H = 0.2. For these cases the
facular contrast decreases significantly with inclination, while
the spot contrast behaves almost as for the solar metallicity
value. This results in a decrease in the overall brightness change
with inclination.
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Fig. A.1. Centre-to-limb variation of facular flux difference. Here r/R
is the normalised radial distance from the centre of the stellar disc. Two
flux differences for metallicities are shown: the solar value M/H = 0.0
and M/H = 0.3: panel a: flux differences in the Strömgren b filter and
panel b: in the Kepler pass-band.

Fig. A.2. Brightness change for different components at different incli-
nation angles for two metallicity values M/H: panel a: for the solar case
M/H = 0.0 the facular (red) and spot (blue) contributions for different
inclinations; panel b: for M/H = 0.3 the facular (red) and spot (blue)
contributions for different inclinations.
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