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ABSTRACT

Context. Quasi-periodic modulations of the stellar light curve may result from dark spots crossing the visible stellar disc. Due to
differential rotation, spots at different latitudes generally have different rotation periods. Hence, by studying spot-induced modulations,
one can learn about stellar surface (differential) rotation and magnetic activity. Recently, Reinhold & Arlt (2015) proposed a method
based on the Lomb-Scargle periodogram of light curves to identify the sign of the differential rotation at the stellar surface.
Aims. Our goal is to understand how the modulation of the stellar light curve due to the presence of spots and the corresponding
periodogram are affected by both the stellar and spot properties.
Methods. We generate synthetic light curves of stars with different properties (inclination angle, limb darkening, and rotation rate)
and spot configurations (number of spots, latitude, intensity contrast, and size). By analysing their Lomb-Scargle periodograms, we
compute the ratio between the heights of the second and first harmonics of the rotation period (peak-height-ratio).
Results. We find that the peak-height ratios are essentially a function of a single parameter, the fraction of time the spot is visible,
which is related to the sinusoidality of the spot modulation. We identify the conditions under which the periodogram analysis can
actually provide an estimate of the spot latitudes and/or the stellar inclination angle. We also identify possible sources of error in the
identification of the sign of the differential rotation.

Key words. stars: solar-type – stars: rotation – stars: activity – starspots – techniques: photometric

1. Introduction

Stellar rotation, in particular differential rotation, is a key ingre-
dient of the dynamo mechanism, which is responsible for the
generation of the magnetic field in the Sun and solar-like stars.
As a manifestation of the magnetic activity, dark spots emerge
at the stellar surface. Spots are regions of strong magnetic field
that suppresses the convection, resulting on a less efficient heat
transport. Therefore, spots are cooler and, consequently, darker
than the surroundings, having an impact on the stellar brightness.
As the spots cross the stellar visible disc, they modulate the light
curve. Such modulation provides information about the stellar
rotation and magnetic activity (e.g. Mosser et al. 2009; Mathur
et al. 2010; García et al. 2010; Ballot et al. 2011; García et al.
2014; Mathur et al. 2014).

High-precision photometric time series obtained with space
telescopes allowed the detection of rotational periods for a large
number of stars (e.g. Reinhold et al. 2013; Nielsen et al. 2013;
McQuillan et al. 2013a,b, 2014; García et al. 2014), through
methods based on the Lomb-Scargle periodogram, the autocor-
relation function and/or the wavelet transform. Moreover, the
high quality of these time series provides a good opportunity
to measure differential rotation, since the spot-induced modula-
tions of the light curves enclose specific signatures of spots at
different latitudes. The amplitude of the differential rotation can

be recovered through spot modelling (e.g. Mosser et al. 2009;
Huber et al. 2010; Lanza et al. 2011, 2014). By fitting a given
model to the observed light curve, a number of stellar and spot
parameters may be constrained, including the spots’ rotation
rates. Differential rotation has also been measured through the
periodogram analysis (e.g. Reinhold & Reiners 2013; Reinhold
et al. 2013; Reinhold & Gizon 2015; Nagel et al. 2016; Distefano
et al. 2016). In the periodogram, broad or multiple peaks associ-
ated to the stellar rotation are usually interpreted as evidence of
the differential rotation. The analysis of individual subseries of
the full light curve, whose modulation might be dominated by a
given spot at a given latitude, allows the identification of tempo-
ral variations in the recovered rotation period, which can also be
an indication of differential rotation.

Recently, Reinhold & Arlt (2015) proposed a new method,
based on the periodogram analysis, to detect the sign of differen-
tial rotation, that is, whether the equatorial regions rotate faster
(+, solar differential rotation) or slower (−, antisolar differential
rotation) than the poles. When they apply the method to a partic-
ular set of synthetic light curves with solar differential rotation, a
low false-positive rate (11.3%–20%) was recovered. The method
was also applied to a sample of 50 stars observed by Kepler. So-
lar differential rotation was reported for 21–34 stars, while 5–10
stars were found to be consistent with anti-solar differential ro-
tation (for details, see Reinhold & Arlt 2015).
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In this work, we investigate the spot’s signature on the light
curve and, consequently, on the periodogram. In particular, we
are interested in understanding the conditions that lead to the
successful or unsuccessful detection of the sign of differential
rotation.

2. Method to determine the sign of the surface
differential rotation

The Lomb-Scargle periodogram (LSP) may be used to determine
the stellar surface rotation. Secondary peaks close to the main ro-
tation period are interpreted as evidence for differential rotation,
being associated with spots/active regions at different latitudes,
thus rotating at different rates.

Reinhold & Arlt (2015) proposed a new and simple method
to determine the sign of differential rotation, which consists in
comparing the ratios between the height of the second and first
harmonics (hereafter peak-height ratios) associated to different
rotation periods. For a given rotation period P j (first harmonic),
the peak-height ratios are computed as

r j =
h(P′j)

h(P j)
, (1)

where P′j is the second harmonic of the rotation period, and h(P j)
and h(P′j) are the heights of the first and second harmonics, re-
spectively (hereafter, h j and h′j).

The authors argued that spots at lower latitudes lead to less
sine-shaped light curves than spots at higher latitudes, resulting
in extra power on the second harmonic and, thus, larger peak-
height ratios. While they based their argument on results for syn-
thetic light curves with specific configurations, the authors do
not provide any further explanation. In Sect. 4.1. we will address
in detail the latitudinal dependence of the peak-height ratios.

Following their argument that spots at lower latitudes lead
to larger peak-height ratios than spots at higher latitudes, when
comparing the peak-height ratios of two periods associated with
the surface rotation, P j and P j+1, the method allows for the de-
termination of a relative latitude ("high" or "low") and, thus, the
sign of differential rotation. Reinhold & Arlt (2015) define the
observed relative differential rotation as

αobs =
Phigh − Plow

Phigh
. (2)

αobs > 0 corresponds to solar differential rotation (the equator
rotates faster than the poles) and αobs < 0 corresponds to antiso-
lar differential rotation (the poles rotate faster than the equator).

3. Synthetic light curves

In order to study the modulation of the stellar light curves due to
the presence of spots, we developed a tool to simulate the light
curves of spotted stars based on the models of Lanza et al. (1993)
and Eker (1994).

Each spot is assumed to be circular and is decomposed in a
number of area elements. The total decrease in flux due to spots
corresponds to the sum of the contributions from each element k

∆F
F

=
∑

k

(
∆F
F

)
k
. (3)

The decrease in flux associated to an element k is given by(
∆F
F

)
k

= (1 −CS)
Sk

πR2
∗

µk
I(µk)
I(1)

, (4)

where Sk is the element area, R∗ is the stellar radius, I(µk)/I(1) is
the relative photospheric intensity given by the limb-darkening
law, and µk = cosψk where ψk is the angle between the line of
sight and the normal to the surface element given by

µk = cosψk = cos i cos θk + sin i sin θk cos φk. (5)

Here, i is the stellar inclination angle, i.e. the angle between the
stellar rotation axis and the line of sight, and θk and φk are the
colatitude and longitude of the element. The element k is visible
whenever 0 ≤ µk ≤ 1. CS is the spot-to-photosphere intensity
ratio, i.e. CS = IS/IP, which, for simplicity, we shall assume to be
a constant.

4. Results

4.1. 1-spot simulations

The modulation on the light curve induced by spots crossing the
visible disc of the star depends on a number of stellar and spot
parameters, e.g. the stellar inclination angle, rotation rate, limb-
darkening law, spot size, latitude, and contrast.

We start by investigating to what extent the peak-height ra-
tios, r = h′/h, are a measure of the sinusoidality of the spot
modulation on the light curve. To do so, we shall start by con-
sidering the simplest case of 1-spot simulations. We obtain the
synthetic light curves for stars with different inclination angles,
i, and a single spot at different latitudes, L. For this set of sim-
ulations we assume a circular spot of constant radius RS ∼ 5.7◦
(A = 5000 µHem; about the area covered by sunspots at solar
maximum), infinite lifetime and an intensity contrast of CS =
0.67 (e.g. Sofia et al. 1982; Lanza et al. 2003; Walkowicz et al.
2013). Also, we consider a quadratic limb-darkening law

I(µ)
I(1)

= 1 − a(1 − µ) + b(1 − µ)2, (6)

where we have assumed a = 0.5287 and b = 0.2175, which are
adequate for solar-like stars observed by Kepler (Claret 2000;
Reinhold & Reiners 2013). The differential rotation is assumed
to be solar and is given by

Ω(L) = Ωeq(1 − α sin2 L − β sin4 L), (7)

where Ωeq is the angular velocity at the equator, and α and β are
the parameters that determine the latitudinal dependency of the
rotation rate. For this set of synthetic data, we have considered
Ωeq = 0.2567 rad d−1, α = 0.1584 , and β = 0.1210 (Snodgrass
1983; Snodgrass & Ulrich 1990). The initial longitude of the spot
for each simulation in this section is determined randomly.

We compute the Lomb-Scargle periodogram for each syn-
thetic light curve and the corresponding ratios between the sec-
ond and first harmonics. We find that the peak-height ratios are
essentially a function of a single parameter: the visibility time of
the spot. Figure 1 shows how the peak-height ratios change as
a function of the ratio between the visibility time and the rota-
tion period. Spots that are visible for most of the rotation period
lead to more sine-shaped signals than spots that are visible for a
smaller fraction of time. The spot is considered visible whenever
there is a decrease in flux. Using this definition for the visibility
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Fig. 1. Peak-height ratios associated to spots at different latitudes (rang-
ing from 0◦ to ±85◦) as a function of the spot visibility time. Different
colors indicate different stellar inclination angles, i.
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Fig. 2. Peak-height ratios as a function of the spot latitude, L, for differ-
ent inclination angles, i.

time of the spot (tvis), we might be overestimating the true vis-
ibility time, specially for low inclination angles. Nevertheless,
we can clearly conclude that the longer the spots are visible the
smaller the peak-height ratios are.

Figure 2 shows the peak-height ratios as a function of the
spot latitude, which together with the stellar inclination angle
are the most determinant parameters for the spot visibility. As
different combinations of i and L result on the same spot visibil-
ity time, there is a degeneracy between latitude and inclination.
Nevertheless, the peak-height ratios provide constrains on the
possible solutions (i, L) that can lead to the spot signature on the
observed light curve. If the stellar inclination is known one can
estimate the spot latitude.

The method proposed by Reinhold & Arlt (2015) for the de-
termination of the sign of the surface differential rotation relies
on the correct identification of a relative latitude ("low"/"high")
for at least two rotation periods (first harmonics) in the LSP.
Implicit to their method is the assumption that spots at lower
absolute latitudes are associated with higher peak-height ratios,
r = h′/h, than spots at higher absolute latitudes. Except for incli-
nation angles very close to i = 90◦, this is only true for spots on
the same hemisphere as the observer (that we will call northern
hemisphere). Spots emerging at higher latitudes on the southern
hemisphere are visible for a smaller fraction of time, thus, induc-
ing a less sinusoidal signature and leading to higher peak-height

ratios than spots at lower latitudes on the northern or southern
hemispheres. Hence, for values of the inclination angle not too
close to i = 90◦, the method will suggest the wrong sign for
the differential rotation when comparing the peak-height ratios
of periods associated to spots on the southern hemisphere. The
wrong sign will also be recovered when one of the spots is at L1
on the northern hemisphere, the second is at L2 on the southern
and |L2|> |L1|.

For an inclination angle of i = 90◦, the behaviour of the
peak-height ratios is hemispheric symmetric and nearly indepen-
dent on the latitude of the spot (except for |L| very close to 90◦).
Therefore, for this inclination, the association of the detected
rotation periods to different latitudes will be difficult. Also, for
small inclination angles, the ratios become saturated at high lat-
itudes on the northern hemisphere, as spots at that location are
always visible.

Although our results show that the peak-height ratios are es-
sentially a function of the visibility time of the spot, which is
determined mainly by the stellar inclination angle and the spot
latitude, the modulation in the light curves induced by spots also
depends on other parameters. In what follows, we investigate the
impact on the peak-height ratios of other spot and stellar proper-
ties, such as the spot area and relative intensity, rotation rate and
limb-darkening law.

The top panel of Fig. 3 shows the peak-height ratios as a
function of latitude (left panel) and visibility time (right panel)
for different inclination angles and spot sizes. The impact of the
spot size on the recovered ratios is more significant for spots at
higher latitudes on the southern hemisphere and lower inclina-
tions. For a given latitude and inclination, a larger spot will be
visible for longer than a smaller spot, thus larger spots lead to
smaller ratios than smaller spots.

As the spot-to-photosphere intensity contrast does not affect
the visibility time of the spot, it also does not have a significant
impact on the peak-height ratios. This is shown in the second row
of Fig. 3. As mentioned before, for these synthetic light curves
the initial phase of the spot is determined randomly, which to-
gether with the fact that the light curve is discrete, introduces
a small effect on the estimated spot visibility time. The small
differences seen in the right panel of the second row in Fig. 3
show that the phase of a given spot alone has little impact on the
visibility time of the spot.

In order to investigate the impact of the rotation rate on the
peak-height ratios, we have considered different rotation profiles
in the synthetic data, including solar (α > 0) and anti-solar (α <
0) differential rotation. In this set of simulations, we consider the
simplified version of Eq. (7) that is commonly used,

Ω(L) = Ωeq(1 − α sin2 L). (8)

The third row of Fig. 3 summarizes the results from this study,
where Ωeq,� = 0.2567 rad d−1 and α� = 0.1584 denote the solar
values considered above. Since the rotation rate does not change
the fraction of time the spot is visible, it does not affect sig-
nificantly the peak-height ratios. However, small discrepancies
are still visible, which result first from the random initial spot
phases, and second from the fact that while the characteristic
time-scale of the light curves changes when considering differ-
ent rotation rates, the length and cadence of the light curves are
unchanged.

The bottom panel of Fig. 3 shows the results obtained from
synthetic data considering different limb-darkening laws: the
quadric limb-darkening law (Eq. (6)), the linear limb-darkening
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Fig. 3. Peak-height ratios as a function of the spot latitude (left) and visibility time (right) for the inclination angles i = 30◦, 50◦, and 70◦ and for
different spot areas (top panel), different spot-to-photosphere intensity ratios (second row), various differential rotation parameters (third row), and
different limb-darkening laws (bottom panel). For these simulations, the default values of the spot radius and intensity contrast are RS ∼ 5.7◦ and
CS = 0.67l. We use the solar rotation (Ωeq,�, α�, and β�) as the default rotation profile. Finally, the default limb-darkening law is the quadratic one
with parameters a = 0.5287 and b = 0.2175. [RS ∼ 11.5◦ ⇔ AS = 20000 µHem, RS ∼ 5.7◦ ⇔ AS = 5000 µHem, RS ∼ 2.6◦ ⇔ AS = 1000 µHem,
RS∼1.8◦ ⇔ AS =500 µHem, RS∼1.3◦ ⇔ AS =250 µHem]

Article number, page 4 of 8



A. R. G. Santos et al.: Starspot signature on the light curve

law

I(µ)
I(1)

= 1 − u(1 − µ), (9)

and the 3-parameter non-linear limb-darkening law

I(µ)
I(1)

= 1 − c2 (1 − µ) − c3

(
1 − µ3/2

)
− c4

(
1 − µ2

)
, (10)

where u, c2, c3, and c4 are the limb-darkening coefficients, which
we take from the study by Sing (2010) for Kepler data. Since
the effective temperature (Teff), the surface gravity (log g), and
metallicity ([M/H]) are, in principle, known parameters, Fig. 3
shows the results for Teff = 5750 K, log g = 4.50 and [M/H] =
0.00. As the limb-darkening changes the shape of the spot mod-
ulation, it also affects the sinusoidality of the modulation seen
through the peak-height ratios (bottom panel of Fig. 3). Also, for
different inclinations, spots with the same tvis/Prot have different
trajectories over the visible disc, corresponding to different limb-
darkening and projected spot areas. In turn, the sinusoidality of
the spot signature changes. This effect is small and can be seen
through the differences between different inclinations (for exam-
ple, second row of Fig. 3).

4.2. 2-spot simulations

In this section, we analyse synthetic light curves obtained con-
sidering two spots on the stellar surface, in a broad range of lati-
tudes, and we explore possible sources for contamination of the
peak-height ratios.

For the first set of synthetic light curves, the rotation rate is
defined by Eq. (8) with parameters Ωeq,� and α�, and the spot
radius is fixed at 5.7◦. The length of the synthetic light curves is
four years, consistent with the typical length of the Kepler’s light
curves. The two spots have the same longitude at the beginning
of the simulation.

The analysis performed in Sect. 4.1 will only be valid in
cases for which at least two rotation periods are clearly detected
in the Lomb-Scargle periodogram. As peaks in the LSP can in-
terfere with each other, we impose a detectability limit for the
period separation. Because of the non-infinite light curve, we fit
a sinc function in frequency (being symmetric in frequency, not
in period) to the main peak, P1, and define the detectability limit
to be equal to 1.5 times the width of the sinc function at half
maximum. Figure 4 shows the LSP for three different cases: i)
a case where despite having two spots at different latitudes one
is only able to recover one rotation period (top panel), ii) a case
where two rotation periods might be recovered but they do not
fulfil the chosen criteria on the minimum distance between two
peaks (middle panel), and iii) a case where two rotation periods
are clearly detected being separated by more than the imposed
limit (bottom panel). Also, we discard peaks that may be signif-
icantly affected by the side lobes related to the first period.

4.2.1. Spots’ latitude effect

The first source for false-positives/negatives for the sign of dif-
ferential rotation was already identified from the 1-spot simu-
lations. The method summarized in Sect. 2 is only fully valid
for light curves whose spot modulation is induced by spots on
the northern hemisphere. The method will also return the correct
sign when the two spots are on opposite hemispheres, but only
if the spot on the southern hemisphere is at a lower absolute lat-
itude than the spot on the northern hemisphere. This is shown

L1 =15 ◦

L2 =0 ◦

LS
P

L1 =35 ◦

L2 =25 ◦

10 15 20 25 30
Period (days)

L1 =40 ◦

L2 =−10 ◦

Fig. 4. Lomb-Scargle periogram for three synthetic light curves from
simulations with two spots at different latitudes, L1 and L2. Top panel:
Only one rotation period is detected. Middle panel: Two peaks asso-
ciated to the surface rotation are seen but the second is not within the
detectable period range. Bottom panel: The rotation periods associated
to each spot latitude are successfully detected. The spot latitudes are in-
dicated on the left top of each panel. The red symbols mark the first and
second harmonics if detected. The yellow regions mark the detectability
limit we impose (see text for details).

in Fig. 5, confirming that if the two surface rotation periods are
successfully detected and distinguishable, the conclusions for 1-
spot simulations will be valid for 2-spot simulations. Here, the
sign of the surface differential rotation is determined by αobs (Eq.
(2)).

Figure 6 shows the errors on the recovered peak-height ratios
and inferred latitudes as a function of L2 for two particular cases
with i = 70◦. Left and right panels correspond to L1 = 40◦ and
L1 = −10◦, respectively. The errors on the ratios are determined
in relation to the reference values shown in Fig. 2. Taking the
reference latitude-ratio relation and the peak-height ratios recov-
ered from the 2-spot simulations, the "observed" spot latitudes
L can be inferred and then compared with the input latitudes.
The yellow areas mark the latitude intervals where only one ro-
tation period is successfully detected. For the cases shown, the
error on the spot latitude is at maximum ∼ 15◦. This indicates
that, if the stellar inclination angle is known, the observed peak-
height ratios, together with the results from 1-spot simulations
(the latitude-ratio relation for the corresponding i), can be used
to estimate the latitudinal distribution of spots.

4.2.2. Spots’ area effect

Figure 7 shows the errors on the peak-height ratios and latitudes
as a function of the spot area ratio, A2/A1. For this set of simula-
tions, the spot latitudes (L1 =40◦ and L2 =20◦), stellar inclination
angle (i = 70◦), and the surface rotation (Ωeq =Ωeq,�, α=α�) are
fixed. The spots at L1 = 40◦ have a constant radius of R1 = 5.7◦,
while the radius of the spots at L2 =20◦ varies between 1.8◦ and
11.5◦. The results show that the errors in the inferred peak-height
ratios and latitudes are not significantly affected by variations in
the relative area of the spots. In this case, a solar differential ro-
tation (αobs > 0) is correctly recovered for all the synthetic light
curves.
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Fig. 5. Sign of the surface differential rotation, αobs, for 2-spot simulations with stellar inclination angles of i = 30◦ (left), i = 50◦ (middle), and
i = 70◦ (right). The spot latitudes (L1 and L2) range from −85◦ and 85◦ with steps of 5◦. The yellow triangles represent the cases where only one
rotation period is detected according to the criteria explained above. The red dots represent the cases where the wrong sing of differential rotation
(αobs < 0) is found, while the green squares mark the cases where the correct sing (αobs > 0) is recovered. The dashed line divides the regions
where the correct (above) or wrong (bellow) sign of αobs is expected from the results of Sect. 4.1 (see text for details).
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Fig. 6. Error on the peak-height ratios (top) and latitudes (bottom) as
a function of the latitude of the second spot. Black and red symbols
concern spots 1 and 2, respectively. The left panels correspond to L1=
40◦, while the right panels show the results for L1 = −10◦. The yellow
areas mark the latitude intervals where only one rotation period was
detected. Here, we disregarded the cases in which the peak-height ratios
were outside the 1-spot peak-height ratio range given in Fig. 2.

4.2.3. Spots’ phase effect

The phase of the spots also has an impact on the peak-height
ratios. In particular, when spots have similar rotation rates and
are in anti-phase, the LSP shows an excess of power on the sec-
ond harmonic. In some cases the second harmonic can even be
the main peak in the LSP, being wrongly identified as the ro-
tation period of the star (e.g. McQuillan et al. 2013a; Reinhold
& Reiners 2013). In these cases, the resulting peak-height ra-
tios should not be used to infer the spot latitude or the sign of
differential rotation. Two examples are shown in Fig. 8, where
we consider a stellar inclination angle of 70◦ and the spot lati-
tudes L1 = 40◦ and L2 = ±40◦. When L2 = −40◦, the two spots
have the same size (corresponding to RS ∼ 5.7◦), while when
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Fig. 7. Error on the peak-height ratios (top) and latitudes (bottom) as a
function of the ratio between the areas of spot 2 (red) and spot 1 (black).
For all the cases, αobs > 0.

L2 = 40◦, the second spot is half the size of the first spot1. For
comparison, the black line corresponds to the reference LSP for
one spot at 40◦, with a radius of 5.7◦. In both cases (top panel -
red and middle panel - blue), the observer could be wrongly led
to assume that the peak in the LSP is being produced by a sin-
gle spot, but the peak-height ratios in both cases would be very
different from the case of a single spot (in black). This is also
evident from the bottom panel which compares the recovered
ratios with the reference ratios from Fig. 2 for the inclination of
70◦. If we still considered the higher period as the first harmonic,
the peak-height-ratio that would be inferred in the first case (red)
would be outside the expected range for a single spot for the cho-
sen inclination, while in the second case (blue) one would infer a
very low latitude, if the single spot scenario were to be wrongly

1 Note that if the spots have the same size and latitude, the modula-
tions produced by each spot will have equal amplitude. In this case, the
signature of the two spots rotating in anti-phase would be equivalent to
the modulation of one spot rotating twice faster than the rotation period.
This means that one would retrieve half of the rotation period.
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assumed. The longitude of the second spot (in both examples) is
φ2 = φ1 + π.

Figure 9 shows the error on the estimated peak-height ratios
and inferred latitudes as a function of the phase difference be-
tween the two spots rotating with equal velocities (for the same
latitudes of Fig. 8, L1 = 40◦ and L2 = ±40◦). Clearly, for certain
phase differences the inferred latitudes and peak-height ratios
would be far from the true values. The results in both Figs. 8 and
9 thus confirm that one needs to be cautious on the analysis of
light curves showing evidence of spots rotating in anti-phase.
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Fig. 8. Top and middle panels: Lomb-Scargle periodogram of two syn-
thetic light curves whose modulation is produced by two spots rotating
with equal velocity and in anti-phase. In the first example (red), both
spots are on the northern hemisphere, while in the second panel (blue),
the spots are on opposite hemispheres. The black line corresponds to the
reference case of one spot at L1 = 40◦. Bottom: Comparison between
the peak-height ratios recovered from the top and middle panels (red
and blue, respectively) and the reference ratios for i = 70◦ (black).

5. Conclusions

The main goal of this work was to understand under which con-
ditions the spot modulation on the light curve and its signature
on the periodogram can provide insights into the latitudinal dis-
tribution of starspots and consequently, into stellar surface dif-
ferential rotation. In particular, we studied the dependence of the
peak-height ratios, computed from the periodogram, on the spot
and stellar parameters.

We found that the peak-height ratios depend essentially on
the fraction of time the spot is visible. Spots that are visible for
longer time compared to Prot produce smaller ratios than spots
that are visible for a shorter time. In turn, the spot visibility time
depends more significantly on the stellar inclination angle and
spot latitude.

Our results from 1-spot and 2-spot simulations show that, the
method proposed by Reinhold & Arlt (2015) provides the wrong
sign of surface differential rotation when:
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Fig. 9. Error on the peak-height ratios (top) and latitudes (bottom) as a
function of the phase difference between two spots rotating with equal
velocity, both on the northern hemisphere (black) and on opposite hemi-
spheres (red). The reference case corresponds to the one in Fig. 8 for a
spot at L = 40◦.

– i , 90◦ and the peak-height ratios are associated to spots on
the opposite hemisphere of the observer;

– i , 90◦, one of the spots (spot 1) is on the opposite hemi-
sphere while the second spot (spot 2) is on the same hemi-
sphere of the observer and |L1| > |L2|;

– the peak-height ratios are related to spots rotating with simi-
lar velocities and nearly in anti-phase.

Moreover, for low inclinations, the peak-height ratios be-
come saturated as a result of spots being always visible for a
wide range of latitudes. Also, for i = 90◦ the peak-height ratios
are almost constant. In these cases, attributing a latitude to each
rotation period and determining the sign of differential rotation
will be difficult.

Despite the degeneracy between stellar inclination angle and
spot latitude, we find that the peak-height ratios provide a simple
and fast way to constrain those parameters. This is a clear advan-
tage of this method in comparison with other time consuming
methods (e.g. Mosser et al. 2009; Huber et al. 2010; Walkowicz
et al. 2013; Lanza et al. 2014), where the inclination, spot lat-
itude, area and intensity contrast may be strongly degenerated.
Moreover, if the inclination angle is known, the peak-height ra-
tios can constrain the latitudinal distribution of spots.

The spot signature on the light curves depends on a number
of stellar and spot properties, such as the stellar surface rotation,
limb-darkening law, spot size, and intensity contrast. We have
investigated how the peak-height ratios depend on those parame-
ters. We found that the effect of the spot size and limb-darkening
on the peak-height ratios is small but not negligible.

We have also shown that, when two rotation periods are suc-
cessfully recovered, the conclusions taken from the 1-spot simu-
lations are also valid for 2-spot simulations. Moreover, although
the relative size of the spots (for 2-spot simulations) affects the
ratios, the effect is in general not strong enough to lead to a
wrong inference of the sign of differential rotation.

We have not considered spot evolution, which is beyond the
scope of this study. However, we note that the multiple peaks in
the periodogram can also result from spot evolution (e.g. Lanza
et al. 2014; Aigrain et al. 2015; Reinhold & Gizon 2015; Nagel
et al. 2016). For stars showing evidence of long-lived spot/active
regions that induce stable signals, the LSP and the peak-height
ratios will be less affected by the spot evolution. The analysis of
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different subseries of the full light curve may also help on dis-
criminating between periodic (or quasi-periodic) signals related
to the stellar rotation and those resulting from other sources.

Finally, we note that there is an observational bias, which
contributes to the small number of false-positives reported in
Reinhold & Arlt (2015), since the modulation induced by spots
on the same hemisphere of the observer will be preferentially
observed in comparison with spots on the opposite hemisphere,
in particular for small inclination angles.
Acknowledgements. This work was supported by Fundação para a Ciên-
cia e a Tecnologia (FCT) through the research grant UID/FIS/04434/2013.
ARGS acknowledges the support from FCT through the Fellowship
SFRH/BD/88032/2012 and from the University of Birmingham. MSC and PPA
acknowledge support from FCT through the Investigador FCT Contracts No.
IF/00894/2012 and IF/00863/2012 and POPH/FSE (EC) by FEDER funding
through the programme Programa Operacional de Factores de Competitividade
(COMPETE). RAG acknowledges the support of the GOLF and PLATO grants.
SM would like to acknowledge support from NASA grants NNX12AE17G and
NNX15AF13G and NSF grant AST-1411685. The research leading to these
results has received funding from EC, under FP7, through the grant agree-
ment FP7-SPACE-2012-312844 and PIRSES-GA-2010-269194. ARGS, MSC,
and PPA are grateful for the support from the High Altitude Observatory
(NCAR/UCAR), where part of the current work was developed.

References
Aigrain, S., Llama, J., Ceillier, T., et al. 2015, MNRAS, 450, 3211
Ballot, J., Gizon, L., Samadi, R., et al. 2011, A&A, 530, A97
Claret, A. 2000, A&A, 363, 1081
Distefano, E., Lanzafame, A. C., Lanza, A. F., Messina, S., & Spada, F. 2016,

A&A, 591, A43
Eker, Z. 1994, ApJ, 420, 373
García, R. A., Ballot, J., Mathur, S., Salabert, D., & Regulo, C. 2010, ArXiv

e-prints, 1012, arXiv:1012.0494
García, R. A., Ceillier, T., Salabert, D., et al. 2014, A&A, 572, A34
Huber, K. F., Czesla, S., Wolter, U., & Schmitt, J. H. M. M. 2010, Astronomy

and Astrophysics, 514, A39
Lanza, A. F., Bonomo, A. S., Pagano, I., et al. 2011, A&A, 525, A14
Lanza, A. F., Das Chagas, M. L., & De Medeiros, J. R. 2014, A&A, 564, A50
Lanza, A. F., Rodonò, M., Pagano, I., Barge, P., & Llebaria, A. 2003, A&A, 403,

1135
Lanza, A. F., Rodono, M., & Zappala, R. A. 1993, A&A, 269, 351
Mathur, S., García, R. A., Ballot, J., et al. 2014, A&A, 562, A124
Mathur, S., García, R. A., Catala, C., et al. 2010, A&A, 518, A53
McQuillan, A., Aigrain, S., & Mazeh, T. 2013a, MNRAS, 432, 1203
McQuillan, A., Mazeh, T., & Aigrain, S. 2013b, ApJ, 775, L11
McQuillan, A., Mazeh, T., & Aigrain, S. 2014, ApJS, 211, 24
Mosser, B., Baudin, F., Lanza, A. F., et al. 2009, A&A, 506, 245
Nagel, E., Czesla, S., & Schmitt, J. H. M. M. 2016, A&A, 590, A47
Nielsen, M. B., Gizon, L., Schunker, H., & Karoff, C. 2013, A&A, 557, L10
Reinhold, T. & Arlt, R. 2015, A&A, 576, A15
Reinhold, T. & Gizon, L. 2015, A&A, 583, A65
Reinhold, T. & Reiners, A. 2013, A&A, 557, A11
Reinhold, T., Reiners, A., & Basri, G. 2013, A&A, 560, A4
Sing, D. K. 2010, A&A, 510, A21
Snodgrass, H. B. 1983, ApJ, 270, 288
Snodgrass, H. B. & Ulrich, R. K. 1990, ApJ, 351, 309
Sofia, S., Schatten, K., & Oster, L. 1982, Sol. Phys., 80, 87
Walkowicz, L. M., Basri, G., & Valenti, J. A. 2013, ApJS, 205, 17

Article number, page 8 of 8


	1 Introduction
	2 Method to determine the sign of the surface differential rotation
	3 Synthetic light curves
	4 Results
	4.1 1-spot simulations
	4.2 2-spot simulations
	4.2.1 Spots' latitude effect
	4.2.2 Spots' area effect
	4.2.3 Spots' phase effect


	5 Conclusions

