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ABSTRACT

Context. The study of stellar activity is important because it can provide new constraints for dynamo models when combined with
surface rotation rates and the depth of the convection zone. We know that the dynamo mechanism, which is believed to be the main
process that rules the magnetic cycle of solar-like stars, results from the interaction between (differential) rotation, convection, and
magnetic field. The Kepler mission has already been collecting data for a large number of stars during four years allowing us to
investigate magnetic stellar cycles.

Aims. We investigated the Kepler light curves to look for magnetic activity or even hints of magnetic activity cycles. Based on the
photometric data we also looked for new magnetic indexes to characterise the magnetic activity of the stars.

Methods. We selected a sample of 22 solar-like F stars that have a rotation period shorter than 12 days. We performed a time-
frequency analysis using the Morlet wavelet yielding a magnetic proxy for our sample of stars. We computed the magnetic index S,
as the standard deviation of the whole time series and the index (S ), which is the mean of standard deviations measured in subseries
of length five times the rotation period of the star. We defined new indicators, such as the contrast between high and low activity, to
take into account the fact that complete magnetic cycles are not observed for all the stars. We also inferred the Rossby number of the
stars and studied their stellar background.

Results. This analysis shows different types of behaviour in the 22 F stars. Two stars show behaviour very similar to magnetic activity
cycles. Five stars show long-lived spots or active regions suggesting the existence of active longitudes. Two stars in our sample seem to
have a decreasing or increasing trend in the temporal variation of the magnetic proxies. Finally, the last group of stars shows magnetic

activity (with the presence of spots) but no sign of cycle.

Key words. asteroseismology — stars: solar-type — stars: activity — stars: general — methods: data analysis

1. Introduction

The magnetic activity of the Sun observed as a star shows clear
signatures of rotational modulation superimposed on longer-
term variations due to the 11-year sunspot cycle. Similar be-
haviour can also be seen in other stars by tracking their magnetic
variations spectroscopically with observations of the Ca mH
(396.8 nm) and K (393.4 nm) lines, or through careful photomet-
ric monitoring to reveal the brightness changes associated with
dark spots and bright faculae (e.g. see Lockwood et al. 2007).
The most comprehensive spectroscopic survey for these varia-
tions was conducted at the Mount Wilson observatory over more

* Appendix A is available in electronic fom at
http://www.aanda.org

Article published by EDP Sciences

than 30 years (Wilson 1978; Baliunas et al. 1995), leading to the
first large sample of magnetic activity and rotation data to help
validate models of stellar dynamos.

The Mount Wilson sample established that both the mean
activity level and the stellar cycle period seemed to scale with
the Rossby number, which tracks the stellar rotation period nor-
malized by the convective timescale (as defined by Noyes et al.
1984). Essentially, the shortest activity cycles were observed in
the most rapidly rotating stars, while more slowly rotating stars
generally showed cycle periods comparable to the Sun or longer.
Subsequent analysis revealed two distinct relationships between
rotation period and cycle period, with an “active” sequence of
stars rotating faster than the Sun showing a stellar cycle every
few hundred rotations and an “inactive” sequence of more slowly
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rotating stars showing a stellar cycle every ~100 rotations (Saar
& Brandenburg 1999). Some stars with intermediate rotation pe-
riods (10-25 days) exhibited stellar cycles on both sequences
simultaneously. This led Bohm-Vitense (2007) to suggest that
the two sequences might represent distinct dynamos in different
regions of the star, driven either in a shear layer at the base of
the convection zone (a so-called tachocline) or in a near-surface
shear layer like that seen in helioseismic inversions (Thompson
et al. 1996).

Evidence of the existence of this second class of short-period
stellar cycles has been growing over the past few years. Fletcher
et al. (2010) used helioseismic data to identify a quasi-biennial
(~2 year) variation in the Sun, with an amplitude that appeared to
be modulated by the dominant 11-year signal. They speculated
that buoyant magnetic flux, created near the tachocline during
the maximum of the 11-year sunspot cycle, would rise toward
the surface and pump up the amplitude of this short-period cy-
cle. However, other explanations, like the beating between differ-
ent configurations of the dynamo, were also given to justify this
second modulation (Simoniello et al. 2013). Garcia et al. (2010)
found asteroseismic signatures of a short stellar cycle in the F2V
star HD 49933 using observations from the CoRoT satellite. The
solar-like pattern of anti-correlated changes in the oscillation fre-
quencies and amplitudes suggested a cycle period longer than
120 days, and the size of the shifts showed a similar frequency
dependence to that observed in the Sun (Libbrecht & Woodard
1990; Salabert et al. 2011). Metcalfe et al. (2010) discovered
a record-breaking 1.6-year activity cycle in the F8V star « Hor
(HD 17051), which has subsequently been confirmed with X-ray
observations of the stellar corona (Sanz-Forcada et al. 2013).
Most recently, Metcalfe et al. (2013) documented dual magnetic
cycles with periods of 3 years and 13 years in the K2V star € Eri
(HD 22049), falling squarely on the two activity sequences iden-
tified by Saar & Brandenburg.

The Kepler mission represents an unprecedented opportu-
nity to study the short-period magnetic cycles that have been
observed in some rapidly rotating F stars. The high precision
time-series photometry collected every 30 min over the past four
years can be used to measure rotation periods from spot modu-
lation and to monitor the longer term brightness changes associ-
ated with the stellar cycle. Furthermore, for targets that have also
been observed in short-cadence (Gilliland et al. 2010), the one-
minute sampling allows a characterisation of the star through as-
teroseismology — including quantities such as the depth of the
surface convection zone (e.g. Mathur et al. 2012; Mazumdar
et al. 2012) and radial differential rotation — although for more
evolved stars (Beck et al. 2012; Deheuvels et al. 2012), which
provide useful constraints for dynamo models. The asteroseis-
mic data can also be used to monitor the p-mode frequencies
over time, allowing a search for the same pattern of changes that
have been seen for the Sun and HD 49933 in response to their
magnetic cycles. Rapidly rotating F stars are the ideal targets be-
cause they are expected to show the shortest cycle periods, and
the size of the frequency variations is predicted to be larger than
in the Sun (Metcalfe et al. 2007), as has also been suggested by
observations (Garcia et al. 2010; Salabert et al. 2011). In addi-
tion, the F star tau Boo belongs to the handful of stars where a
magnetic activity cycle has been detected through Zeeman mea-
surement of its magnetic field (Fares et al. 2009).

In this paper, we aim to characterise magnetic activity in a
sample of rapidly rotating F stars using photometric measure-
ments from the Kepler mission. Our goal is to better under-
stand the development of regular magnetic cycles, and to place
strong constraints on the physical processes that govern them.
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Our sample includes F stars with surface rotation periods shorter
than 12 days that have also been observed with short-cadence for
at least 3 months continuously, where the p-mode oscillations
and rotation are both clearly detected. We provide an overview
of the observations in Sect. 2 and define a new photometric index
of magnetic activity in Sect. 3. We present our results in Sect. 4
and discuss them in Sect. 5. A summary of our conclusions is
presented in Sect. 6.

2. Observations and data analysis

In this work we use high-quality and long photometric data pro-
vided by the NASA Kepler satellite (Borucki et al. 2010). As
we are only interested in studying periodic modulations in the
light curves that are longer than a few hours, we are able to
use long-cadence data (29.43 min, Gilliland et al. 2010) that
have been recorded since the beginning of the mission for most
of the stars. Thus, 1440 days (Quarters O to 16) are used. In
Fig. 1 (top) we show an example of a light curve for the Kepler
target KIC 3733735. The light curves were corrected for in-
strumental effects and filtered with a 20-day triangular smooth
(Garcia et al. 2011; Mathur et al., in prep.). To minimise the
impact of wrong corrections in our data processing, we have
also used PDC-msMAP light curves (Smith et al. 2012; Stumpe
et al. 2012), as described in the data release notes (DRN) 21
for Q0-Q14 and DRN20 and 21 for Q15 and Q16, respectively
(Thompson 2013b,a). Although PDC-msMAP high-pass filters
the light curves at periods below about 20 days, this does not af-
fect our sample of stars because they have been selected to have
rotation periods shorter than 12 days. Hence, we have verified
that the retrieved rotation periods and the activity related modu-
lations remained the same.

A sample of 196 solar-like stars were observed by Kepler
since Q5 for at least three months in short cadence (58.85 s,
Gilliland et al. 2010) as part of the Kepler Asteroseismic Science
Consortium (KASC) programme. Short-cadenced data are nec-
essary to extract the seismic global properties of the stars in order
to infer reliable stellar masses and radii as well as the structure of
the stellar interior, in particular, the extension of their convective
envelope.

The surface rotation period of these stars at the active lati-
tudes can be studied by looking at the photometric modulation
induced by the star’s active regions crossing the stellar visible
disk (Mosser et al. 2009; Ballot et al. 2011; Campante et al.
2011; Mathur et al. 2011a; Garcia et al., in prep.). We expect
that fast rotators have shorter cycle periods as shown from ob-
servations by Bohm-Vitense (2007). Following this idea, we se-
lected 22 stars that have rotation periods shorter than 12 days
to look for magnetic activity cycles within the observation time
of the Kepler mission (~3.7 years so far). We focus on F stars
with Teg > 6000K, where the T.s values were taken from
Pinsonneault et al. (2012). F stars are interesting because they
have thinner convective zone and present a strong increase in
differential rotation (e.g. Augustson et al. 2012). Except the Sun,
we note that so far the only star for which a cycle-like magnetic
modulation has been detected using seismology is the F star
HD 49933 (Garcia et al. 2010). It is therefore suitable to con-
centrate our analysis on this subset of stars.

In Table 1 we present the seismic global parameters of the
subset of 22 stars studied in this work. They were obtained with
the A2Z pipeline (Mathur et al. 2010b) and are in agreement with
the results from Chaplin et al. (2014; listed as M. in Table 1),
19 of them at a 10 level. For the other three stars, the agreement
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in vy 18 at a 20 level. A visual inspection of the power spectra
and the global seismic parameters of these stars showed that the
disagreements can be explained. The difference between the two
analyses can be attributed to the longer datasets we are using
here compared to the Chaplin et al. (2014) datasets, which are
based on 1-month Kepler data from the survey phase. Moreover,
KIC 9289275 and 1016239 have what is known as a double
bump acoustic (p)-mode envelope that complicates the determi-
nation of v, (Bedding et al. 2010).

Fig. 1. Wavelet analysis of KIC 3733735 (groups C and L). Top panel: tem-
poral variation of the flux after the corrections applied as in Garcfa et al.
(2011) and rebinned to 2 h. Middle panel: wavelet power spectrum as a
function of time and period. The green grid represents the cone of influ-
ence that takes into account the edge effects and delimits the reliable rein
in the WPS. Red and dark colours correspond to strong power while blue
corresponds to weak power. Bottom upper panel: projection of the WPS
on the time axis between periods of 1 and 4.1 days. Bottom lower panel:
temporal variation of the standard deviation for KIC 3733735 for subseries
of length 5 X P,. The black dashed line represents the mean value of the
standard deviation of the subseries, i.e. the magnetic index (S ;). The triple
dot-dashed line represents the mean magnetic index for the low-activity
subseries ({S pn(f10w))) and the dash-dot line corresponds to the mean mag-
netic index for the high-activity subseries (S pn(7hign))-

Appourchaux et al. (2012b) have already extracted the
p-mode frequencies for 11 stars in our sample (indicated in
Table 1). The complete study of the individual p modes of these
stars is out of the scope of this paper. For our purposes, we can
compute their masses and radii relying on the scaling relations
as defined by Kjeldsen & Bedding (1995, 2011) and validated
later by different methods (e.g. Huber et al. 2011; Mathur et al.
2012; Silva Aguirre et al. 2012). The values that we obtain agree
within 1o (except KIC 3733375 which is within 207) with the
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grid-based modelling results presented in Chaplin et al. (2014).
We note that we used the observed mean large separation in the
scaling relations, but the use of the asymptotic mean large sepa-
ration as described in Mosser et al. (2013) leads to smaller radii
and masses, which also agree within the uncertainties with the
values listed in Table 1.

The rotation periods obtained by Garcia et al. (in prep.) are
also given in Table 1 with the associated uncertainties. Briefly,
to extract the rotation periods we apply two different techniques
to the two above-mentioned datasets. On the one hand, we per-
form a time-frequency analysis of the light curves using a Morlet
transform and we project the result on the frequency domain
(e.g. Mathur et al. 2010a,b, 2013). In most of the cases, the
rotation period would be the highest peak in this periodogram.
Sometimes, when there are two active longitudes in each side of
the star, the highest peak retrieved is not the rotation period but
the second harmonic. To avoid this case we also extract the sec-
ond highest peak in the periodogram and we check if they cor-
respond to a harmonic. On the other hand, we compute the auto-
correlation of the temporal signal to extract a second estimation
of the rotation rate. The autocorrelation is a powerful method as
has been demonstrated by McQuillan et al. (2013). The use of
both algorithms, wavelets and autocorrelation, allows us to min-
imise any false detection or ambiguities among the harmonics of
the signal.

We also checked the stability of the autocorrelation function
to study the lifetime of the starspots or active regions (at ac-
tive longitudes) crossing the visible disk of the star. McQuillan
et al. (2013) used the stability of the autocorrelation function to
point out possible classical pulsators for which low-frequency
modes are very stable, but this stability can also be due to long-
lived active regions or stable groups of starspots at a given ac-
tive longitude on the star (e.g. Frasca et al. 2011; Strassmeier
2009). These long-lived structures, if they are rotating at close
rates (due to differential rotation), can produce a beating in the
light curve that mimics the effect of activity cycles.

In Fig. 2, we show a seismic Hertzsprung-Russell (H-R) di-
agram with the 22 stars in our sample, where we used the mean
large frequency separation ((Av)) instead of the luminosity on
the vertical axis. There could be a small difference between
the mass derived by Chaplin et al. (2014) and the position of
the star on the HR diagram that could be due to differences in
metallicity.

In order to verify that the modulations observed in the light
curves were genuine and not due to pollution from nearby stars
(active or classical pulsators), the pixel data of each star were
examined. We first checked the full frame image of the corre-
sponding channels provided by the Mikulski Archive for Space
Telescopes (MAST) to ensure that the considered stars were not
included in the halo of a nearby pulsating star, which could ac-
count for a false modulation of the obtained light curve. This
was not the case for any of the stars in our study. We then per-
formed a more thorough verification using the pixel data itself
(see Mathur et al., in prep.). For each star, we divided the se-
lected stellar mask into several areas, typically four quadrants,
and looked for the modulation in the light curves extracted from
these sub masks. The presence of a nearby pulsating star in the
mask of the observed star could have led to the presence of a
modulation of the signal in a limited area of the mask. As this
was not the case for the stars studied in this paper, we can reason-
ably consider that the observed modulations of their light curves
are intrinsic.
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Fig. 2. Modified HR diagram showing the sample of 22 F stars anal-
ysed. Red symbols represent the stars that are discussed in Sect. 4.2:
with long-lived features, with cycle-like behaviour, or with a trend in
the magnetic proxy. Blue symbols correspond to stars where no clear
cycle is observed for the duration of the observations also referred as
the “Other” category in Table 2. The size of the symbols is inversely
proportional to the surface rotation period of the star. The position of
the Sun is indicated by the ® symbol, and evolution tracks from Aarhus
Stellar Evolution Code (ASTEC) are shown for a range of masses at
solar composition (Z, = 0.0246). Median uncertainties on (Av) and Tg
are shown in the lower left corner of the figure.
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3. Magnetic index

It would be interesting to compute a magnetic index to quan-
tify the level of magnetic activity of different stars and be able
to compare them. To do so, we need to define a magnetic in-
dex — similar to the average Mount Wilson S -index (Middelkoop
1982) — based on photometric observations instead of chromo-
spheric ones. While studying the CoRoT star HD 49933, Garcia
et al. (2010) defined a magnetic index that is the standard de-
viation of 30-day-long subseries in the light curve, yielding a
magnetic-cycle proxy computed as the temporal variation of this
standard deviation. This calculation was later taken by Chaplin
et al. (2011) to study the impact of stellar magnetic activity on
the acoustic modes and their detectability. They slightly mod-
ified the computation of the index by measuring the standard
deviation of the Kepler light curves that were low-pass filtered
and smoothed by a 1 h boxcar.

In this paper, we propose to use the standard deviation of
the whole time series as a magnetic index of each star. We call
this index S, as a counterpart of the spectroscopic S -index. Itis
sensitive to the stellar variability but also to the photon noise opp.
There are several ways of estimating the contribution of o7y, in
the Kepler light curves. Here we used the approach proposed by
Jenkins et al. (2010). They used a sample of 1639 stars obtained
with one month of Kepler data in long cadence to infer an em-
pirical relation between the apparent magnitude of the stars and
oph. This relation was then successfully used by Mathur et al.
(2011Db) to characterise the long-cadence background of more
than a thousand Kepler red giants. We note that this relation de-
pends on the magnitude of the stars and on the way the light
curves are extracted (e.g. the size of the masks used in each star).

As said before, Sy, is obtained for the whole time series.
This allows us to minimise the effects of any instrumental glitch
in the data. However, Sy, is sensitive to the presence or to the
absence of magnetic cycles during the observations, which can
bias the magnetic index (as happens with the S -index). To assess
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Table 2. Different indexes obtained for the 22 stars.

Ref. no KIC Spn (ppm)  (Spn) (ppm) (S pn(nign)) (PPM)  (Spn(ow)) (ppm) € Ry (ppm)  Category”
1 1430163 231.7 218.0+8.4 268.1£10.2 179.8 £10.2 1.5 498.5 o
2 1435467 211.0 205.5+5.8 226.0+6.3 178.6 £6.3 1.3 506.7 T
3 3733735 271.8 2499 +11.9 3439+15.3 183.0+15.3 1.9 625.9 L+C
4 4638884 148.7 134.1+4.5 213.1+6.4 99.5+6.4 2.1 281.0 o
5 5371516 321.6 310.7+10.6 361.4+11.7 264.0 £11.7 1.4 581.8 o
6 5773345 85.9 822+23 102.2+£2.7 70.8 £2.7 1.4 167.8 o
7 6508366 259.1 2473+9.3 3102+11.3 210.6 £11.3 1.5 402.0 o
8 7103006 406.6 391.9+13.1 470.5+15.5 318.1+15.5 1.5 672.2 o
9 7206837 255.8 247.1+9.1 302.2+10.9 206.8 £10.9 1.5 438.3 L
10 7668623 851.9 820.7+25.6 1020.2 +30.6 671.0 £30.6 1.5 1630.2 L
11 7771282 112.0 109.5+2.8 128.1+3.1 93.7+3.1 1.4 210.7 o
12 7940546 74.8 71.7+£1.6 86.8+1.9 61.6+1.9 1.4 180.5 o
13 8026226 141.8 139.1+3.0 164.2+3.5 1249 +3.5 1.3 265.9 o
14 9226926 108.9 103.7+5.4 124.8£6.2 87.3+6.2 1.4 238.3 L
15 9289275 222.8 215.8+4.8 260.1 £5.6 180.9+5.6 1.4 452.6 O
16 9812850 228.7 2247+7.4 260.3 +£8.4 191.6 + 8.4 1.4 526.7 o
17 10016239 78.6 75.2+3.0 94.8+3.5 61.4+3.5 1.5 149.9 o
18 10162436 95.2 91.5+25 111.4+£3.0 71.6+3.0 1.6 225.6 o
19 10355856 321.0 3152+11.2 3545+13.1 287.3+13.1 1.2 683.5 L
20 10644253 433.4 385.1+8.9 625.1+£13.1 278.5+13.1 2.2 507.8 C
21 11070918 162.9 152.2+7.0 196.8 £8.6 1159 +8.6 1.7 210.3 L
22 12009504 137.6 131.2+3.4 191.2+4.7 113.0£4.7 1.7 210.0 T
Sun (G+R) 192.2 166.1 £2.6 258.5+3.5 89.0+1.5 2.7 296.7 C

Notes. Columns: the standard deviation of the whole time series (S ), the magnetic index corrected from the photon noise as defined in Sect. 3
({S'pn)), the magnetic index at high activity ((S pn(7hign))), the magnetic index at low activity ({S pn(f210w))), the contrast (C), and the range (Ry,) as
defined by Basri et al. (2011) and corrected for the photon noise. > C = Cycle; L = Long-lived spots/active regions; T = Trend; O = Others . See

Sect. 4.2 for explanation.

the existence of variations in the activity levels in a given star we
also compute S, locally, during low and high activity periods,
to determine the ratio or contrast between periods with different
average activity. To do so, we first measure the standard devia-
tion for independent subseries of length k X P;o, where £ is fixed
to 5. Indeed, we have verified that when k > 3, the standard devi-
ation converges towards a constant value ensuring the universal
character of this index. Then we select the subseries where the
standard deviation is smaller (m1,y) or greater (npign) than S .
We also define another global index (S ) as the mean value of
all the subseries we have, after removing the null values. This pa-
rameter is very close to S pp. Figure 1 (bottom lower panel) shows
an example of the sigma computed for the different subseries for
one star in our sample: KIC 3733735. The dashed line represents
the mean value of the standard deviation (S py). We also note that
these indexes are sensitive to the inclination angle of the star.
The ratio

C = (S pn(7nign)}/ (S ph(110w)) D

gives a value of the contrast between periods of high activity
and low activity during the observations. This is a useful way to
disentangle stars potentially showing a magnetic activity cycle
during the observations.

In Table 2 the global (S,,) index corrected for the pho-
ton noise as computed above, as well as the local indexes, also
corrected for the photon noise: (S pn(710w)) and (S pn(fnign)), are
given for the 22 F stars and the Sun using subseries of length
5 X Pyot. To compute the solar magnetic index (S ;p0) we used
the photometric data recorded by the Sun Photometers (SPM),
belonging to the VIRGO (Variability of solar Irradiance and
Gravity Oscillations; Frohlich et al. 1995) instrument on board
the Solar and Heliospheric Observatory (SoHO). We summed
the two channels (green and red) to be close to the Kepler
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bandwidth and rebinned the data so that they have a sampling
of 30 min like the Kepler long-cadence data. We obtained a value
of (Spne) = 166.1 ppm for the mean activity level of the Sun
integrated over the last 16 years (most of cycle 23 and the ris-
ing phase of cycle 24) (see Garcia et al. 2013, for more details).
Finally, we computed the associated statistical uncertainties € by
taking the dispersion between the different subseries used for the
calculation of (S p).

Figure 3 shows the mean activity index (S,,) for the
22 stars and the Sun. We notice that (S ;) varies between 70
to 900 ppm with an average activity level for our sample of stars
at around 220 ppm showing that the magnetic activity of our
set of stars is in general slightly larger than the mean activity
level of the Sun. This is not in agreement with the results by
Baliunas et al. (1995) who concluded that the F stars observed
by the Mount Wilson survey had low S -indexes with a rather flat
behaviour or a long-term variability, which they attributed to the
lower chromospheric activity of these stars. Our analysis sug-
gests that the photospheric activity is larger compared to the Sun.
However, we have not taken into account any projection effects
due to lower inclination stellar angles. Finally, KIC 7668623 has
the largest value of the magnetic index. This case is further dis-
cussed in Sect. 4.2.

We also show the contrast, C, between the maximum and
minimum activity (Fig. 4). While most of the stars lie between 1
and 2, the Sun stands higher at 2.7. Only one star is close to the
Sun, KIC 10644253, and we come back to it in the discussion.

Finally, we compute the range or variability index Ry, de-
fined by Basri et al. (2011, 2013). They take subseries of 30 days
and compute this index by ranking all the points of the light
curve and removing the 5% of the points with the lowest and
highest flux values. Then they measure the difference between
the highest flux and the lowest flux remaining, which gives the
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Fig. 3. Mean magnetic index (S ) identified by the star number given
in Table 1. The stars are represented with different symbols according to
their category in Table 2: L (red triangles), C (blue filled circle), T (pink
squares), and O (open circles). KIC 3733735 is represented with the
blue star since it belongs to both categories L and C. We superimposed
the mean index of the Sun (S jh0) = 166.1 + 2.6 ppm (dashed line), the
index at low activity (S p(r0w)), (dot dash line), and the index at high
activity (S pp (mhign)) (triple dot dash line) obtained with the VIRGO data.

30~~~ T T T T T T T T T T T
2.5 -
i ° ]
i o i
o 20r _
X ]
- A .
B 00 |
1.5 I O 0O O a o AO 1
L O O o 4
L A i
1‘0 i L L n " 1 " " " " 1 " " " " 1 n " " " 1 " " " " i
0 5 10 15 20 25

Star number

Fig. 4. Contrast, C, between high and low magnetic activity for the 22 F
stars for k = 5. The dashed line represents the contrast for the Sun
obtained with the VIRGO data. Same legend as in Fig. 3.

range of flux spanned by the time series. The final index is the
median value of all the subseries. Because this analysis is done
for subseries of 30 days, it assumes that the rotation period of
the star is shorter than 30 days, otherwise we cannot follow the
change of the active regions. Fortunately for our stars, the rota-
tion periods are below 12 days. The values of R, are given in
Table 2 and they are also corrected for the photon noise. We no-
tice that some stars with large values of (S ) do not have large
values of R,,. This is an inherent consequence of the defini-
tion of Ry,;. Assuming a proper correction of the light curve, the
truncation of the highest 5% of the signal removes the highest
activity points and results in a lower index relative to (S pn).

4. Time-frequency analysis: Magnetic cycle proxy

It is also interesting to study the temporal evolution of the mag-
netic activity of the stars and look for signatures of any cycle-
like behaviour. To perform a time-frequency analysis, we used

the wavelets tool developed by Torrence & Compo (1998), in-
cluding the correction by Liu et al. (2007), and adapted for as-
teroseismology by Mathur et al. (2010b). It consists of looking
for the correlation between the time series and a mother wavelet
with a given period. We chose the Morlet wavelet, which is the
convolution between a Gaussian function and a sinusoid. Then
we slide the wavelet along time in the time series and we vary
the period in a given range. This produces the wavelet power
spectrum (WPS) represented in Fig. 1 (middle panel). Given the
stellar rotation period, we project the WPS on the time axis in
a small region around this period. This leads to the scale aver-
age variance (SAV, bottom panel in Fig. 1), which corresponds
to a magnetic proxy of any magnetic activity cycle. This ensures
that the magnetic proxy is only related to structures rotating with
the rotation period of the star and is not affected by a localised
problem due to a bad correction of the Kepler data.

4.1. The Sun

For this analysis, we used the VIRGO/SPM data again. Garcia
et al. (2013) applied the same methodology that we have used
in this work to 16 years of solar data measured by SoHO. In
Fig. 5 of this paper the scale average variance was compared to
a typical solar magnetic activity proxy, the solar radio flux at
10.7 cm. We also note in their plot that during the rising phases
of cycles 23 and 24 and during the maximum of cycle 23, some
spikes appear in the magnetic proxy with a much higher ampli-
tude compared to the minimum magnetic activity period. These
features were also present in the solar radio flux, reinforcing the
idea that the scale average variance is a good magnetic activity
proxy at all temporal scales.

From the Kepler observations, we do not expect to observe
many complete activity cycles. This might be possible only for
a handful of stars among the fastest rotators. We investigate here
if the SAV is able to disentangle the different phases of a cycle
when the observations span only part of it. This analysis will
also allow us to characterise features that could help us later to
identify at which moment of the magnetic cycle the stars are
observed when only a portion of their activity cycles is sampled.

To better interpret the results of the wavelet analysis for our
sample of F stars, we divided the VIRGO/SPM data into chunks
of 2000 days starting on 11 April 1996. This corresponds to an
observation length that is 70 times the equatorial rotation period
of the Sun, which is ~26 days. This is the case for our sam-
ple of Kepler stars, for which the rotation periods are shorter
than 12 days ,and for which we have observed at least 70 rotation
periods. The different subseries that we analysed are representa-
tive of different periods in the magnetic activity cycle of the Sun:
the rising phase of cycle 23, the maximum activity of this cy-
cle, its decrease, and the extended minimum between cycles 23
and 24. For the following study, the scale average variance was
obtained projecting all the wavelets between 6 and 60 days to
be very conservative and to include the second harmonic or the
rotation period of ~13 days.

The top left panel in Fig. 5 corresponds to the increase in
activity for cycle 23. We see that in the first 1000 days the mag-
netic proxy is very flat. After that flat period, the magnetic proxy
increases, so the wavelet analysis is able to see the rise in the
magnetic cycle.

The analysis of the period between 1000 and 3000 days,
which includes the rising phase and the maximum of the mag-
netic activity cycle, is shown in the top right panel in Fig. 5. We
notice that the magnetic proxy has quite a few high peaks whose
amplitudes increase slightly. But having only these 2000 days
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of data at this given moment would not have allowed us to de-
termine in which exact period of the cycle we are observing the
Sun, except that it is quite active.

The bottom left panel in Fig. 5 represents the analysis of
the maximum of cycle 23 and the beginning of the decrease of
the cycle between 2000 and 4000 days. The magnetic proxy is
flatter than the previous phase with amplitude peaks that are not
as high. In particular, the last 800 days are flat and very similar
to the first 1000 days of data.

Finally, the bottom right panel in Fig. 5 corresponds to the
decrease of cycle 23 and the extended minimum between cy-
cles 23 and 24. A few peaks are still present during the decrease
of the cycle but after 4000 days the magnetic proxy is even flat-
ter than the top left panel of the figure, so our magnetic proxy
does see the extended minimum.

From this thorough analysis, we can say that the magnetic
proxy SAV allows us to flag a rise or decrease in a magnetic
activity cycle and therefore to uncover a cycle-like behaviour.
However, if we observe most of the maximum activity cycle, it
is very complicated to determine if the star is close to the rise
or the dawn of the cycle. This is where the magnetic index S
intervenes and can help to disentangle in which situation the star
is observed.

‘We note that this analysis is done for the Sun, which has an
inclination angle of 90°, but this will not be the case for all our
stars. We come back to this problem in Sect. 5.2.
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4.2. The Kepler F stars

We performed a time-frequency analysis by applying the
wavelets to the 22 stars in our sample (see Fig. 1 and
Appendix A) yielding their magnetic activity proxy as defined
above. The projection on the time axis was computed in a range
of periods that takes into account the power seen in the WPS.
The range used for each star is given in the caption of the fig-
ures. We notice different patterns that could correspond to dif-
ferent magnetic behaviour that is intrinsic in the stars and we
divide our sample into four groups: stars with long-lived fea-
tures (probably spots or active regions), stars with a cycle-like
behaviour, stars that show an increase or decrease in the mag-
netic proxy, and stars that do not show any clear modulation in
the magnetic proxy.

The first group consists of six stars: KIC 3733735,
KIC 7206837, KIC 7668623, KIC 9226926, KIC 10355856, and
KIC 11070918. We call this group “L” for long-lived features.
For these six stars, we note that their WPS have a high level
of power throughout almost all of the observation period. This
suggests that there are spots or active regions that are present
around the same region (or longitude) at the surface of the stars
for a long period of time. Two of these stars, KIC 3733735
and KIC 9226926, have their magnetic proxies that increase
and decrease with time. This could be due to either an increase
in the number of spots (similar to what we observe for the
Sun) or a beating between two close frequencies that are very
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stable with time (active regions or modes). This is developed
further in Sect. 5.1. In addition, KIC 7206837, KIC 7668623,
KIC 10355856, and KIC 11070918 have strong power in the
second and sometimes third harmonics of the main period of ro-
tation. This is probably due to the existence of several long-lived
active regions at given longitudes on the surface of the stars. In
particular, the magnetic proxy of KIC 9226926 shows a modu-
lation of about 540 days on average while KIC 10355856 has a
modulation of approximately 30 days in the magnetic proxy. We
also note that KIC 7668623 has some large peaks in the SAV,
which could be related to a low inclination angle of the star.

The case of KIC 3733735 is very interesting because we ob-
serve two different modulations. The one of ~90 days seems very
similar to the previous stars suggesting the presence of stable ac-
tive regions. This modulation appears to be triggered by the other
modulation, which corresponds to a flat magnetic proxy during
the first 600 days of observations followed by a progressive in-
crease and decrease. This large envelope is very similar to what
we observe in the Sun during one cycle giving us a hint that one
magnetic cycle is observed for this star.

The second group of stars (listed as “C” in Table 2) corre-
sponds to those with cycle-like behaviour: KIC 3733735 (also
in the previous category of long-lived spots) and KIC 10644253.
The second star shows a few large peaks in the magnetic proxy
suggesting that this star is observed with a low inclination angle
and for which two magnetic cycles could have been observed.

The third group (listed as “T” in Table 2) contains two
stars that show some trend in the magnetic activity proxy.
KIC 1435467 seems to show a slight increase in the magnetic
proxy. The SAV of KIC 12009504 has a slight decrease and then
an increase in the magnetic proxy. This might correspond to the
observation of the transition from one cycle to the following one.
Unfortunately, since it is difficult to interpret these trends when
we do not see any flat behaviour, more data are needed to con-
firm these conclusions.

The fourth and last group contains 13 stars (category “O”
in Table 2) that do not show any modulation that looks like a
cycle. The magnetic proxy of these stars is more chaotic. A few
simple explanations can be given for these stars: 1) the cycle
period is longer than the observation length preventing us from
observing a cycle; 2) these stars do not have regular cycles; or 3)
their inclination angles are low.

Since the magnetic proxy depends on the range of periods
where we project the WPS, we cannot directly compare the ab-
solute values of our stars with our study of the Sun. However,
we can still compare the global behaviour of the proxy.

The stars KIC 1430163, 5371516, 5773345, 7103006,
9812850, and 10016239 show a large number of peaks in the
magnetic proxy as well as an almost continuous power in the
wavelet power spectrum. This suggests that these stars have ac-
tive regions that evolve, appear, and disappear with time. This
looks very similar to the analysis of the VIRGO data during the
rise and maximum of the cycle (top right panel in Fig. 5). As
said before, these stars could be in a non-cycling state or being
observed during a maximum of a much longer activity cycle.

We note that KIC 4638884 has large peaks in the magnetic
proxy. This could be related to the inclination angle of the stars
and the position of the active latitudes. We discuss these cases
further in the next section.

We find six stars (KIC 6508366, 7771282, 7940546,
8026226, 9289275, and 10162436) that have very erratic be-
haviour preventing us from confirming any cycle or magnetic-
related cycles detection.

5. Discussion
5.1. Long-lived features

In Sect. 4.2, we mentioned two stars, KIC 3733735 and
KIC 9226926, where we see an interesting modulation in the
magnetic proxy that could be due to the magnetic activity cycle
of the stars. One of these stars has a rather high magnetic in-
dex (S pn) 0of 249.9 ppm while the other star has a rather low value
of 103.7 ppm. We looked in more detail into the low-frequency
part of their power spectra around the rotation period found.
We noticed that these stars have two or three high-amplitude
peaks very close to each other. The existence of two close fre-
quencies, f; and f>, leads to a beating effect generating a sine
wave of frequency f; + f, modulated by an envelope with a fre-
quency f> - fi.

For KIC 3733735, the two highest peaks are located at 4.4
and 4.5 yHz. The envelope of the beating should have a fre-
quency of 0.1uHz, i.e. 116days. By computing the Fourier
transform of the magnetic proxy, we obtain a peak at 0.13 uHz,
i.e. 89days. So the modulation observed is probably due
to the beating of two frequencies. KIC 9226926 also has
two main peaks in the power spectrum that have frequencies
of 5.237uHz and 5.259 uHz. The beating effect leads to a
frequency of 0.022uHz, i.e. 513 days. We also computed the
Fourier transform of the magnetic proxy and found a frequency
of 0.025uHz, i.e. 463 days. This also confirms that we are not
observing the magnetic cycles of the star but a result of the beat-
ing effect. The detection of two frequencies for the rotation mea-
surement implies that for these two stars we are observing the
signature of the latitudinal differential rotation.

We also looked at the phase of these features and noticed
that their phases are very stable with time, i.e. the features are
present around the same region on the surface for a long pe-
riod of time (approximately 1000 days). These long-lived fea-
tures can be produced by long-lived spots or active regions, by
the presence of active longitudes yielding to the appearance of
spots at a given longitude, or by classical pulsations. We favour
the first two explanations for two reasons. According to their
fundamental parameters, we do not expect these stars to be in
the instability strip. In addition, the morphology of their light
curves is typical of spotted stars. If we were in the presence of
pulsations, the modulation of the light curve would be strictly
sinusoidal possibly with a modulation due to starspots super-
imposed. However what we observe is a nearly sinusoidal sig-
nal during the minima of the modulation and a sine wave more
or less truncated at the maxima. This truncated sinusoidal sig-
nal is characteristic of starspots, where the nearly flat part cor-
responds to the continuum of the luminosity because of a low
number of spots. Figure 6 illustrates this with 20 days of data for
KIC 3733735, where this effect is clearly visible. This figure can
be directly compared to the one obtained through simulation by
Walkowicz et al. (2013, their Fig. 1). They also point out that the
visibility of this continuum increases with the inclination of the
star, a correlation corroborated by the inclination angle of 30°
for this star.

After ruling out the pulsation scenario, two explanations re-
main: the active regions are very stable or they are generated
at the same longitude, also called the active longitudes. These
active longitudes or active nests have been observed in the Sun
(de Toma et al. 2000) and seem to last for several rotation pe-
riods. This has also been seen in stars with a nearby compan-
ion (e.g. Lanza et al. 2011) whose interaction would generate
a stable spot on the surface of the star. However, no signature
of such a companion has been detected for these two stars. We
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Fig. 6. Light curve of KIC 3733735 at a maximum of the amplitude
(black). The blue line is a sine wave whose frequency corresponds to
the maximum of the light curve spectrum. The truncated upper parts
of the real light curve are clearly visible while the lower parts are very
similar to the pure sine wave. This shape is characteristic of starspots
with surface rotation.

notice that the long-term feature appears in KIC 3733735 once
the second modulation (attributed to a magnetic cycle here) in-
creases. This would mean that these active longitudes are re-
lated to internal changes, such as the dynamo mechanisms oc-
curring inside the star. In particular this has been studied theo-
retically with dynamo models (Berdyugina et al. 2006; Weber
et al. 2013).

5.2. Magnetic index and other parameters

Having defined a magnetic index and a magnetic cycle proxy for
all the stars, we can study if the combination of both pieces of
information can help to better understand the magnetic activity
of the stars and the existence of regular cycles.

The two stars that show an increase or decrease in activity,
i.e. a slope in the magnetic proxy, have a magnetic index (S pn)
lower than the maximum activity of the Sun ((S pn(7high))) SO
unfortunately we cannot say anything more about these stars. We
also notice that stars with high amplitude peaks in the magnetic
proxy usually have larger magnetic indexes, while the stars with
a more erratic behaviour have lower indexes in general (although
with a few outliers).

Finally, the two stars with broad peaks in the magnetic proxy
(KIC 7668623 and KIC 10644253) have the highest values
of (Spn). As said in Sect. 4.2, these stars might reflect a config-
uration where the inclination angle of their rotation axis is low
but high enough so that we can see the signature of the rotation.

For 16 stars in our sample, Bruntt et al. (2012) could estimate
a vsini. Using these values in combination with the estimation
of the radius of the star from scaling relations and the rotation
periods we have inferred, we can deduce the inclination angle i.
It appears that in general i varies between 20 and 60°. For three
stars (KIC 7940546, 10016239, and 12009504), the sini was a
little larger than 1 but also slightly lower than 1 with the un-
certainties. So we assumed that their inclination angle must be
close to 90°. This could be due to some errors in the seismic pa-
rameters. The angle of inclination is an important parameter be-
cause it affects the observation of the magnetic cycle as studied
by Vazquez Ramié et al. (2011). They showed that the maximum
occurs later and has a lower amplitude than in the 90° case. This
means that the minimum appears to be longer. In addition, they
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Fig.7. Magnetic index (S ) versus Py, using the same legend as in
Fig. 3. The dashed line represents the magnetic index for the Sun.

noted that the second harmonic of the rotation disappears. The
star KIC 4638884 has an inclination angle around 25° and this
could explain the shape of the magnetic proxy. The other star
with a similar proxy (KIC 10644253) has an inclination angle
of ~43°. The large uncertainty associated with this angle does
not rule out the low inclination angle scenario.

One thing that is unknown for the stars is the latitude where
the starspots or active regions appear. If the star is observed pole
on and the active regions appear close to the pole, then we would
be sensitive to the lifetime of the active region. If the active lati-
tudes are located around 30° like the Sun and the star is observed
almost pole on, we would still be able to determine the surface
rotation period of the star but the effect of the active region will
be weakened in the light curve because of projection effects that
will diminish the observed size of the pattern.

A relation between the S -index and the rotation period has
been established by Saar & Brandenburg (2002). In Fig. 7 we
show (S,n) as a function of P At first sight no clear correla-
tion appears, but if we look at the stars that show evidence of
long-lived features (red triangles), a slight correlation seems to
be present. Saar & Brandenburg (2002) observed the opposite,
that there was an anti-correlation, but we note that their result
concerns stars where they observed magnetic cycles while our
subsample only shows long-lived features.

We looked for evidence of correlation between the magnetic
index of our stars ((S,n)) and a few stellar parameters we have
access to. It would be interesting to see if the hottest stars have
generally larger magnetic indexes or not. According to Lovis
etal. (2011), who measured the CaHK index Ry, for 300 FGK,
stars with an effective temperature above 5600 K showed a mag-
netic cycle semi-amplitude smaller than for cooler stars. The
F stars in our sample show a slight anti-correlation where hotter
stars have smaller magnetic indexes, going in the same direction
as the Lovis et al. (2011) results.

We expect that magnetic activity declines with age. The
mean large separation Ay gives a hint about the evolutionary
stage of a star. However, we did not find any clear correlation
between (S py) and Av.

The contrast as a function of the evolutionary stage (Fig. 8)
presents a slight correlation, which could suggest that more
evolved stars seem to show a smaller contrast, which means that
the change in luminosity due to magnetic activity becomes less
prominent. However, the correlation rate is 40%, which is not
negligible. We still have to be cautious because for most of the
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Fig. 8. Contrast between maximum and minimum activity regions as a
function of the mean large separation (Av). Using the same legend as in
Fig. 3. The Sun is represented with the symbol ©.

stars we do not see a complete cycle, if such a cycle exists in all
F stars, which could bias our analysis.

5.3. Rossby number

Noyes et al. (1984) studied the magnetic activity of low main-
sequence stars that had Call H and K line measurements at
the Mount Wilson. They showed that chromospheric activity
directly depends on the Rossby number Ro = Py/7., Where
7. is the convective turnover time. Saar & Brandenburg (2002)
showed that the magnetic activity cycle period and the rotation
rate were also linked through this quantity. We computed the
Rossby numbers for our sample of stars. To ease comparisons
with previous works, we computed a convective turnover time
from the colour B — V, as done in Noyes et al. (1984). Colours
are derived from the Tycho2 catalog (Hgg et al. 2000). We have
to keep in mind, however, that this approach, where 7 is only
parametrized with a colour, is very crude. Moreover, it is not
necessarily well suited for F stars that may have very shallow
convective envelopes. These numbers are quoted in Table 3.
However, seismology allows us to perform accurate mod-
elling of the internal structure of observed stars. It is possi-
ble to compute Rossby numbers from these tailored models.
Eight stars have been modelled by the Asteroseismic Modeling
Portal (Metcalfe et al. 2009; Mathur et al. 2012, Metcalfe et al.,
in prep.). Using the mixing length theory, we defined a local
Rossby number Ro; and a global Rossby number Ro,. For the
first, the convective turnover time scale is computed as 7, =
A/vomrr, where A is the mixing length and vypypy is the con-
vective velocity evaluated half a pressure scale height above
the base of the convective envelope. For Rog, the convective
turnover time scale is computed through the whole envelope as

R . ..
Teg = fr N dr/vmrr, where rpe. is the position of the base of the

convective envelope and R the stellar radius. These results are
given in Table 3. We verify that Ro; and Ro, are closely linked
and vary similarly. We note that the large values for the Rossby
number of 12 and 125 correspond to the stars that have the shal-
lowest convective zones (depths of 5 and 2%).

Among the two stars for which a cycle has been observed,
only KIC 3733735 has seismic constraints that allow structure
modelling. The Rossby number found for this star is high enough
to suggest a long cycle period P.y compared to its rotation
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Fig. 9. Magnetic contrast C as a function of the Rossby number of the
stars modelled by AMP. The Rossby number was obtained from the
stellar models (squares) and with the equation of Noyes et al. (1984)
based on colour measurements of Tycho2 (triangles).

period Py Indeed, by renormalizing the cycle period to the ro-
tation period for this star we find Pcye > 540P; (since only
one cycle was observed), whereas for the Sun, Peye = 150P,.
These observations should give constraints for dynamo theory
that makes predictions for the link between Py /Pro; and Ro (see
Thomas & Weiss 2008).

We finally searched for a correlation between the magnetic
index and the local Rossby number. Noyes et al. (1984) showed
that there was a clear anti-correlation between the Ca II HK
flux Rj, and Ro. Recently, Marsden et al. (2013) analysed
a large number of solar-type stars with high-resolution spec-
tropolarimetric observations and found a similar anti-correlation
between the strength of the magnetic field and Ro. However,
with our sample of stars we could not find any significant
anti-correlation between (Spp), and the local Rossby number.
However, we found a small anti-correlation between the con-
trast C and the Rossby number (see Fig. 9); this result does not
agree with the results of Saar & Brandenburg (2002) who did not
find any clear correlation between the cycle amplitude and Ro.

5.4. Hints in the background

It has been observed that the increase in the Sun’s magnetic ac-
tivity is usually accompanied by the presence of bright points
(or faculae) (e.g. Karoff 2012). To investigate the background of
the power spectrum and extract its parameters for the 22 stars,
we fitted it following the A2Z method described in Mathur et al.
(2011b).

In order to have the most complete power spectrum, we
used the short cadence data allowing us to measure the photon
noise. Following Karoff et al. (2013a) we fitted the background
with one and two Harvey-like functions (Harvey 1985) by fix-
ing the slopes to 3.5 for the granulation component and 6.2 for
the higher frequency component (i.e. the bright points) to en-
sure the stability of the fits. According to Karoff (2012), the sec-
ond Harvey component could be due to faculae, then linked to
the magnetic activity. However, within our sample of F stars,
there is no evidence of a correlation between the magnetic in-
dex (S pn) and the characteristic parameters of the second Harvey
component.
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Table 3. Rotation periods, inclination angle, and Rossby numbers for the 22 stars computed with different approaches.

Ref. no KIC Proc (days) i(°) Rl Ry R,(N84) dc; (R)

1 1430163  3.88+0.58 31.75+ 7.57 1.54

2 1435467  653+0.64 47.08+10.92  3.026  2.248 5.14 0.12

3 3733735  2.54+0.16 3141+ 352 11964 8762 2.08 0.05

4 4638884  6.17+0.60 27.23+ 5.27 2.65

5 5371516 5.13+048 47.63+ 9.21 1.68

6 5773345  11.60+0.90 47.47+11.97 4.24

7 6508366  3.78+0.34 36.92+ 5.50 2.20

8 7103006  4.61+0.38 3570+ 5.46 1.21

9 7206837  4.04+025 29.76+ 406 1269  1.036 2.38 0.13

10 7668623  5.12+0.38  25.13+ 3.73 0.99

11 7771282 11.91+0.96 40.93

12 7940546  11.12+0.85 90 +20 421

13 8026226  11.14+2.16 47.57+19.80 4.17

14 9226926  2.17+0.14 5031+ 6.20 2.59

15 9289275  11.31+1.02 2.99

16 9812850  5.05+0.53 4433+ 924 2563 2.047 3.01 0.12

17 10016239 4.92+0.38 90 + 12 1.13

18 10162436 11.59+ 0.88 47.06+11.72 3303  2.267 4.91 0.15

19 10355856  4.47+ 028 2039+ 3.14 124707 70.213 3.67 0.02

20 10644253 10.89+ 0.81 43.44+14.48 0991  0.717 1.59 0.22

21 11070918  2.91+ 0.18 2.39

22 12009504  9.48 + 0.85 90 +27 1.185  0.903 2.02 0.20
Sun 26 90 1222 0923  2.108 0.30

Notes. R, and R, are local and global Rossby numbers computed from tailored models, while R,(N84) is the Rossby number derived from the
B—V colour as in Noyes et al. (1984). The last column contains the depth of the convective zone (as a function of the stellar radius) when available

with asteroseismology.

6. Conclusions

We have analysed 22 F stars that have a rotation period shorter
than 12 days to determine their magnetic indexes and study their
magnetic proxies. We defined some new indicators of the mag-
netic activity based on photometric observations. We studied the
magnetic index (S ), which is the mean value of the standard
deviations of the subseries of length 5 X P.,;. We showed that in
general, most of the stars we studied have a mean activity index
that is slightly larger than the one of the Sun.

We combined the measurement of the magnetic index with
the magnetic proxy obtained with the wavelet analysis. This
analysis showed a variety of behaviour in the magnetic activity
of the F stars. Two stars show cycle-like behaviour. The magnetic
proxy of KIC 3733735 is clearly flat over a period of 500 days
and shows an increase and decrease during the rest of the ob-
servations suggesting a cycle period of at least 1400 days. The
other star, KIC 10644253, has a magnetic proxy with two large
peaks that can be explained by the observation of two cycles for
a star that has a low inclination angle.

For two stars, KIC 3733735 and KIC 9226296, we detected
the signature of latitudinal differential rotation as we observed
the beating of two close frequencies. A group of five stars show a
clear signature of long-lived features on their surface suggesting
the existence of active longitudes on these stars.

We observed stars that present a slight increase or decrease
in the magnetic proxy, suggesting a modulation of the magnetic
activity. Finally, the last category gathers stars where no clear
modulation is seen. These stars have either a large number of
high amplitude peaks, or result from the observation with an in-
clination angle and more erratic stars.

This is very interesting because it means that stars with
similar spectroscopic constraints and rotation periods can have
very different magnetic activity behaviour: cycle-like behaviour,
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long-lived features, chaotic activity, or flat activity. To under-
stand these differences, it is important to measure the mag-
netic field of these stars but also have a detailed description
of their structure, such as the depth of their convection zones.
For the former point, four in our sample of stars (KIC 1435467,
3733735, 7206837, and 12009504) have been monitored by the
FIES spectrograph at the Nordic Optical Telescope (Karoff et al.
2013b). The analysis agrees that the star with the largest average
S-index of 0.182+0.001 is KIC 3733735. For the study of the
structure a deeper analysis will be done for the stars with long
short-cadence data.
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Fig. A.1. Wavelet analysis of KIC 1430163 (group O). Top panel: tem-
poral variation of the flux after the corrections applied as in Garcia et al.
(2011). Middle panel: wavelet power spectrum as a function of time and
period. The green grid represents the cone of influence that takes into
account the edge effects and delimits the reliable rein in the WPS. Red
and dark colours correspond to strong power while blue corresponds
to weak power. Bottom panel: projection of the WPS on the time axis
between periods of 1 and 7 days.
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Fig. A.2. Wavelet analysis of KIC 1435467 (group T). Same represen-
tation as in Fig. A.1. The magnetic proxy (bottom panel) was computed
between periods of 1.7 and 11 days.
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Fig. A.3. Wavelet analysis of KIC 3733735 (group L+C). Same repre-
sentation as in Fig. A.1. The magnetic proxy (bottom panel) was com-

puted between periods of 1 and 4.1 days.
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Fig. A.4. Wavelet analysis of KIC 4638884 (group O). Same represen-
tation as in Fig. A.1. The magnetic proxy (bottom panel) was computed

between periods of 2.5 and 12 days.
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Fig. A.6. Wavelet analysis of KIC 5773345 (group O). Same represen-
tation as in Fig. A.1. The magnetic proxy (bottom panel) was computed
between periods of 3.8 and 20 days.

Fig. A.5. Wavelet analysis of KIC 5371516 (group O). Same represen-
tation as in Fig. A.1. The magnetic proxy (bottom panel) was computed
between periods of 1.5 and 10 days.
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Fig. A.9. Wavelet analysis of KIC 7206837 (group L). Same represen-  Fig. A.10. Wavelet analysis of KIC 7668623 (group L). Same represen-
tation as in Fig. A.1. The magnetic proxy (bottom panel) was computed  tation as in Fig. A.1. The magnetic proxy (bottom panel) was computed
between periods of 1.2 and 7 days. between periods of 1.9 and 8 days.
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Fig. A.11. Wavelet analysis of KIC 7771282 (group O). Same represen-  Fig. A.12. Wavelet analysis of KIC 7940546 (group O). Same represen-
tation as in Fig. A.1. The magnetic proxy (bottom panel) was computed  tation as in Fig. A.1. The magnetic proxy (bottom panel) was computed
between periods of 3 and 20 days. between periods of 3 and 18 days.
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Fig. A.13. Wavelet analysis of KIC 8026226 (group O). Same represen-
tation as in Fig. A.1. The magnetic proxy (bottom panel) was computed
between periods of 2 and 16 days.
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Fig. A.14. Wavelet analysis of KIC 9226926 (group L). Same represen-
tation as in Fig. A.1. The magnetic proxy (bottom panel) was computed
between a period of 1 and 4 days.
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Fig. A.15. Wavelet analysis of KIC 9289275 (group O). Same represen-
tation as in Fig. A.1. The magnetic proxy (bottom panel) was computed
between periods of 2.3 and 17 days.
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Fig. A.16. Wavelet analysis of KIC 9812850 (group O). Same represen-
tation as in Fig. A.1. The magnetic proxy (bottom panel) was computed
between periods of 1.8 and 10 days.
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Fig. A.17. Wavelet analysis of KIC 10016239 (group O). Same repre-  Fig. A.18. Wavelet analysis of KIC 10162436 (group O). Same repre-
sentation as in Fig. A.1. The magnetic proxy (bottom panel) was com-  sentation as in Fig. A.1. The magnetic proxy (bottom panel) was com-
puted between periods of 1.8 and 10 days. puted between periods of 3.8 and 17 days.
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Fig. A.19. Wavelet analysis of KIC 10355856 (group L). Same repre-  Fig. A.20. Wavelet analysis of KIC 10644253 (group C). Same repre-
sentation as in Fig. A.1. The magnetic proxy (bottom panel) was com-  sentation as in Fig. A.1. The magnetic proxy (bottom panel) was com-
puted between periods of 1.7 and 8 days. puted between periods of 5 and 18 days.
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Fig. A.21. Wavelet analysis of KIC 11070918 (group L). Same repre-  Fig. A.22. Wavelet analysis of KIC 12009504 (group T). Same repre-
sentation as in Fig. A.1. The magnetic proxy (bottom panel) was com-  sentation as in Fig. A.1. The magnetic proxy (bottom panel) was com-
puted between periods of 0.8 an 5 days. puted between periods of 1.8 and 15 days.

A124, page 24 of 24


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322707&pdf_id=30
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322707&pdf_id=31

	Introduction
	Observations and data analysis
	Magnetic index
	Time-frequency analysis: Magnetic cycle proxy
	The Sun
	The Kepler F stars

	Discussion
	Long-lived features
	Magnetic index and other parameters
	Rossby number
	Hints in the background

	Conclusions
	References
	Appendix A

