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Spots on Am stars 1381

Figure 1. Periodograms of SC light curves of Am stars in theKepler�eld
which are� Scuti variables.

et al. (2011): sini = 0.95, T2/ T1 = 0.48 andR1 + R2 = 0.37a.
It is possible that the Am classi�cation is a result of a composite
spectrum.

In the other stars, the low-frequency variations are unlikely to be
due to proximity effects in a binary because the amplitudes often
vary and the periodogram lines attributed to rotation are broadened
in some stars. This is to be expected in a rotational variable because
spots change in size and intensity with time. Differential rotation,
which appears to be a general feature in A stars (Balona2013), will
also cause such broadening. As an example of rotational modulation,
Fig.3shows part of the LC PDC light curve of KIC 8323104. Quasi-
regular light variability is present with a peak-to-peak amplitude of
about 40 ppm and a time-scale of around 6 d. This cannot be a result

Figure 2. Periodograms of LC light curves of Am stars in theKepler�eld
which are not� Sct variables.

Figure 3. Portion of the correctedKepler light curve of KIC 8323104
showing regular variations.
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1382 L. A. Balona et al.

Figure 4. Top panel: part of theKepler LC light curve of KIC 8703413
showing travelling features typical of star-spots. Middle panel: periodogram
of all LC data. Bottom panel: presumed �are at JD 245 5164.88 seen in SC
data.

of proximity effects in a binary because of the irregularity of the
variations. The most plausible explanation is that it is a result of
rotational modulation due to stellar activity.

The second-last column of Table1 shows the rotation period
estimated from the periodogram. In the case of� Sct stars, there are
often many other low-frequency peaks which are always present in
any� Sct star. In this case, we identi�ed the rotation peak because
of its relatively high amplitude and the presence of an harmonic
(Balona2013). The presumed rotation period decreases withv sini,
as might be expected.

KIC 8703413 was �rst reported as an Am star by Mendoza (1974)
and subsequently classi�ed as kA2mF0 by Floquet (1975). The star
was con�rmed as Am by Catanzaro & Ripepi (2014). As can be seen
in Fig.4, theKeplerlight curve shows distinct beating and travelling
wave characteristic of star-spots (Uytterhoeven et al.2011; Balona
2013). The periodogram shown in the middle panel has a main peak
at f1 = 0.1532 dŠ1 and its harmonics. In addition, there is another
peakf2 = 0.1404 dŠ1 which looks to be a bit broader. It is not
clear how this pattern may be interpreted, but it seems reasonable to
suppose that eitherf1 or f2 could be the rotation frequency. Perhaps
both frequencies could be ascribed to star-spots if the star is in
differential rotation. No other frequencies are present. The projected
rotational velocity,v sini = 15 ± 2 km sŠ1, is compatible with the
rotation frequency, giving a radiusRsini � 1.96 R� . There are
seven radial velocities in the literature (Fehrenbach et al.1997),

which is not enough for an analysis. The velocity range is quite
large, and it is possible that the star may be a binary.

KIC 8703413 is a �are star (Balona2012) as can be seen in the
bottom panel of Fig.4. The �are intensity is about 0.7 ppt. The A
star has a luminosity of about 100 times larger than a K dwarf, which
means that if the �are is attributed to an unseen K dwarf companion,
its relative intensity would have to be about 70 ppm. The mean �are
intensities inKepler �eld K-dwarfs are about 3.3 ppt (Walkowicz
et al.2011), which means that this particular �are would have to be
of unusual intensity. In general, �ares in A stars cannot be attributed
to a cool companion since the average �are intensity is about two
orders of magnitude larger than that in a typical K or M dwarf.

For KIC 3429637, Catanzaro et al. (2011) obtained Teff =
7300± 200 K, logg = 3.16± 0.25 andv sini = 50 ± 5 km sŠ1,
values later con�rmed by Murphy et al. (2012). The remarkable
amplitude increase in the� Sct pulsations of this star has been dis-
cussed by Murphy et al. (2012). Since that time, additionalKepler
data show a more complex amplitude variation for the frequencies
of largest amplitude (Fig.5, top panel). Whilef1 = 10.337 dŠ1 and
f3 = 10.936 dŠ1 show steady amplitude changes, the steady ampli-
tude increase forf2 = 12.472 dŠ1 reverses and decreases sharply
around JD 245 5950. The latest observations indicate that the am-
plitude off2 is, once again, increasing. The time-scale seems to be
too short for an evolutionary explanation, as suggested by Murphy
et al. (2012).

KIC 5219533 has a very rich� Sct frequency spectrum, includ-
ing a large number of modes in the� Dor range. The projected
rotational velocity isv sini = 115 km sŠ1. The principal peak at
f1 = 10.2853 dŠ1 is clearly variable in frequency. The phase,� ,
varies smoothly in the range 2.0< � < 4.0 rad over 400 d which
corresponds to approximately 0.0008 dŠ1.

A recent abundance analysis of KIC 9117875 by Catanzaro &
Ripepi (2014) indicatesTeff = 7400± 150 K, logg = 3.6± 0.1 dex
andv sini = 58± 6 km sŠ1. Both Ca and Sc show underabundances
of about 1 dex, while the heavy elements are all overabundant:
0.5 dex for iron-peak elements and about 2 dex for Ba. The Am
nature of this star is thus con�rmed. TheKepler light curve shows
beating and low frequencies resembling a� Dor star, and it was
classi�ed as such by Uytterhoeven et al. (2011). However, a more
detailed examination of the periodogram shows a broad feature
at aboutf1 = 0.672 dŠ1 with a very sharp neighbouring peak at
f2 = 0.7157 dŠ1 (Fig. 6). Several harmonics off2 are visible, which
is quite unlike the structure found in typical� Dor stars. In fact, this
mysterious structure is found in a considerable fraction of A stars,
but is unexplained (Balona2013). Balona (2014b) suggests that
the sharp feature might be explained by a synchronously orbiting
planet, not necessarily transiting. Assuming thatf1 is the rotation
frequency and using the above projected rotational velocity leads to
a radiusRsini � 1.69 R� , which is reasonable for an A star.

There is a further mystery regarding this star in that it appears to
�are. In Fig. 7, we show examples of possible �ares in this star in
the Kepler LC data. It should be noted that LC data are not ideal
to detect �ares since the exposure time of 30 min is a considerable
fraction of the duration of the �are. SC data are available for this
star, but only for about 10 d during Q0.

KIC 9204718 was con�rmed as an Am star by Catanzaro &
Ripepi (2014) who �nd Teff = 7600± 150 K, logg = 3.8± 0.1 dex
andv sini = 27± 3 km sŠ1. There are clearly several low-frequency
peaks in the periodogram, as shown in Fig.8. The largest peak is
at 0.1145 dŠ1 and its harmonic. These peaks are both rather broad
suggesting amplitude and frequency modulation; in fact, the light
variation with this frequency is clearly visible in the light curve
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Spots on Am stars 1383

Figure 5. Top panel: amplitude variation of the three highest amplitude
pulsation modes in KIC 3429637 fromKeplerphotometry. The next panels
from the top shows the phase variation off1 andf2. In the bottom panel, the
time delay variation,� , derived fromf1 andf2 are phased with the orbital
period of 704.7 d. The solid line is from the orbital solution. The time of
phase zero is JD 245 4950.0.

(Fig. 8). This variation is suggestive of a star-spot, in which case
0.1145 dŠ1 would be the rotation frequency. This is reasonable since
we measuredv sini = 27± 3 km sŠ1.

Even more interesting is the presence of several harmonics of
0.5474 dŠ1. If we remove the 0.1145 dŠ1 and the� Sct frequen-

Figure 6. Top panel: part of theKeplerLC light curve of KIC 9117875. The
middle panel is the periodogram showing the broad feature,f1 and the sharp
peakf2 and its many harmonics. The bottom panel shows the light curve
when all frequencies except forf2, and its harmonics have been removed.
The data points have been averaged for clarity.

cies from the data, what is left is the 0.5474 dŠ1 variation and its
harmonics. By binning the light curve and averaging the data in
each bin, we obtained the phased light curve shown in the bottom
panel of Fig.8. There is no simple explanation for this variation.
It cannot be the rotational frequency, since this has already been
identi�ed. The light curve resembles that of a contact binary, but if
so it implies that the rotational period is not synchronized with the
orbital period.

There is a great deal of uncertainty regarding the nature of
KIC 9272082. Macrae (1952) noted its possible peculiar spectrum,
but did not give any details. Bertaud (1960) gives a classi�cation
of A5m, but Floquet (1970) classi�ed it as a normal A7 star. The
star is included as an Am star in the Renson & Manfroid (2009)
catalogue. Catanzaro & Ripepi (2014) found it to be an A4 main-
sequence star withTeff = 8500± 200 K, logg = 3.9 ± 0.1 dex
andv sini = 75 ± 7 km sŠ1. Most of the elements in this star are
somewhat overabundant by about 0.5–1.8 dex. However, Si, Cr, Ni
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1384 L. A. Balona et al.

Figure 7. Possible �ares in LC data of KIC 9117875. The labels give the
JD of peak �are intensity relative to JD 245 0000.00.

and Ba have normal abundances. Although the abundance pattern
is not typical, it does not conform to that expected for Am stars.

The light curve (top panel of Fig.9) shows distinct variations
which are con�rmed by the periodogram (middle panel). There is a
constant frequencyf1 = 1.030 58 dŠ1 and its harmonic, suggestive
of rotational modulation. The corrected LC data phased with this
frequency shows a roughly sinusoidal variation (Fig.9), which we
assume to be rotational modulation.

4 BINARY MOTION FROM TIME DELAY

It is generally thought that most Am stars are binaries with orbital
periods in the range 1–10 d (Abt1967). It is of interest to determine
whether any of the stars in our sample are spectroscopic binaries.
A pulsating star in a binary system acts as a clock. If the star is
a member of a binary system, its distance will vary as it orbits
the barycentre. The changing distance leads to a variable phase of
pulsation. The method has been discussed by Shibahashi & Kurtz
(2012) using data transformed to the frequency domain. More re-
cently, Murphy et al. (2014) has used the more direct analysis of
phase variation. Application to� Sct stars is dif�cult because of the
many close frequencies which distort the phase variation. By direct
minimization of the photometric error, it is possible to construct
a diagram similar to the periodogram where the orbital semimajor
axis is shown as a function of the orbital period (the binarogram).
This technique allows relatively quick detection of binary candi-
dates (Balona2014c).

KIC 3429637 has been discussed above in the context of its� Sct
pulsations. Fig.5 also shows the phase variations off1 andf2. We
used a window with semiwidth of 20 d and a sampling interval of
20 d. The dominant frequency,f1, shows a clear periodic variation
with P = 704.7 d. There is a rather sudden change in phase off2

Figure 8. Top panel: periodogram of KIC 9204718 showing several low
frequencies. Middle panel: part of the light curve showing the dominant
0.1145 dŠ1 frequency. Bottom panel: phased and averaged light curve show-
ing the 0.5474 dŠ1 light variation.

(corresponding to a change in frequency) at a time soon after the
sharp decrease in amplitude shown in the top panel. Close inspection
reveals that the 704.7-d period is also present in the phase variation
of f2. SC observations are available for this star, so there is no
ambiguity regarding the frequencies.

We applied the time delay algorithm described above to bothf1
andf2. Because there is a strong sudden decrease of amplitude and
frequency around JD 245 5950, we decided to use only the data up
to this date. There is still a long-term trend which was removed by
�tting a Fourier series combined with a polynomial of third degree.
The derived time delay variation forf1 andf2 are in good agreement
and both are shown in the bottom panel of Fig.5 phased with the
orbital period. By �tting the time delay variation we obtain the
orbital solution shown in Table2 and shown in the bottom panel of
Fig. 5.

For KIC 11445913 SC observations show that the dominant
peaks are atf1 = 31.5578, f2 = 25.3771, f3 = 22.1330 and
f4 = 37.8204 dŠ1. As usual there are quite a number of low-
frequency peaks, but none that could be identi�ed as due to star-
spots. The valuev sini = 51± 1 km sŠ1 (Balona et al.2011b). Time
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Figure 9. Top panel: portion of the correctedKepler light curve of
KIC 9272082. The light curve has been smoothed by a Gaussian �lter
with FWHM = 0.5 d for better visibility. Middle panel: periodogram
of the LC data. Bottom panel: binned light curve phased with frequency
f1 = 1.030 58 dŠ1.

Table 2. Binary elements of KIC 3429637
from the time delay of theKepler light curve.
The orbital periodPorb, half-range of primary
radial velocity variationK1, eccentricitye, lon-
gitude of periastron� , JD of periastronTper,
projected semimajor axis of the primarya1 sini
and mass functionf (M).

Parameter Value Units

Porb 704.7± 4.4 d
K1 1.79± 0.08 km sŠ1

e 0.61± 0.04
� 3.05± 0.02 rad
Tper 245 5204.6± 3.6
a1 sini 0.100± 0.005 au
f(M) (2.69± 0.03)× 10Š4 M�

Figure 10. Radial velocity curves derived from frequenciesf1, f2 andf3 in
KIC 11445913.

delay analysis off1, f2 andf3 shows that they have the same phase
variation, but the period, if it exists, is considerably longer than the
almost 4 yr duration of theKeplerdata. Fig.10shows the resulting
radial velocities derived from the �rst derivative of the time delay
variation. This star might be a binary with a period of around 10 yr
or longer.

5 K2 LIGHT CURVES

Owing to the failure of two of the four reaction wheels, theKepler
spacecraft has lost its pointing ability. The telescope drift is cor-
rected at regular intervals, with the result that there is substantial
image drift and a large increase in photometric error from about
20 ppm for the originalKepler �eld to about 300 ppm for theK2
�eld. Here, we present results for Am stars observed in the �rstK2
scienti�c mission, Campaign 0. The observations occur over a time
span of about 77 d, but with a large gap of 26.5 d. The total on-target
time is about 47 d. This rather short time and the much increased
scatter severely compromises detection of signi�cant frequencies
less than about 3 dŠ1.

Many of these stars were observed by theSTEREOspacecraft.
No signi�cant variability could be found for EPIC 202059291,
202059336, 202061329, 202061333, 202061336, 202061338 and
202061363 fromSTEREOobservations Paunzen et al. (2013). The
remarkably low effective temperature for EPIC 202061363 re-
ported in Ammons et al. (2006) is con�rmed by our own anal-
ysis of available multicolour photometry.STEREOobservations
of EPIC 202061349 also do not show any signi�cant variability
(Wraight et al.2012). Of these stars, we detected variability in
EPIC 202059291, 202061333 and EPIC 202061338 (see below).
Some of the stars are� Sct variables. The periodograms of the
� Sct stars are shown in Fig.11. The effective temperature of
EPIC 202062436 was obtained through our own analysis of the
multicolour photometry.

EPIC 202061353 is a known� Sct star fromSuperWasppho-
tometry (Smalley et al.2011). This is con�rmed by theK2 data
(Fig. 11). The main feature is a triplet of low-frequency peaks at
1.452, 0.980 and 2.000 dŠ1 which are not quite equally spaced.

The periodogram of EPIC 202059291 shows only two signi�cant
peaks. Considering the very low amplitude, the variability is best
understood as rotational modulation with periodP = 2.984 d, but
it could also be interpreted as a contact binary. One of us (GC)
obtained a single spectrum of this star which appears to be a double-
lined spectroscopic binary. It can probably be ruled out as an Am
star. The periodogram and phased light curve is shown in Fig.12.
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1386 L. A. Balona et al.

Figure 11. Periodograms of Am� Sct stars observed in theK2
Campaign 0.

Figure 12. Top panel: periodogram of EPIC 202059291. Light curve phased
with periodP = 2.984 d.

Figure 13. Top panel: light curve of EPIC 202062447 showing typical
asymmetric light curve of a� Dor star of type ASYM. The bottom panel
shows the periodogram.

The light curve of EPIC 202062447 (Fig.13) shows that it is a
� Dor of the ASYM type (Balona et al.2011c). The periodogram
shows dominant periods of 0.912 and 0.773 d.

The �eld of EPIC 202062450 contains two stars of almost equal
brightness separated by 5 arcsec. The brighter star, FI Ori, is a
detached eclipsing binary withP = 4.4478 d and spectral type K0
III/IV (Halbedel 1985). The eclipses are very easily seen in theK2
combined light of the two stars. The fainter star, HD 256320 B
has a spectral type kA5hA8mF5 (Halbedel1985). We constructed
an aperture which only included this star, but could not �nd any
evidence of periodic variation with an amplitude exceeding 5 ppt.

6 DISCUSSION AND CONCLUSION

It is evident from Table1 that most Am stars in theKepler �eld
exhibit rotational modulation. An idea of the spot size may be gained
from the light amplitude of the modulation shown in Table1. There
are only 10 Am stars in theKepler �eld known to be rotational
variables, and the amplitude range is large. The mean amplitude
is 93± 25 ppm. The mean rotational amplitude from 875 A stars
in Balona (2013) is 541± 86 ppm. This seems to suggest that, in
general, spots on Am stars are smaller than on normal A stars, but
it is not possible to draw a de�nite conclusion owing to the small
sample.

One or more �ares appear to be seen in two con�rmed Am stars,
KIC 8703413 and KIC 9117875. The relatively large �are intensities
imply that if the origin of the �are is a cool companion, the �are
must be about two orders of magnitude more intense than on an
isolated cool star owing to the much larger luminosity of the Am
star. While this is not impossible, it seems very improbable. It is
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clear from a study of a much larger number of A stars that the �ares
cannot all be attributed to a cool companion (Balona2012, 2013).

The presence of star-spots and �ares on Am stars suggests that
Am stars may have signi�cant magnetic �elds similar in strength
to normal A stars. The magnetic �elds in both Am and normal A
stars are suf�ciently intense to form star-spots and �ares. Hence, the
idea that the super�cial metal enrichment in Am stars is a result of
the effects of diffusion and gravitational settling in the absence of
a magnetic �eld may need to be revised. Furthermore, the relative
number of pulsating Am stars is similar to the relative number of
� Sct stars among the A star population. Am stars which are� Sct
variables occupy the same region of the instability strip as normal�
Sct stars (Smalley et al.2011). All these observations are contrary
to the view that Am stars are formed by diffusion of elements in
the absence of a magnetic �eld and that� Sct pulsation in Am stars
only occurs near the red edge of the instability strip. Given these
facts, one has to conclude either that the diffusion model for Am
stars needs to be revised or that it is incorrect.

Thermohaline convection takes place when a layer of enhanced
metal abundance is formed above layers of lighter mean molecu-
lar weight. This happens in the case of accretion of predominantly
metal-rich material (Vauclair2004), and also when such a layer
is formed due to atomic diffusion. This important effect has only
recently been studied. Théado et al. (2009) �nd that accumula-
tion of heavy elements due to atomic diffusion is attenuated when
thermohaline mixing is taken into account, though not completely
suppressed. The inclusion of the thermohaline instability in A-star
models needs to be more fully investigated to see whether this can
reconcile the diffusion model of Am stars with observations.

The presence of pulsations in Am stars is only one symptom
of a more general problem which has been encountered since the
advent ofKeplerphotometry. For example, it is not understood why
less than half of stars in the� Sct instability strip pulsate (Balona &
Dziembowski2011), or why low-frequency pulsations are a general
feature of all� Sct stars (Balona2014a). Further exploration of
pulsational driving needs to be undertaken. For example, coherent
pulsations may be driven by turbulent pressure in the hydrogen
ionization zone (Antoci2014).

It is well established that stars hosting planets are metal rich,
but the reason for such metal enhancement is still a subject for
debate. The enhancement may be primordial, the result of accretion
or both. The argument against an accretion origin is related to the
mass of the outer convective zones, which varies by more than one
order of magnitude among the considered stars, while the observed
overabundances of metals are about the same. Vauclair (2004) found
that thermohaline convection mixes the accreted matter and leaves
only a very smallµ -gradient at the end of the mixing process.
The remainingµ -gradient is too small to account for the observed
overmetallicity (see also Théado & Vauclair2012). It should be
noted, however, that all these calculations are con�ned to solar-type
stars. The effect of thermohaline convection on intermediate-mass
A stars has not yet been determined.

Considering the problems encountered by standard diffusion the-
ory in explaining the properties of Am stars, it may be appropriate
to again consider the possibility that the Am phenomenon may be
a combination of diffusion with accretion. For example, Böhm-
Vitense (2006) has argued that accretion of interstellar material by
A stars with tangled magnetic �elds, which are weaker than those
in peculiar A (Ap) stars, has the best chance of explaining the main
characteristics of the peculiar heavy-element abundances in Am star
photospheres. Another look at accretion of close-in planets should
also be made. We know, for example, that accretion of comet-sized

bodies is very likely occurring in the A6V star� Pic which is sur-
rounded by a debris disc (Beust et al.1996). There is no reason to
suppose that this star is unique, and we can expect infalling material,
even of planets, to occur. As Pinsonneault, DePoy & Coffee (2001)
have pointed out, the mass of the outer convective zone decreases
rapidly for hot stars, being very thin in A stars. Therefore, one may
expect infalling material, mixed only in the thin outer convective
zone, to have a substantial effect on the observed metallicity. For
example, the mass above the base of the HeII convective zone in
a typical mid-A star is less than the mass of the Earth. Since the
original fraction of metals in the star is only about 2 per cent of the
mass of the zone, even a body much smaller than the Earth could
increase the apparent metal abundance by a factor of 2 or more. It
would be surprising if no such impacts ever occurred. Therefore,
one should not be surprised by the peculiar metal abundances in
some A stars.

The chemically peculiar	 Boo stars have an unusually low super-
�cial abundance of iron-peak elements. It is thought that this may
be a result of accretion of interstellar material as the star travels
through a diffuse interstellar cloud (Kamp et al.2008). However,
the abundance pattern in	 Boo stars is very different from Am
stars. This may re�ect differences in abundance between the metal-
poor interstellar medium and the metal-rich composition of infalling
small planetary bodies.
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