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ABSTRACT

We present the results of a study of a large sample of A and Am stars with spectral types from
LAMOST and light curves from WASP. We find that, unlike normal A stars, δ Sct pulsations in
Am stars are mostly confined to the effective temperature range 6900 < Teff < 7600K. We find
evidence that the incidence of pulsations in Am stars decreases with increasing metallicism (degree of
chemical peculiarity). The maximum amplitude of the pulsations in Am stars does not appear to vary
significantly with metallicism. The amplitude distributions of the principal pulsation frequencies for
both A and Am stars appear very similar and agree with results obtained from Kepler photometry.
We present evidence that suggests turbulent pressure is the main driving mechanism in pulsating
Am stars, rather than the κ-mechanism, which is expected to be suppressed by gravitational settling
in these stars.

Key words: asteroseismology – stars: chemically peculiar – stars: oscillations – stars:
variables: delta scuti – techniques: photometric

1 INTRODUCTION

The metallic-lined (Am) stars are a subset of the A-type
stars that exhibit weak calcium K lines and enhanced iron-
group spectral lines compared to their hydrogen-line spectral
type (Titus & Morgan 1940; Roman et al. 1948). They are
further divided into classical and marginal Am stars. The
spectral types obtained from the calcium K line (k) and
iron-group elements (m) in classical Am stars differ by at
least 5 spectral sub-types, whereas in the marginal Am stars
the difference is less. There are also the ‘hot’ Am stars with
spectral types around A0–A3, such as Sirius (Kohl 1964).
As a group the Am stars rotate relatively slowly, which is
thought to be a requisite condition for their chemical pecu-

⋆ Email: b.smalley@keele.ac.uk

liarities due to radiative diffusion (Michaud 1970). Many of
the Am stars are in relatively short period binary systems
(Abt 1967; Carquillat & Prieur 2007; Smalley et al. 2014)
and tidal synchronisation is thought to be responsible for the
observed low rotation rates in most Am stars (Abt & Moyd
1973; Wolff 1983). The results of the binarity studies indicate
that there are some apparently single Am stars that were
presumably born with slow rotation (Smalley et al. 2014;
Balona et al. 2015a).

For many years it was thought that classical Am stars
did not pulsate (Breger 1970; Kurtz 1976) due to the gravita-
tional settling of helium from the He ii ionisation zone where
the κ-mechanism drives the pulsation of δ Sct stars (e.g.
Aerts et al. 2010). However, over time evidence emerged
that some Am stars pulsate (e.g. Kurtz 1989; Henry & Fekel
2005). Recent studies using Kepler and WASP photometry
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Figure 1. The percentage incidence of Am stars as a function of
Teff . The distribution given by Smith (1973) has been transformed
from his b − y to Teff using the uvby grids of Smalley & Kupka
(1997).

(Balona et al. 2011; Smalley et al. 2011) have found that a
significant fraction of Am stars do pulsate, but with a sus-
picion that they may do so at smaller amplitudes than the
normal abundance δ Sct stars.

The Large Sky Area Multi-Object Fiber Spectroscopic
Telescope (LAMOST; Zhao et al. 2012) survey is providing
a large catalogue of low-resolution stellar spectra. These
are being automatically fitted to provide an homogeneous
determination of stellar parameters for A, F, G and K
stars: effective temperature (Teff) and surface gravity (log g)
(Wu et al. 2011). Hou et al. (2015) presented a list of candi-
date Am stars using LAMOST data release 1 (DR1) spectra
(Luo et al. 2015). From the 38 485 A and early-F stars in
their LAMOST sample, they identified 3537 Am candidates
and gave k and m spectral types.

The ∆ index presented by Hou et al. (2015) is defined
as the numerical difference in the k and m spectral types.
This value is used as the metallicism index in this study to
separate classical Am stars from the marginal ones. Values
of ∆ > 5 are indicative of classical Am stars, while we use
1 6 ∆ < 5 for marginal Am stars. Fig. 1 shows that the in-
cidence of Am stars in this study as a function of Teff is con-
sistent with the earlier study of Smith (1973) and that the
marginal and classical distributions are somewhat bimodal,
with classical Am stars prevalent at lower temperature. As
also seen in Smith (1973), the incidence of Am stars drops
dramatically for stars cooler than Teff ≃ 7000K.

In the present work we present the results of a search
of the A and early-F stars in the LAMOST DR1, as
used by Hou et al. (2015) in their search for Am stars,
which have sufficient Wide Area Search for Planets (WASP,
Pollacco et al. 2006) photometry to obtain the pulsation
characteristics of the sample. The sample also allows for the
investigation of pulsation incidence as a function of metal-
licism. In the context of this study the A and early-F stars
not listed as Am candidates will be referred to as “other A
stars” rather than “normal” A and F stars, since the sample
contains a contribution from other chemically peculiar stars,
e.g. Ap and λ Boo stars (e.g. Wolff 1983).

2 SAMPLE SELECTION

The WASP project has been surveying the sky for transit-
ing extrasolar planets using two robotic telescopes, one at
the Observatorio del Roque de los Muchachos on the island
of La Palma in the Canary Islands, and the other at the
Sutherland Station, South African Astronomical Observa-
tory. Both telescopes consist of an array of eight 200-mm,
f/1.8 Canon telephoto lenses and Andor CCDs, giving a field
of view of 7.8◦ ×7.8◦ and pixel size of around 14 arcsec. The
observing strategy is such that each field is observed ap-
proximately every 10min, on each observable night. WASP
provides good quality photometry with a precision better
than 1 per cent per observation in the approximate magni-
tude range 9 6 V 6 12.

The WASP data reduction pipeline is described in detail
in Pollacco et al. (2006). The aperture-extracted photome-
try from each camera on each night is corrected for primary
and secondary extinction, instrumental colour response and
system zero-point relative to a network of local secondary
standards. The resultant pseudo-V magnitudes are compa-
rable to Tycho V magnitudes. Additional systematic errors
affecting all the stars are identified and removed using the
SysRem algorithm of Tamuz et al. (2005).

For this study, the WASP archive was searched for light
curves of stars with coordinates coincident with those of
the LAMOST spectra to within 10 arcsec and with the re-
quirement that at least 1000 photometric data points were
available. Following the procedures of Smalley et al. (2011)
and Holdsworth et al. (2014), amplitude spectra were calcu-
lated using the fast computation of the Lomb periodogram
method of Press & Rybicki (1989) as implemented in the
Numerical Recipes fasper routine (Press et al. 1992). The
periodograms were calculated covering the frequency range
0 to 150 d−1 for 30 282 stars in the LAMOST DR1 sample.
Each periodogram was automatically searched for amplitude
peaks with a signal-to-noise ratio (SNR) greater than 4 rel-
ative to the median background amplitude noise level and a
false alarm probability (FAP) less than 0.1. For a peak to be
deemed real it must be present in more than one season of
WASP photometry and have the same frequency to within
the Rayleigh criterion (∼ 0.01 d−1).

The diurnal gaps between successive observing nights
introduce considerable sampling aliases in the amplitude
spectra of most WASP light curves. Peaks which had a fre-
quency within a Rayleigh criterion of the sidereal day fre-
quency were rejected. Alias peaks due to frequencies n times
the sidereal day frequency were also rejected, but with the
Rayleigh criterion reduced by

√
n. This

√
n reduction was

obtained empirically, based on an examination of all the
peaks found in the sample, and models the diminishing fre-
quency width of an alias peak above the background noise
level as n increases. This considerably reduced the number
of false-positive frequencies selected, but did not completely
eliminate them. In addition, the same empirical relationship
was used to remove the day aliasing of other found frequen-
cies.

As the WASP pixels are relatively large, blending can
be an issue, especially for fainter targets. By applying a re-
quirement that no target shall be blended by more than
20 per cent within a 64 arcsec radius, the number of stars in
the sample was reduced to 10 525, with 864 (9.3 per cent)
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Figure 2. The WASP median periodogram background noise at
10 d−1 against R magnitude. The black dots are those stars found
to pulsate, while the grey dots are those which were not found to
pulsate.

being from the Hou et al. (2015) Am star list. The blending
calculation was performed using the R magnitude photom-
etry given in the Naval Observatory Merged Astrometric
Dataset (NOMAD) catalog (Zacharias et al. 2004).

Of the 10 525 stars in our sample, around 1500 were
identified as pulsation candidates. These were subjected to
a separate more intensive analysis, involving a non-linear
least-squares sinusoidal fit to the individual light curves, in
order to obtain the frequencies and amplitudes of the signals
present. In this work the term amplitude refers to the semi-
amplitude and not the peak-to-peak light variation. Up to
a maximum of 5 frequency–amplitude pairs were selected;
fewer if the FAP rose above 0.1. Finally, the stars were visu-
ally inspected with period04 (Lenz & Breger 2005) to con-
firm their variability characteristics.

The detection threshold for WASP data was estimated
by Smalley et al. (2011) to be around 1mmag. A more in-
depth study by Holdsworth (2015) confirmed this and pro-
vided limits as a function of stellar magnitude. Fig. 2 shows
the WASP median periodogram background noise at 10 d−1,
where the noise level is taken as the median value of the pe-
riodogram within a bin of width 1 d−1. Since our selection
criterion for pulsations is that they must be present in at
least two seasons of data, the seasons with the lowest noise
levels are used and the noise values shown are the higher
of these two. The requirement of SNR > 4 indicates that
the detection limit is at best 0.6mmag for brighter stars,
but varies significantly from star to star and falls off at the
fainter end to above 2mmag. Given that the LAMOST sam-
ple peaks around R = 11, a typical detection limit of no
better than 1mmag is expected, with a considerable tail.

3 RESULTS

The results from the frequency analysis are presented in Ta-
ble 1. Several eclipsing binary systems were identified and
labelled using the generic ‘EB’ label. The resistant mean
method used to clean the WASP data to find pulsations
has the side effect of removing deep eclipses from the light
curves (Holdsworth et al. 2014). Stars were also labelled as
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Figure 3. Frequency–amplitude diagram for the stars found to
exhibit variability in the WASP photometry (top panel). The
dashed lines indicate the four regions discussed in the text.
The lower panel shows the Kepler results from Debosscher et al.
(2011) for stars in the in range 6000 < Teff < 10000 K for com-
parison.

being binary systems when a sub-harmonic of the principal
frequency was found. Stars with low-frequency (. 2 d−1) sig-
nals were investigated using period04 to ascertain whether
the variations could be due to other physical causes, instead
of ellipsoidal variations or pulsations. These were labelled as
‘Misc’ in Table 1. Often the classification of the variability
is inconclusive in WASP data due to the noise level.

The frequency–amplitude distribution for the variable
stars is shown in Fig. 3, with the Kepler results from
Debosscher et al. (2011) for stars with temperatures in the
range 6000 < Teff < 10000K shown for comparison. A fre-
quency of 5 d−1 for the division between δ Sct and γ Dor
stars is sometimes used. However, inspection of the WASP
results suggests that 4 d−1 might be a better choice, as this
corresponds to the minimum in the number of pulsators be-
tween the frequency domains where the two types mostly
occur. Theory predicts that γ Dor stars stars rotating with
50 per cent of the critical velocity can have modes up to 6 d−1

(Bouabid et al. 2013). Nevertheless, while the choice of cut-
off frequency is rather arbitrary, this study is concentrating
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Table 1. The results of the search for variability in WASP light curves. In column 2, n is number of frequencies (f) and peak amplitudes
(a) listed (up to 5). Column 5 gives the variable type inferred from the frequency analysis (see text for details). Only the first 10 lines
are shown here. The full 1193-line table is available online.

WASP ID n f1 a1 variable f2 a2 f3 a3 f4 a4 f5 a5

[d−1] [mmag] type [d−1] [mmag] [d−1] [mmag] [d−1] [mmag] [d−1] [mmag]

1SWASPJ000051.83+330532.9 1 35.4725 1.22 δ Sct

1SWASPJ000246.71+160538.3 5 14.9049 2.83 δ Sct 17.8839 2.24 20.6246 1.97 14.7178 1.52 26.2976 1.32

1SWASPJ000331.13+123225.9 5 1.2281 9.12 γ Dor 2.1342 7.42 1.1487 6.93 1.1140 5.13 1.2637 5.00

1SWASPJ000342.56+160511.0 2 3.8085 30.06 EB 1.9072 3.19

1SWASPJ000444.67+304222.1 4 0.5579 5.33 γ Dor 0.5666 4.51 0.6727 4.08 0.3887 3.64

1SWASPJ000534.61+292745.0 1 15.8608 2.02 δ Sct

1SWASPJ000613.54+362658.2 1 4.8405 65.22 δ Sct

1SWASPJ000811.49+322128.7 4 0.4707 12.89 γ Dor 0.6579 9.96 0.7926 9.01 0.6324 5.45

1SWASPJ000924.89+031249.6 4 2.0414 10.18 γ Dor 2.0879 5.90 1.9436 3.50 2.3354 2.53

1SWASPJ001430.18+365226.0 2 4.6587 103.51 δ Sct 9.3189 17.68

on slow to moderately rotating stars, where Bouabid et al.
(2013) predict a cutoff closer to 4 d−1. An arbitrary upper
amplitude limit for both δ Sct and γ Dor stars was chosen,
again by inspection of the WASP results, to be 60mmag.
Fig. 3 suggests that the location of Am pulsators does not
appear to be different to that of the other A stars. There are
several high-amplitude, low-frequency pulsators found which
show the characteristics of RR Lyr stars (labelled ‘RRL’ in
Table 1), plus a small group of higher amplitude δ Sct stars
(See Sect. 3.2).

To investigate the influence of atmospheric parameters
on the pulsations, we further selected only those stars for
which Teff and log g had been determined by LAMOST. Ap-
proximately 90 per cent of the original sample have stellar
parameters, which reduced the number in the final sample to
9219, with 808 of them being Am stars. The uncertainties in
Teff and log g have average values of ±135K and ±0.43 dex,
respectively. The quoted uncertainty in log g could possibly
be overestimated as it is much larger than the scatter in
the values in the current sample. In addition, the quoted
uncertainties could be larger due to the presence of binary
systems. This will mostly affect systems with moderately
dissimilar components and modest brightness ratios, since
for nearly equal stars and those with large brightness ratios
the effect will be minimal.

The location of Am and the other A stars in the Teff–
log g plane is shown in Fig. 4. The pulsating Am stars are
mostly located within the temperature range 6900 < Teff <
7600K, which is toward the red edge of the δ Sct instability
strip. Note that this region is also dominated by the classical
Am stars. At higher temperatures the decline in pulsating
Am stars appears to occur around the blue edge of the γ Dor
instability strip, but this could be coincidence. In contrast,
the other A star population of δ Sct pulsators extends to
much hotter temperatures.

3.1 γ Dor Pulsations

There are relatively few γ Dor Am pulsators in the WASP
sample. With the exception of one possibly misclassified star,
they are all to be found within the ground-based γ Dor in-
stability strip. This region also contains the majority of the
δ Sct Am stars, which suggests that they are probably hy-
brids (see Sect 4.3). However, it is not clear whether the
low numbers are related purely to temperature, or if there
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Figure 4. Temperature–gravity diagrams showing the location
of Am stars (top panel) and other A stars (bottom panel) in the
LAMOST-WASP sample. The location of the identified δ Sct and
γ Dor pulsators is also shown. The locations of the ground-based
δ Sct (solid line; Rodŕıguez & Breger 2001) and γDor (dotted line;
Handler & Shobbrook 2002) instability strips are shown, together

with the ZAMS (near-horizontal solid line).
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is interplay between peculiarity and g-mode pulsation. The
incidence of Am stars exhibiting γ Dor pulsations is roughly
half that of the other A stars. However, the lack of many
γ Dor Am pulsators is consistent with the relative low num-
ber of Am stars in the region where pure g-mode γ Dor
pulsators predominately occur. The convective envelopes of
γ Dor stars are, on average, deeper than those of δ Sct stars
and mixing by convective motions causes the peculiarities to
vanish. The γ Dor pulsators have frequencies in the range
where WASP data are most significantly affected by the di-
urnal sampling. Therefore, we will not consider these stars
any further in the current work.

3.2 Higher amplitude pulsations

As mentioned earlier, we identified a small group of δ Sct
stars with amplitudes > 60mmag. In the temperature range
6900 < Teff < 7600K there are only 10 of these stars, but
none of them have been classified as Am. Randomly picking
10 stars from the WASP sample, using the hypergeometric
probability distribution (Spiegel et al. 2001), predicts an av-
erage of 1.8± 1.2 Am stars being selected and the probability
of not picking any Am stars is 14 per cent. It is, therefore,
possible that the lack of Am stars in this small group could
be due to a sampling effect. Indeed, the lack of any such stars
in the Debosscher et al. (2011) results presented in the bot-
tom panel of Fig. 3 shows that these are not common among
the δ Sct stars in general. However, we cannot exclude the
possibility that there are no Am stars in this region due to
physical mechanisms preventing either the peculiarities or
the oscillations from occurring.

Most RR Lyr stars have Teff < 6900K and are therefore
too cool to be considered in the discussion of Am stars. In
the WASP sample of RR Lyr stars there are only four hotter
than 6900K. There is one Am candidate found in the RR Lyr
domain, AL CMi, but it has no LAMOST stellar parameters.
Literature broadband photometry of this star suggests that
Teff ≃ 7000K, putting this star within the realm of the Am
stars. Layden (1994) determined a metallicity of [M/H ] =
−0.85 for AL CMi. However, this was determined from the
relative strengths of the Ca K and the Balmer lines and
indicates that the calcium line is significantly weaker than
expected. The weak Ca K line has resulted in Hou et al.
(2015) misclassifying this RR Lyr star as a classical Am
star.

3.3 Binarity

Brightness variations consistent with being binary systems
were found for 249 stars in the WASP sample. The ma-
jority appear to show ellipsoidal variations with periods
. 3 d, while a few have Algol-like eclipses. Of the 249 bi-
nary stars, 26 also exhibit δ Sct pulsations, but none is
an Am star. However, there are only 11 Am stars among
the 249 binary systems. Previously, in their analysis of 1742
Am stars, Smalley et al. (2014) found that only 4 out of 70
(∼ 6 per cent) eclipsing binary systems found also had a pul-
sating component detectable with WASP. That pulsations
have not been detected in the 11 Am stars in the current
WASP sample is not statistically significant. In the present
work we have not performed an in-depth search for eclipsing

binary systems in the WASP light curves and, therefore, will
not consider this any further.

4 δ SCT PULSATIONS

In this study, we concentrate on the stars with δ Sct pul-
sations. These are selected as having their principal pul-
sation frequency > 4 d−1 and an amplitude < 60mmag.
Inspection of Fig. 3 reveals that there is a lack of Am
stars with principal frequencies above 40 d−1, while the
Smalley et al. (2011) results do contain some Am stars with
higher frequencies. However, this is a selection effect, as the
higher frequency pulsations tend to be found in hotter stars
(Rodŕıguez et al. 2000). All stars in the WASP sample with
principal frequency > 40 d−1 have Teff & 7800K, which is
hotter than where most of the classical Am stars are lo-
cated. Furthermore, in Smalley et al. (2011) the high fre-
quency pulsators all appear to be hotter stars. This was also
the case in Holdsworth et al. (2014), where 12 of 13 high-
frequency pulsating Am stars had Teff > 7600K, with 11
having Teff > 7800K.

The location of the majority of the Am star pulsators
is restricted to the temperature range 6900 < Teff < 7600K.
The δ Sct pulsators among the other A stars show a wider
distribution of effective temperatures, especially to hotter
temperatures. Clearly, there is a difference between the tem-
perature distributions of pulsating Am stars and pulsat-
ing other A stars. Splitting the Am stars into classical and
marginal, using the ∆ index, reveals that the classical Am
stars are concentrated towards the red edge of the δ Sct in-
stability strip, while the marginal Am stars are more spread
and peak at slightly hotter temperatures (Fig. 1). The ∆
index is also sensitive to temperature, since the Ca K line
lies on the flat part of the curve of growth (Kurtz 1978).
Therefore, the marginal Am stars also contain a contribu-
tion from the hot Am stars that may have high abundance
anomalies, but these do not show as strongly in spectro-
scopic classification criteria at higher temperatures. In the
temperature range 6900 < Teff < 7600K around 13 per cent
of the classical Am stars have been found to pulsate, while
for the marginal Am stars this rises to around 24 per cent.

4.1 Variation with metallicism

The location of Am pulsators is almost exclusively confined
to the region with Teff cooler than ∼ 7600K (Fig. 5). With
very few exceptions, there is no significant variation in the
Teff range with metallicism. Hence, the location of Am pul-
sators appears to be strongly determined by Teff and not
significantly dependent on metallicism.

There are 76 Am stars identified as having δ Sct pulsa-
tions out of a total of 439 Am stars within the temperature
range 6900 < Teff < 7600K, giving an overall incidence for
pulsating Am stars of 17 per cent. Fig. 6 shows the varia-
tion in the incidence of pulsating Am stars versus ∆ index.
There is a distinct trend with ∆ index, with the incidence
of pulsations decreasing as the metallicism increases. Both
Pearson (−0.71) and Spearman (−0.67) correlation coeffi-
cients indicate strong negative correlations, with confidences
> 99 per cent. We, therefore, conclude that classical Am

 at K
eele U

niversity on N
ovem

ber 15, 2016
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

http://mnras.oxfordjournals.org/


6 B. Smalley et al.

7000750080008500

Teff (K)

2

4

6

8

10

12

∆
 i
n
d
e
x

7000750080008500

Teff (K)

0

20

40

60

80

100

n
u
m

b
e
r

Figure 5. The location of Am stars within the Teff–∆ plane (left

panel). The light grey filled circles are the Am stars and the black
filled circles are those found to exhibit δ Sct pulsations. Note that
the different symbols have been offset slightly in ∆ for clarity.
Irrespective of metallicism the Am pulsators are mostly confined
to the region with Teff cooler than ∼ 7600K. The right panel
shows the incidence of Am stars as a function of Teff (light grey
histogram), along with those found to pulsate (black histogram).
The histogram bin width is 100K.
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Figure 6. The variation of pulsation in Am stars as a function
of metallicism index (∆). The top panel shows the number of
Am stars per ∆ index bin (grey bars) and the number exhibiting
δ Sct pulsations (black bars). The lower panel shows the incidence
of the Am pulsations. The errors bars indicate the width of the
∆ index bin and the uncertainty in the incidence caused by the
discrete nature of the small numbers per bin. In both panels the
temperature range is restricted to 6900 < Teff < 7600K.

stars are less likely to exhibit δ Sct pulsations than marginal
Am stars at the precision of the WASP photometry.

4.2 Lower amplitudes in Am stars?

The results of previous investigations into Am pulsations
have led to a suspicion that they have lower amplitudes than
normal δ Sct stars (Smalley et al. 2011). Fig. 7 shows that
there is no obvious trend in principal pulsation amplitude
with ∆. There does not appear to be any significant dif-
ference in the pulsation amplitudes of classical Am stars
compared to those of the marginal Am stars. The maximum
amplitude for pulsating Am stars is also not significantly
different from that of the other A stars. Hence, at the milli-

Figure 7. The variation of principal pulsation amplitude as a
function of metallicism index (∆). The boxes extend from the
lower to upper quartile amplitude, with the horizontal lines indi-
cating the median, and the whiskers extending from the box give
the full amplitude range. The temperature range is restricted to
6900 < Teff < 7600K.

magnitude precision of the WASP data, there is no evidence
to support the notion that Am stars might have lower pul-
sation amplitudes than other δ Sct stars.

In their analysis of 29 Am stars observed by Kepler and
K2 Campaign 0, Balona et al. (2015a) identified 12 stars
with δ Sct pulsations. Of these, 5 have at least one pul-
sation amplitude above 1mmag and, therefore, potentially
detectable by WASP. The incidence rate (17 per cent) is
consistent with that found in the current study. The re-
maining 7 stars, however, have amplitudes too low to be
detectable by WASP. The distribution of the pulsation am-
plitudes for the general population of δ Sct stars identified
by Debosscher et al. (2011) has ∼ 60 per cent with ampli-
tudes above 1mmag. Hence, this percentage implies that the
probability of selecting 7 or more stars out of 12 with ampli-
tudes < 1mmag is 16 per cent. Therefore, this small sample
does not provide strong significant evidence to support the
hypothesis that pulsation amplitudes of Am stars might be
systematically lower than those of the general population of
δ Sct stars.

To investigate this further, we have extended the sam-
ple of Am stars with Kepler/K2 photometry as follows.
The Hou et al. (2015) list of Am stars includes 67 with Ke-
pler photometry. These are principally from the LAMOST-
Kepler project (De Cat et al. 2015). The Kepler Presearch
Data Conditioning (PDC, Jenkins et al. 2010) light curves
of these, together with the Balona et al. (2015a) stars, were
analysed with period04 to obtain their principal pulsation
frequency and amplitude.

In addition, K2 has observed further Am stars from the
catalogue of Renson & Manfroid (2009) during Campaigns
1 to 41. Further inspection of the Hou et al. (2015) list re-
vealed that 16 and 5 Am stars were also observed during
Campaigns 0 and 4, respectively. The K2 light curves, ex-
tracted using the K2P 2 pipeline (Lund et al. 2015)2, were
also examined using period04.

In total, 144 Am stars were observed by Kepler and
K2. Of these, 42 (∼ 30 per cent) have principal pulsation
frequencies and amplitudes within the δ Sct range and 29

1 K2 Guest Observer programs: GO1014, GO2012, GO3012,
GO4045; all P.I. B. Smalley
2 Available from the Kepler Asteroseismic Science Operations
Centre; http://kasoc.phys.au.dk
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Pulsation versus metallicism in Am stars 7

stars have amplitudes above 1mmag. The fraction of pul-
sating Am stars with amplitudes greater than 1mmag is
64 per cent, which is consistent with that obtained above
from the Debosscher et al. (2011) sample of δ Sct stars. Fur-
thermore, approximately 20 per cent of the Am stars have
pulsations with amplitudes detectable by WASP, which is
compatible with the incidence rate found in the current
study. There is, however, a lack of Am pulsators with ampli-
tudes above 10mmag, but this could be due to the relatively
low number of pulsators in the Kepler/K2 sample.

The amplitude distributions of the Am and other A
stars from the WASP and Kepler/K2 samples are shown in
Fig. 8. The amplitude distributions for the Am and other
A stars are broadly similar. In order to ascertain whether
the WASP amplitude distributions are consistent with that
found from the space-basedKepler/K2 photometry, a WASP
observability function was generated from the distribution
of the WASP median noise background measurements (see
Fig. 2) and the SNR=4 selection criterion. The observabil-
ity function was convolved with the Debosscher et al. (2011)
and Kepler/K2 amplitude distributions in order to predict
the amplitude distributions for the Am and other A star pul-
sators expected from the WASP sample. It is evident from
Fig. 8 that the observed and expected WASP distributions
for the Am and other A stars are indeed similar.

4.3 Hybrids

There are several stars for which both δ Sct and γ Dor fre-
quencies were detected in the WASP light curves. There are
8 Am and 24 other A stars with LAMOST stellar parame-
ters in the temperature range 6900 < Teff < 7600K. They
are spread around the Teff–log g plane within the area occu-
pied by the other pulsators and not concentrated in any par-
ticular region. If these hybrid pulsators are spread equally
among the stars in the above Teff range, then there is a
20 per cent probability that at least 8 of them will be Am
stars.

In their analysis of early Kepler data, Grigahcène et al.
(2010) suggested that hybrid pulsators might be more com-
mon among the Am stars. However, a later study by
Balona et al. (2015b) did not support this suggestion, find-
ing that at Kepler precision hybrid pulsators are very com-
mon. Of the 8 Am stars with hybrid pulsations, 5 are classi-
cal and 3 are marginal. Picking 8 stars at random from the
387 Am stars in the temperature range 6900 < Teff < 7600K
results in a 74 per cent probability of at least 5 classical Am
stars being selected. However, the number of hybrids found
in the present work is rather too low to provide meaningful
statistics.

5 PULSATION MODELLING

In their analysis of the pulsating Am star HD187547,
Antoci et al. (2014) suggested that turbulent pressure is re-
sponsible for a large part of the excitation in the H/He i
ionisation layer. Using non-adiabatic pulsational stability
analyses (Balmforth 1992; Houdek et al. 1999) with time-
dependent non-local convection treatment models (Gough
1977a,b) the authors found that only the lowest radial or-
ders were excited by the κ-mechanism in the He ii ionisa-

Figure 8. The pulsation amplitude distributions for Am and
other A stars from WASP (upper two panels) and Kepler/K2
(lower two panels). These are presented as solid grey histograms
with bin sizes of 0.5mmag. In the lower two panels the outline
histogram shows the amplitude distribution after being convolved
with the WASP observability function to simulate the expected
WASP amplitude distribution. Note the different ordinate scales
for the panels.

tion layer. Surprisingly, most pulsation modes were driven
by the turbulent pressure in the H/He i layer and not in
the He ii ionisation layer. Furthermore, oscillations can be
excited by turbulent pressure acting in the H/He i ionisa-
tion layer, without any contribution from the κ-mechanism.
These findings are compatible with pulsations in many Am
stars, which otherwise remain unexplained.

Using the models described above, we show non-
adiabatic pulsational stability analyses of a star with global
stellar parameters representative of Am stars: M=2.3M⊙,
Teff=7500K, L=25.7 L⊙. The non-local convection param-
eters a, b and c for the theory of Gough (1977a) were
chosen to be a2 = b2 = c2 = 950. We used the OPAL
opacity tables (Rogers & Iglesias 1995) supplemented by
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Figure 9. Normalized growth rate (η/ωr) as a function of fre-
quency for the model described in the text. A positive growth

rate indicates excited pulsation modes, while a negative value in-
dicates damped modes.

the Ferguson et al. (2005) tables at low temperatures. It
is beyond of the scope of the current work to go into de-
tails concerning the theoretical aspect of mode stability, but
for details we refer the reader to Houdek et al. (1999) and
Antoci et al. (2014).

In Fig. 9 we show the normalised growth rates (η/ωr,
where η and ωr are, respectively, the imaginary and real
parts of the eigenfrequency) as a function of frequency.
Whenever η/ωr > 0 the pulsation mode is intrinsically ex-
cited and η/ωr < 0 indicates an intrinsically damped mode.
To further illustrate the driving agent of these modes we
show the accumulated work integrals as a function of total
pressure for four different radial orders (Fig. 10). The contin-
uous lines depict the total accumulated work integral, which
when positive at the stellar surface means that the mode is
intrinsically excited. The dashed and dotted lines reflect the
contribution of turbulent and gas pressure, respectively, to
the total accumulated work integral. The grey areas depict
the H/He i and the He ii ionisation layers and correspond
to the convection zones in a star with the parameters out-
lined above. Note, however, that these zones are likely linked
through overshooting and that additional convection zones
may occur deeper into the star due to atomic diffusion (e.g.
Théado et al. 2012; Deal et al. 2016).

As illustrated in Fig. 10 the radial fundamental mode
(order 1) is damped because the total accumulated work
integral is not positive. There is some driving due to gas
pressure in the He ii ionisation layer, however, the mode is
damped in the H/He i layer. The fourth radial order mode,
on the other hand, is intrinsically excited by gas pressure in
the He ii layer. This is illustrated by the local increase on
the accumulated work integral. Also, in this case, turbulent
pressure has a slight damping effect on the mode. The 7th
radial order mode is clearly intrinsically excited by both,
turbulent and gas pressure in the H/He i and He ii layers,
respectively. For the 10th radial order mode, however, the
excitation predominantly occurs due to the turbulent pres-
sure in the H/He i ionisation layer.

In order to conclude whether turbulent pressure can
fully explain the phenomenon of pulsation in Am stars, a
more global study covering the entire instability strip is
required (Antoci et al. in prep.). The current model does
not include the diffusion of He. Adding He depletion in-
creases the range of excited modes, which will be explored
in detail in the forthcoming study. Nevertheless, there are
strong indications that both turbulent pressure and excita-
tion reach a maximum around 7500K (Antoci et al. 2014;
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Figure 10. The accumulated work integrals (Wtot) as a function
of total pressure (logP ) for four different radial orders. The con-
tinuous lines depict the total accumulated work integral, which
when positive at the stellar surface means that the pulsation mode
is intrinsically excited. As shown in the top panel, the dashed and
dotted lines reflect the contribution of turbulent (Wpt) and gas
(Wpg) pressure, respectively, to the total accumulated work in-
tegral. As indicated in the top panel, the grey areas depict the
H/He i and the He ii ionisation layers and correspond to the con-
vection zones in a star.

Grassitelli et al. 2015), which is in the region where pulsat-
ing Am stars are found in our study.

6 DISCUSSION AND CONCLUSION

From a large sample of A and Am stars observed with LAM-
OST and WASP we have found that δ Sct pulsations in Am
stars are mostly confined to a region close to the red edge of
the δ Sct instability strip. Their location is generally within
the temperature range 6900 < Teff < 7600K and is indepen-
dent of metallicism. The incidence of pulsations in Am stars
decreases noticeably in more peculiar Am stars. The reason
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Pulsation versus metallicism in Am stars 9

for the decrease is not known, but we might expect the κ-
mechanism and turbulent pressure to interact depending on
several parameters, including the diffusion of helium, stellar
mass and evolutionary stage, as well as the global metallic-
ity. Nevertheless, the observations presented in the current
work are consistent with the hypothesis proposed by Murphy
(2014) that the non-pulsating stars in the δ Sct instability
strip are Am stars. The amplitudes of pulsations found with
WASP agree with expectations based on the results from Ke-
pler. There is some, albeit rather weak, evidence for lower
amplitudes for Am pulsators compared to other A stars.

The mystery of why Am stars pulsate (or at least some
of them) originates from the assumption that it is the κ-
mechanism operating in the He ii ionisation layer that ex-
cites δ Sct oscillations. The blue edge of the δ Sct insta-
bility strip moves redward as helium abundance is reduced,
while the red edges remain almost constant (Cox et al. 1979;
Turcotte et al. 2000; Xiong et al. 2015). This is consistent
with the location of pulsating Am stars found in our study.
However, the lack of any significant correlation of location
and amplitude with metallicism suggests that another mech-
anism may be at play. We would expect that as metallicism
increases and, by inference, helium abundance in the He ii
ionisation layer decreases, the location of pulsating Am stars
should be further marginalised to cooler temperatures.

In pulsating Am stars we suggest that a large part of the
excitation occurring in the H/He i ionisation layer is driven
by turbulent pressure. Low radial order modes in normal
δ Sct stars are excited by the κ-mechanism. However, the
higher ones are predominantly driven by turbulent pressure
in a temperature-dependent manner, since turbulent pres-
sure damps oscillations in stars close to the red edge of the
δ Sct instability strip. While the WASP data in this work
indicate that Am and normal δ Sct stars do not show oscilla-
tions with frequencies higher than around 30 d−1, we know
from other WASP and Kepler studies that there are Am and
non-Am δ Sct stars showing pulsations up to 80–90 d−1. For
example, HD187547 is an Am star with pulsations covering
a frequency range from 20–80 d−1 (Antoci et al. 2014). The
amplitudes of the highest radial order modes are lower than
0.15mmag. WASP could not detect these amplitudes. We
conclude that it is plausible that Am stars have on average
higher radial order modes excited due to the turbulent pres-
sure being more efficient as the depleted He is offset by an
increase in hydrogen number density.
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