




















3.2 y Dor stars

Seven of the Fourier transforms in Fig. 3 show obvious g-mode
oscillations (Stars #2, 20, 7, 30, 46, 47, 26). These are y Dor stars,
whose oscillations are driven by convective flux blocking (Guzik
et al. 2000; Dupret et al. 2004). One that does not is Star #23, which
is too hot to be a y Dor star. Stars #6 and #45 have peaks in the
frequency range where g modes are typically observed, but the peaks
are not typical of y Dor stars (they are not consecutive overtones of
g modes). Finally, Star #6 is far beyond the blue edge of the y Dor
instability strip, so the presence of an irregular series of peaks below
5 d~! cannot be explained, unless this is a binary consisting of a
y Dor star and a § Sct star in their respective instability strips, or
the convective blocking mechanism continues to operate in hot A
stars (Balona 2014). Our observation that the y Dor pulsators all
appear to lie inside the y Dor instability strip is in disagreement
with Uytterhoeven et al. (2011), who showed that KIC photometry
places some y Dor stars well outside the y Dor instability strip
boundaries. Rather, our observations agree with Tkachenko et al.
(2013) who constrained the T of 36 y Dor stars to lie within
the y Dor instability strip with high-resolution spectra. Clearly,
high precision on T is required to place stars with respect to this
(narrow) instability strip.

3.3 Explaining the lack of p modes

Various mechanisms for limiting pulsation amplitudes exist that
might explain the lack of pulsation in our selected stars. One is
convection, as we have already mentioned. This probably explains
the lack of pulsation in most of the cooler stars in our sample, since
they lie within 20 of the red edge of the instability strip. Saturation
of the pulsational driving is another. This phenomenon may limit
amplitudes in high-amplitude § Sct stars (HADS stars), butitis nota
viable explanation for the non-pulsators. A third mechanism is mode
coupling. In this scenario, energy is transferred between modes in a
parametric resonance (Dziembowski & Krolikowska 1985), and it is
of particular importance that this can occur between p and g modes
(Buchler, Goupil & Hansen 1997). Seven of the stars in question
are g-mode pulsators. Could it be that the observable amplitudes
of the g modes, which exist predominantly in the deep interior
and do not attain large amplitudes near the surface, result from a
transfer of energy from the p modes? We find this to be unlikely for
two reasons: (i) it cannot explain the lack of p modes for the stars
that show no g-mode oscillations, and (ii) § Sct—y Dor hybrids are
common in the Kepler data, covering a whole range of pulsation
amplitude ratios between the p and the g modes (Grigahcene et al.
2010; Uytterhoeven et al. 2011).

We also considered whether the non-§ Sct stars might be pulsating
in high-degree modes. Modes of higher degrees have diminishing
amplitudes due to partial cancellation of nodes and antinodes when
integrating over the stellar disc (see Aerts, Christensen-Dalsgaard &
Kurtz 2010, fig. 1.5). If the non-§ Sct stars in the instability strip
were pulsating exclusively in high-degree modes, it is possible that
their amplitudes as observed by Kepler would be below the micro-
magnitude noise-level. For stars cooler than 7500 K, there is a
substantial photospheric contribution to the noise level, while hotter
A stars appear to be limited by instrumental noise (Murphy 2014).
Although longer observations could reduce the noise level, Kepler
is no longer pointing at the original field, and observations similar
in precision, duration and continuity are not currently feasible. In
addition, we find that the high-degree modes hypothesis unlikely
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because there is no known selection mechanism to force high-degree
modes and suppress low-degree ones.

Finally, we considered that binarity itself may inhibit the pul-
sations. Tidally induced pulsations are well studied, not only for
p modes (e.g. Hambleton et al. 2013b) but also g modes in main-
sequence stars (Fuller & Lai 2012) and white dwarfs (Fuller & Lai
2011). However, tidal damping is also known to occur: Waelkens &
Rufener (1983) looked at stars that fall within the 8 Cep instability
strip, and found that those in close binaries did not pulsate. Addi-
tionally, Hambleton et al. (2013a) found that around 20 per cent of
‘heartbeat stars’ — eccentric binaries with significant tidal distortion
at periastron — have tidally induced pulsation, but also found some
heartbeat stars in the y Dor instability strip with no self-excited
g modes, i.e. systems where binarity is damping the high-order
g-mode pulsation.

It has recently been established that solar-like oscillations can
be suppressed in close binary systems: Springer & Shaviv (2013)
found that tidally distorted envelopes, where the density is low,
cause rapid dissipation of acoustic waves. In addition, Gaulme et al.
(2014) established that the effect of close binarity on stellar rotation
velocity can lead to generation of substantial dynamo magnetic
fields, which suppress p modes. Both of these mechanisms of tidal
damping operate only at very close separation of a few stellar radii.
For A stars, separations of a few stellar radii manifest clearly in the
Fourier transforms of Kepler light curves. Since we do not observe
the signatures of close binarity in our non-pulsators, we infer that
these two mechanisms of tidal damping are unimportant. Close
binarity in A stars also generates Am peculiarities, and the Am stars
were already filtered out of our sample.

In summary, although we cannot rule out that tidal damping
plays a role in the suppression of p modes in chemically normal
non-pulsators, a viable mechanism appears to be lacking. We also
considered whether magnetic damping may still be relevant. Vega,
the archetypical A star, possesses a magnetic field of —0.6 £ 0.3 G
(Lignieres et al. 2009), and it is reasonable to assume chemically
normal A stars possess fields of similar strengths, though they would
be difficult to detect. Saio (2005) found that a dipole field of 1 kG is
required to stabilize low-order p modes, hence magnetic damping
is unimportant for all but the strongly magnetic Ap stars.

Guzik et al. (2014) have also studied non-pulsating stars in the
& Sct and y Dor instability strips. Using atmospheric parameters
from the original KIC, they found five non-pulsating stars in the
& Sct instability strip. The remainder of their 633-star sample were
either pulsators (40 per cent) or had temperatures cooler than the
red edge of the § Sct instability strip. The five non-pulsators in
the § Sct instability strip are very faint, with the brightest hav-
ing Kp = 14.6 mag, so high-resolution spectroscopic follow-up is
impractical and it is not known whether the stars are chemically
peculiar.

4 CONCLUSIONS

We have examined the distribution of chemically normal, non-
pulsating stars in the § Sct instability strip, and found most of them
to lie within 200 K of either the blue or red edge. Given typical
uncertainties of 100 K, we cannot confidently assert that these stars
lie within the instability strip.

We investigated whether undetected binary systems could
cause temperature discrepancies when interpreted as single stars
(Appendix A). Their spectra would give the appearance of a single
star inside the instability strip when in fact they form a composite
spectrum of two stars that lie outside the instability strip, and do
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not pulsate for this reason. The temperature discrepancy that can
be introduced depends on the orbital phase: a 300-K discrepancy
is easily obtained at conjunction for moderate rotators. The spectra
of rapid rotators can be difficult to normalize correctly, resulting in
another ‘free parameter’ that can make binary systems difficult to
detect.

We did find one chemically normal star that does not appear to
be in a binary system, does not pulsate, and lies in the middle of the
8 Sct instability strip, albeit in the post-main-sequence evolutionary
phase. This star is the first of its kind. We considered multiple mech-
anisms that might inhibit pulsation in this star, including convective
damping, saturation of the pulsational driving mechanism, mode
coupling to g modes that are only visible in the interior, pulsation
exclusively in high-degree modes whose amplitudes diminish when
integrated over the entire stellar disc, magnetic damping and tidal
damping. None of these mechanisms gives a satisfactory explana-
tion.

While this individual star is a challenge to pulsation theory, the
presence of only one chemically normal non-pulsator lying conclu-
sively inside the & Sct instability strip indicates that these stars are
rare. The essentially null result of Guzik et al. (2014) confirms this
fact. Indeed, if the exceptional star can be disqualified in a more
detailed analysis, it may be that no chemically normal, non-pulsator
occupies this region of the HR diagram.

We conclude by drawing a parallel with the pulsating DAV white
dwarfs (DAVs or ZZ Ceti stars). Efforts to define the theoretical
edges of the DAV instability strip required abandonment of the old
‘frozen convection’ models because of the rapid response of the
convection zone to the pulsational perturbation (Brickhill 1991).
However, convective damping then led to an observed red edge that
was hotter than the theoretical one, and to the suspicion that DAVs
might pulsate beyond the observed red edge, at amplitudes lower
than that could be detected (see Kotak et al. 2002, for a review).
Mukadam et al. (2004) found that the DAV instability strip to be
impure, when they used SDSS data as a homogeneous source of
atmospheric parameters and found non-pulsators inside instability
strip. Kepler (2007) later attributed this to the inaccuracy of those
data, and said ‘The question of the purity of the ZZ Ceti instability
strip also depends on the accuracy of determination of the effective
temperatures and gravities, as the instability strip ranges only around
1200 K in T and depends on gravity.” Detailed investigation in
high-resolution spectroscopic studies (Bergeron et al. 1995, 2004;
Gianninas, Bergeron & Fontaine 2005, 2006) showed the DAV
instability strip to be pure, i.e. all stars within the instability strip
pulsate and those outside it do not.

The paucity of stars in the § Sct instability strip without p modes
brings us to the same conclusion about these stars: the § Sct insta-
bility strip is pure, unless pulsation is shut down by diffusion or
another mechanism, which could be interactions with a companion
star.
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APPENDIX A: UNDETECTED BINARIES

We evaluated whether non-pulsators in the § Sct instability strip
can be explained as unresolved binaries. If the two components of
the binary lie outside the § Sct instability strip, but their composite
spectrum is analysed as a single star, it may appear as a non-pulsator
inside the instability strip.

The scenario most likely to be observed is a pair of main-sequence
stars with a mass ratio close to 1.0. We considered a binary with
one star on the blue edge of the § Sct instability strip (7o = 8400 K
and logg = 4.0) and another of the same age at the red edge
(Terr = 6700 K and logg = 4.2). The stars have masses of 2.06
and 1.40 M and luminosities of 25.2 and 4.3 L, respectively.
Both have [Fe/H]=0.0. We computed their synthetic spectra us-
ing SPECTRUM and its auxiliary programs (Gray 1999), from ATLAS9
atmospheric models (Kurucz 1993) using line lists and opacity dis-
tribution functions from (Castelli & Hubrig 2004). The spectra were
rotationally broadened to 100 km s~' using a limb-darkening coef-
ficient of 0.6. This rotation velocity is common in late A stars, for
which the modal rotation velocity is 160kms~' (Abt & Morrell
1995), but 100kms~" was chosen to coincide with the measured
v sini values of apparently single stars in Table 2. We set the binary
orbital period to 20 d, that being a rough limit below which binaries
experience strong tides and become Am stars (Debernardi 2000). In
the examples that follow, the orbital phase was changed from 0 to
/2, corresponding to zero and maximal radial velocity separation
of the two components. We combined the spectra using the stellar
luminosities as weights. We degraded the composite spectrum to a
signal-to-noise ratio (S/N) of 70 to match our HERMES spectra in
the equivalent (blue—violet) spectral region.

We show that the resulting composite spectrum at zero radial-
velocity separation in Fig. A1, for three spectral regions that are
important in the parametrization of A-star atmospheres: the H y
line, the Ca 1 K line and a region rich in metal lines at around 4400 A.
The wings of the H y line have high temperature sensitivity in A
stars. In Fig. A1, the wings of H y for the composite spectrum match
a synthetic spectrum of a single star with T = 8100K, i.e. 300 K
lower than the primary of the binary system. The fit to the core is not
as good, but this is a common problem in high-resolution spectral
analyses and is not of concern. An 8000-K star is also shown to
illustrate the 100-K (1o) error bars in T, and is a poorer match to
the H y wings. Metal lines are not as sensitive to temperature in these
stars, so that they match both the 8000- and 8100-K stars. Neither
spectrum fits the composite well near the Cau K line. This is the
spectral region most likely to hint at a composite spectrum, given its
rapid change in strength with temperature. However, at the peak of
the Balmer jump, it is also very prone to normalization errors, which
could easily be responsible for such small differences in observed
line strength. Furthermore, this resonance line is extremely sensitive
to the Ca abundance, which even in normal A stars shows large star-
to-star scatter (up to 0.6 dex; Gebran et al. 2010). From this example,
we conclude that 300-K discrepancies in T are easily introduced
when a composite spectrum is interpreted as a single star.

We made a similar comparison (same v sini and orbital phase)
for a slightly more evolved primary star (7. = 8200 K, log g = 3.8)
of the same mass. The more massive star evolves more rapidly than
the 1.4 M, star, whose log g value is unchanged (to two significant
figures) at the increased age. Now, the increased luminosity of the
primary increases its dominance of the composite spectrum, and the
temperature discrepancy is reduced to 150 K (or 1.50).

Binaries composed of a post-main-sequence star and a main-
sequence star of lower mass are less likely, due to the short
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Figure Al. Three synthesized spectra: a binary (black lines) composed of stars at 8400 K and 6700 K, having logg = 4.0 and 4.2, respectively; a single
star with Terr = 8100 K and log g = 4.0 (solid red lines); and a single star with T, = 8000 K and log ¢ = 4.0 (dashed cyan lines). The top panel shows a
spectral region rich in metal lines, the left-hand panel shows the H y line and the right-hand panel shows the Cau K line. Each spectrum has [Fe/H]=0.0 and
vsini = 100kms~'. The binary RV separation is 0kms~!, and the spectra are weighted by their luminosity ratio (= 25.2 : 4.3). A T discrepancy of 300 K

could be easily introduced if the unresolved binary were treated as a single star.

time-scales for which a post-main-sequence star is observed near the
8 Sct instability strip. However, given the small numbers of non-
pulsators observed inside the instability strip, their consideration
remains important. Furthermore, if Star #22 were to be explained as
a composite spectrum, the hypothetical binary system would clearly
require a bright, red component. We combined spectra of a 2.4- and
a2.1-Mg star at an age of 686 Myr, when the primary is in the post-
main-sequence expansion phase (T = 6200 K, logg = 3.1) and
the secondary is only half-way through its main-sequence lifetime
(T =8500 K, log g = 4.0). The composite is easily recognized; the
giant has very narrow H-line wings and its cool temperature leads
to a broad Ca1 K line, in direct contrast to its hotter main-sequence
companion. While a main-sequence star near FO could mimic the H
lines or metal lines independently, it fails utterly at the blend of H €
and Can H at 3968 A. We thus do not expect composite spectra of
post-main-sequence and main-sequence stars to be misinterpreted
as single stars.

We have heretofore presented examples with orbital phases of
zero (without eclipses), where the spectra have zero radial veloc-
ity difference. Small radial velocity differences are also obtained
for long orbital periods or low-inclination systems. The former
cases lend themselves to interferometry and direct imaging, while
the latter cases are complicated, as the components are observed
with low vsini and have non-uniform surface temperatures and
gravities due to rotational distortion, as in the case of Vega (Pe-
terson et al. 2006). Spectroscopy is particularly suited to detecting
binary systems where i ~ 90° and where substantial radial velocity
variation occurs.

MNRAS 447, 3948-3959 (2015)

Fig. A2 shows a composite spectrum at orbital phase 7t/2, where
the radial velocity difference amounts to 113 kms~!. This is where
the stellar rotational velocity becomes important: slow rotators will
produce obvious double-lined spectra, while rapid rotators will have
blended, asymmetric lines. Finding a line-free continuum for nor-
malization is an added difficulty in the analysis of rapid rotators,
regardless of S/N and spectral resolution. Spectral reduction, in-
cluding order merging and normalization, can introduce similar pe-
culiarities into spectra as binarity, and the two effects are difficult to
distinguish. The input spectra for Fig. A2 each have Ty = 6700 K,
[Fe/H]=0.0 and vsini = 160 kms~!, but the coeval stars have dif-
ferent masses (m; = 1.59 M), my = 1.45 M) and thus different
log g (3.9 and 4.1). We conclude that any of the stars thatlie 1o to 2o
inside the red edge could result from undetected binaries containing
two main-sequence stars just beyond the red edge. This is a natural
consequence of the large number of free parameters involved with
modelling two stars.

While methods exist for disentangling binary spectra when a set
of composite spectra is available for a range of orbital phases (e.g.
Simon & Sturm 1994), the requirements exceed the availability of
data in this and indeed most cases, where single-epoch observations
are the norm, and where there are no eclipses to ‘mask’ one of the
stars.

APPENDIX B: NOTES ON SPECTRAL TYPES

In this appendix, we provide the notes on spectral types assigned
to the stars in Table 1. In the following, ALE stands for anomalous
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Figure A2. A synthetic binary spectrum of stars with T = 6700, 6700 K, log g = 3.9, 4.1, [Fe/H]=0.0, 0.0 and v sini = 160, 160 km s~! (solid black line).
The RV separation is 113 kms~!, and the spectral contributions are weighted by luminosity ratio. A single spectrum of a star with Terr = 7000 K, log g = 4.0,
[Fe/H]=0.1 and vsini = 180 kms~! (solid red line) is a near morphological match, but a better match with the same spectrum can be achieved with a different

normalization (dashed blue line, left-hand panel only).

luminosity effect (cf. Barry 1970, where the term first appears in
print, and also Gray & Corbally 2009 for a thorough explanation).

#3 Slight Ca weakness in both the K line and 14226 line.

#9 Metal lines and Cau K line are slightly weaker than A3 in
spite of rotation, but hydrogen lines match A3 Va.

#10 Very close to the A1 IVs standard (p Peg) except for a slightly
fainter luminosity class.

#14 No obvious weakness in Ca14226, but Sri1 4216 is enhanced.
Sru 4077 is clearly enhanced. The redward third of Mn1 4030 is
weakened, as is characteristic of Am stars. Slight ALE.

#18 Typical Am star: Ca weak, Sr strong.

#19 Rapid rotator. Cau K line best matches A0.5 and is broad.
No obvious He lines. Metals weaker than Al. Shallow H cores do
not fit at any type.

#36 Almost featureless spectrum. Metal lines are absent, with
the exception of a very weak Mg 4481 (B7) and weak Can K line
(B8). He lines at A14026 and 4471 are slightly stronger than AO. H
wings are only slightly narrower than A0 (indicating B9.5, like the
He lines), but are too shallow in the core.

#38 Metal line type is about A3 or A4ds (assuming luminosity
class IV/V), but H line type could not be matched, possibly due to
a normalization issue.

#40 Classical Am signature, with enhanced Sr and weak Ca. The
redward third of Mn1 4030 is weak. Luminosity class based on
Fe/Tin4172-9 blends, as is typical for Am stars, but hydrogen lines
match the A3 Va standard. ALE.

#42 Extreme Am star. Sr lines stronger still than the F3 standard.
Large ALE.

#43 Extreme Am. Slight ALE.

#46 A superb match to the F2 Vs standard, 78 UMa.

#51 Luminosity criteria are in disagreement. The breadth of the
H lines favour a dwarf classification, but the Fe 11/Ti 1 blends favour
a giant. This illustrates the difficulty of luminosity classification at
AS. The CauKline type is A6. Compromise type givenis AS IV, but
the star does not match the A5 IV standard well. A metal-rich, early
A (~A3) star was considered, but neutral metals appear no earlier
than A3. Oddly, Mn1 4030 is enhanced, but is usually expected to
show a mild negative luminosity effect.
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