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1 INTRODUCTION

ABSTRACT

The driving mechanism for high-frequency oscillations in some chemically peculiar Ap
stars, the roAp stars, is not understood. The TESS data provide an ideal opportunity
to extend the number of roAp stars which might provide further clues to address this
problem. From an examination of over 18000 stars in TESS sectors 1-7, we have dis-
covered high-frequency pulsations in 14 A-F stars, of which only 3 are classified as Ap
stars. In addition to these new discoveries, we discuss the frequencies in 9 previously
known roAp stars. In one of these stars, HD 60435, we confirm a previous finding that
the pulsations have lifetimes of only a few days. In another known roAp star, HD 6532,
the relative amplitudes of the rotationally-modulated sidelobes, which are generally
used to estimate the inclination of the magnetic axis relative to the rotational axis, are
significantly different from those found in ground-based B-band photometric observa-
tions. We also discuss 4 § Scuti stars which appear to have independent frequencies
similar to those of roAp stars.
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the effect of suppressing convection. With convection sup-

The Ap stars have non-uniform distributions of chemical
abundances on their surfaces and strong, predominantly
dipolar, magnetic fields. The magnetic poles do not gener-
ally coincide with the axis of rotation, resulting in a varia-
tion of the observed mean magnetic field strength, as well
as light and spectral line profiles variations, with the period
of rotation. Kurtz (1978, 1982) discovered that while most
of the Ap stars do not show any oscillations, some cool Ap
stars exhibit remarkable single or multiperiodic pulsations
with periods in the range 4-24 min. These are the rapidly
oscillating Ap stars (roAp stars).

The high-frequency pulsation modes in roAp stars are
not predicted to be excited in standard models, but driving
by the x mechanism in the H/Hel partial ionization zone
is almost enough to overcome damping in the rest of the
star. Driving of high-frequency oscillations similar to those
observed in roAp stars is possible if a temperature inversion
is present in the lower atmosphere (Gautschy et al. 1998).
The temperature inversion, which need only be 1000-3000 K,
raises the superficial critical frequency sufficiently to reflect
the high-frequency modes. A temperature inversion of about
500-1000 K may also explain the abnormal profiles of the
hydrogen Balmer lines (the core-wing anomaly) in some cool
Ap stars (Kochukhov et al. 2002).

In another approach to the problem, Balmforth et al.
(2001) noted that the vertical magnetic field at the poles has
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pressed, pulsational driving in the magnetic polar regions by
the k mechanism is sufficiently strong to overcome damping
in other parts of the star. This model explains, in a natural
way, why the oscillations have a preferred spherical harmonic
axis closely aligned with the magnetic axis and not the ro-
tational axis. It is presumed that non-axisymmetric modes
are damped. The result is a modulation in the amplitude
of the axisymmetric modes with the period of rotation, as
observed in many roAp stars.

A fundamental problem in understanding the roAp stars
is their location in the H-R diagram. Cunha (2002) used
models similar to those of Balmforth et al. (2001) to deter-
mine the red and blue edges of the theoretical instability
strip. However, a significant fraction of roAp stars are cooler
than the predicted red edge.

The strong magnetic field in a roAp star leads
to pulsation frequencies which are shifted with respect
to those in a non-magnetic star (Dziembowski & Goode
1996; Bigot & Dziembowski 2002; Cunha & Gough 2000;
Saio & Gautschy 2004; Cunha 2006). The oscillations are
damped by the leakage of pulsation energy due to magnetic
slow waves. Slow-wave damping is enough to stabilize low-
order (4 Scuti type) pulsations (Saio 2005). However, helium
depletion by diffusion might also play an important role in
the stability of low-order modes in roAp stars (Cunha et al.
2004). The strong magnetic field also leads to the presence
of compressible Alfvén waves in the atmosphere and forces
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the acoustic waves to move along the magnetic field lines.
As a result, the acoustic critical frequency decreases as the
field lines become inclined and energy is lost through running
waves. On the other hand, the magnetic waves are refracted,
ensuring that part of the wave energy is kept inside the star,
potentially allowing for the existence of oscillations of ar-
bitrarily high frequency (Sousa & Cunha 2008). Indeed, for
many roAp stars the observed frequencies are higher than
the calculated cut-off frequency (Saio et al. 2010; Saio 2014;
Holdsworth et al. 2018).

The roAp stars need to be investigated in the context
of other pulsating stars within the same instability region
in the H-R diagram, i.e. the § Sct and - Dor stars. Space
observations have shown that current models of these stars,
which are certainly simpler to understand than the roAp
stars, are inadequate. The greatest discrepancy is that the
models are unable to account for the low frequencies which
are characteristic of at least 98 percent of § Sct stars (Balona
2018a,b, but see Bowman 2017; Bowman & Kurtz 2018). It
seems that the effect of convection is important even for the
hottest stars, though models which include convection are
still unable to match the observations (Antoci et al. 2014;
Xiong et al. 2016; Balona 2018a,b). The § Sct and ~ Dor
stars co-exist in the same region of the H-R diagram along
with non-pulsating stars (Balona 2018a). The difference in
frequency spectra appears to be due to different mode selec-
tion from star to star. It seems that mode selection differs
widely, even for stars with the same effective temperature
and luminosity. Another unforeseen problem is that a large
fraction of the A stars seem to have spots (Balona 2013,
2017). About 15 percent of the A stars have an additional
broad feature in the periodogram at a frequency slightly
lower than the rotational frequency which can be possibly
understood as due to Rossby waves (Saio et al. 2018). Our
current understanding of the outer layers of stars with radia-
tive atmospheres may therefore need revision. This clearly
impacts on the roAp stars.

The Transiting Exoplanet Survey Satellite mission
(TESS; Ricker et al. 2015) is designed to search for exoplan-
ets. It is also an excellent tool to search for roAp stars among
a very large population of normal and peculiar A—F stars.
The aim of this paper is to present some newly-discovered
roAp and roAp-like stars. A report on the first discoveries
of roAp stars by TESS has been presented by Cunha et al.
(2019). By extending the number of roAp stars, the insta-
bility region becomes better defined and will provide an im-
portant constraint on the models. Furthermore, the different
pulsational properties will hopefully provide insights into
the driving mechanism. While the majority of stars with
high frequencies discovered by TESS are not known to be
Ap stars, it is expected that spectroscopic observations will
confirm that chemical peculiarities are present.

2 WHAT IS A ROAP STAR?

In the past there has never been any problem in classify-
ing a star as roAp. As its name implies, it is simply an Ap
star in which high radial order oscillations, i.e. higher radial
order than that expected from & Sct stars, are observed.
The advent of space photometry is slowly revealing stars
which seem to have pulsations in the roAp frequency range,

but which are not known Ap stars (e.g. Balona et al. 2012;
Cunha et al. 2019). It is possible that the stars may have
simply been mis-classified and that they are, indeed, mag-
netic and chemically peculiar. They might also be composite
systems in which the high frequencies originate in another
star. Nevertheless, until these points have been clarified, it
cannot be stated with certainty that roAp-like pulsations
are restricted to chemically peculiar stars. It is thus impor-
tant to continue to look for high frequencies in apparently
normal stars as well as known Ap stars.

Another problem concerns the detection of frequen-
cies in the roAp range in § Sct stars. In the case of the
known roAp star HD 218994, for example, it is assumed
that the & Sct pulsations occur in one star while the other
star in this close double is the Ap star responsible for
the high-frequencies (Kurtz et al. 2008). This explanation
is possible, of course, but it may be incorrect. For example,
Holdsworth et al. (2014) found 13 § Sct stars with pulsations
extending to above 65d7!, all being classified as metallic-
lined (Am) stars rather than Ap stars. However, they cau-
tion that at low spectral resolutions it is difficult to dis-
criminate between Am and Ap stars. KIC 4840675, a 6 Sct
star with independent frequencies in the range 118-129d~*
(Balona et al. 2012), is another example of an apparently
non-peculiar star exhibiting high-frequency pulsations.

In this context it is important to keep in mind that the
6 Sct and roAp phenomena cover a wide range of effective
temperatures and luminosities in the H-R diagram. Conse-
quently, similar oscillation frequencies may correspond to
rather different radial orders, n, in two different stars and
hence to perturbations that are significantly different.

The radial order of a pulsation can be estimated from
the pulsation frequencies and the global stellar parameters.
We have carried out this exercise for all roAp stars known
prior to the TESS launch. Masses were estimated from the
scaling proposed by Eker et al. (2015) and radii derived from
the effective temperatures and luminosities. The mean den-
sity was then used to estimate the large frequency separa-
tion, scaling from the solar value. Finally, the radial order,
n, was estimated by dividing the frequency of the mode with
highest amplitude by the large frequency separation. For the
known roAp stars, the radial order is typically in the range
20 < n <40, with some stars having modes with radial or-
der as low as n ~ 15 and others as high as high as n = 70.
These radial orders are different from those expected in typ-
ical § Sct stars. However, pulsations higher than radial or-
der n = 15 have been found in some § Sct stars and their
excitation explained by a turbulent pressure driving mech-
anism (Antoci et al. 2014). Since the radial order numbers
provide a scaled version of the observed frequencies, they
may prove more useful when comparing acoustic pulsations
in stars across the instability strip.

We have examined all 169 known SrEuCr and Si Ap/Bp
stars in TESS sectors 1-7 that are listed in the catalogue
of chemically peculiar stars by Ghazaryan et al. (2018).
Whereas 16 stars show no significant variability, 12 are § Sct
stars, 5 are v Dor and 13 are eclipsing variables. The ma-
jority, 105, are rotational variables. Among these chemically
peculiar stars there are 11 known roAp stars, i.e. members of
the 61 stars listed by Smalley et al. (2015). Two of the five
high-frequency pulsators discovered by Cunha et al. (2019)
are known Ap stars. A further three Ap stars are discovered

MNRAS 000, 1-17 (2011)



High-frequencies in TESS A-F main sequence stars

3

Table 1. Stars exhibiting high frequencies in TESS sectors 1-7. The TIC number, name, sector and rotational frequency is listed in the
first four columns. The V magnitude, adopted effective temperature, Tog, and source reference for Tog follows. Finally, the luminosity
from the GAIA DR2 parallax and spectral type is listed. For TIC 100775380 the Hipparcos parallax has been used.

TIC Name Sectors Vrot \%4 Ter  Ref log % Spectral Type
d-! mag K
Known roAp stars:

33601621 HD 42659 6 0.3758 6.75 7449 7 1.55 A3SrCrEu

41259805 HD 43226 1-7  0.5833 8.94 8293 11 1.25 AOSrEu
136842396 HD 9289 3  0.1169 9.38 7840 3 0.87 A3SrEuCr
167695608 TYC 8912-1407-1  1-4,6,7 11.51 7460 11 1.29  ApSrEu(Cr)
268751602 HD 12932 3 10.17 7542 1 ApSrEuCr
279485093 HD 24712 5 0.0803 6.00 7235 8 0.92 kA5mFOV?Sr
326185137 HD 6532 3 0.5137 8.40 7900 2 1.21  ApSrCrEu
340006157 HD 60435 3,6,7 0.1302 8.89 7800 2 1.28 A3SrEu
350146296 HD 63087 1-7  0.3754 9.41 7450 11 0.97 ATIV
New roAp stars:

17676722 HD 63773 7 0.6254 8.70 8549 12 1.25 A2
156886111 HD 47284 6,7 0.1459 9.29 7417 6 1.36  A5SiEuCr
259587315  HD 30849 4,5 0.0632 8.85 7653 4 1.53  ApSrCrEu
349945078 HD 57040 6,7 0.0371 9.24 7516 6 1.13  A2EuSr?
Candidate roAp stars:

3814749 HD 3748 3 0.5920 9.20 7750 4 1.12  A0/1IV/V + A9/F0

49818005 HD 19687 4 9.70 6829 1 0.89 A3

92350273 CD-33 15279 1 9.96 7235 1 1.58 F5
220073982 HD 288081 6 3.2600 10.09 8064 10 1.45 A2
300908057 HD 203997 1 9.21 6992 1 0.31 G1V
391892593 HD 63037 1-7 9.67 6873 1 1.04 A3mAS8-F0, A3:+FO0:
Additional high-frequency pulsators:

100775380 HD 39763 5,6 7.75 8420 9 149 A1V
308307808 CD-60 2021 4,7 10.40 7735 6 1.20 A3:;, A5
399665133 BD+06 763 5 2.2370 9.25 7915 6 1.28 A2
407661867 HD 37584 1-7  1.7770 8.33 8750 11 1.22 A3V
High frequencies in é Scuti stars:

98728812 HD 18407 4 8.92 8483 6 1.31 A0V
302296720 HD 203144 1 8.65 6968 1 0.85 A5/7V
317719322  HD 40098 6 8.53 8366 6 1.21  A2/3V
439399707 HD 225186 2 0.6016 9.01 8000 1 1.06 A3V
References:

1 - Stevens et al. (2017); 2 - Elkin et al. (2008); 3 - Ryabchikova et al. (2007); 4 - Kunder et al. (2017);

5 - Netopil et al. (2017); 6 -McDonald et al. (2017); 7 - Mufioz Bermejo et al. (2013); 8 - Perraut et al. (2016);

9 -Chandler et al. (2016); 10 - Kounkel et al. (2018); 11 - Cunha et al. (2019); 12 - Stassun et al. (2018).

as roAp in this work. Thus 16 of the 211 chemically peculiar
stars in TESS sectors 1-7 are confirmed roAp stars.

Because of the unexpected detection of roAp-like os-
cillations in stars classified as non-peculiar (but likely mis-
classified) stars, we define a potential roAp star as any A
or F star with independent frequencies exceeding 60d™".
These are frequencies which are not a result of non-linear
combinations of lower-frequency parent modes. Note that
pulsating subdwarfs have frequencies in the roAp range and
some of these were encountered during the course of inspec-
tion of TESS data. A literature search is usually sufficient to
identify subdwarfs. The stars described here are not known
subdwarfs, as can be inferred from their luminosities.

MNRAS 000, 1-17 (2011)

3 DATA AND ANALYSIS

TESS observes 26 partially overlapping sectors of the sky,
each for approximately one month. Light curves are gener-
ated with two-minute cadence using simple aperture pho-
tometry (SAP) and pre-search data conditioning (PDC).
The PDC pipeline module uses singular value decomposi-
tion to identify and correct for time-correlated instrumental
signatures in the light curves. In addition, PDC corrects the
flux for each target to account for the effects of crowding
from other stars. Only PDC light curves are used in this pa-
per. A description of how these data products were generated
is provided by Jenkins et al. (2016). It should be noted that
long-term variations are difficult to correct and although
PDC light curves provide the best estimate of the true light
curve, unexpected deviations may occur. This will not affect



4  L.A. Balona, D. L. Holdsworth, M. S. Cunha

25
2 | —
15 O 4+ Oz}+ -
3 *e i
2 Tl % o |
=2 1+ ‘~_>\~>K : . + 1
e ® @yt
05 |- _
+
0 | | |
3.95 3.9 3.85
log Tegt

Figure 1. Location of the stars in Table1 in the theoretical H-
R diagram. Filled circles: known roAp stars; open circles: new
roAp stars; crosses: candidate roAp stars; squares: additional
high-frequency pulsators; asterisks: high frequencies in § Sct stars.
The large polygon is the observed instability region for § Sct stars
while the smaller polygon shows where both § Sct and v Dor stars
are located (Balona 2018a). The dashed line is the zero-age main
sequence from solar abundance models by Bertelli et al. (2008).

the high frequencies, but distortions in the rotational light
curve can be expected, especially for long periods.

The TESS input catalogue (Stassun et al. 2018) lists
stellar parameters for stars observed by TFESS. These were
obtained from multicolour photometry or, if available, spec-
troscopic estimates from the literature. The effective tem-
peratures, Tem, of Ap stars are, in general, poorly known
because the line blanketing caused by the chemical pecu-
liarities leads to unreliable estimates of T.g from multicolour
photometry.

The stars selected for analysis were observed in sectors
1-7. All stars with effective temperatures Teg > 6000 K were
chosen. Lomb-Scargle periodograms up to the Nyquist limit
of about 360d~" were calculated. From visual examination
of the light curves and periodograms, each star was assigned
a variability type, if appropriate, using the definitions in the
General Catalogue of Variable Stars (Samus et al. 2009) as a
guide. In this way, stars with strange frequency distributions
or high frequencies could be noted for further examination.
This list included not only Ap stars, but apparently chem-
ically normal stars and some 0 Scuti stars with frequencies
within the roAp range. Over 18000 stars were examined in
this way.

Note that the photometric aperture in TESS is large
(but similar to the aperture size used in ground-based pho-
toelectric photometry). The chance of contamination by a
star of similar brightness is therefore not negligible. For this
reason, the field of each star was inspected using the images
provided in the SIMBAD database. When contamination is
a possibility it is noted in the text.

In some candidate stars, a mean-light variation asso-
ciated with rotation was present. The rotational frequency
was found by fitting a truncated Fourier series plus a poly-
nomial to the data and selecting the frequency which gives
the best fit. In order to study the high frequencies, the fitted
rotational light curve was subtracted from the data before
calculating the periodogram. The false alarm probability cri-

terion (Scargle 1982) was used to assess the significance of
a frequency peak.

The list of candidates is shown in Table1. The stars
from sectors 1 and 2 that are discussed by Cunha et al.
(2019) are not included here except for a few where addi-
tional data is available from the other sectors. In this ta-
ble the stellar luminosities were derived from GAIA DR2
parallaxes (Gaia Collaboration et al. 2016, 2018). The bolo-
metric correction was obtained from Teg using the calibra-
tion of Pecaut & Mamajek (2013). The reddening correc-
tion was derived from a three-dimensional reddening map by
Gontcharov (2017). The theoretical H-R diagram is shown
in Fig. 1.

4 KNOWN ROAP STARS IN SECTORS 3-7

In this section we discuss stars which are known to be roAp
and observed by TESS. This includes 3 stars in TESS sectors
1 and 2 previously discussed by Cunha et al. (2019), but
with additional data from later sectors. Note that frequency
units of cycles per day (d~') and relative brightness of parts
per thousand (ppt) are used throughout this paper.

4.1 TIC 33601621 (HD 42659)

The very low amplitude roAp pulsations in this star
were announced by Martinez et al. (1993). The pulsations
seem to vary in amplitude and were not visible at times.
Martinez & Kurtz (1994a) estimated the frequency to be
around 150.0d~*. Hartmann & Hatzes (2015) found the star
to be a spectroscopic binary with an orbital period of 93.2d.

The star was observed for 22.7d in sector 6. The pe-
riodogram in Fig. 2 shows three peaks: 11 = 150.99 % 0.03,
A; =0.038 £ 0.009, v = 150.61 £ 0.03, A> = 0.034 £ 0.009
and vz = 151.36 + 0.04d™*, A3 = 0.027 £ 0.009 ppt. The
mean light rotational curve has a frequency of 1ot =
0.3758 4 0.0003d~! (Fig.2). The triplet in the frequency
spectrum is not due to three independent frequencies, but
a result of rotational amplitude modulation of the only real
frequency, v1.

4.2 TIC 41259805 (HD 43226)

This known Ap star was discovered to be a rapid oscillator
by Cunha et al. (2019) from sector 1 and 2 observations.
Here we analyze the data for sectors 1-7. The star has only
a single frequency at v = 199.673 & 0.003d™', amplitude
A1 = 0.040 £ 0.006 ppt (Fig.3). Cunha et al. (2019) find
an additional peak at v1 — Vot = 199.087d~! with S/N
= 4.7, but this is not visible with the additional data now
available. The rotational light curve frequency is refined to
Vrot = 0.58326 £ 0.00001d "

4.3 TIC 136842396 (HD 9289)

Kurtz et al. (1994) discovered that HD 9289 pulsates
with three frequencies in the range 134-139d~!. Ob-
servations from the MOST satellite were analysed by
Gruberbauer et al. (2011) who found frequencies of 136.938,
136.704, 137.175, 135.931, 135.814 and 136.281d~", which
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Figure 2. Periodogram of TIC 33601621 and the light curve
phased with ot = 0.3758d 1. AT is the relative TESS intensity
in parts per thousand.
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Figure 3. Periodogram of TIC 41259805 and the light curve
phased with oy = 0.58326d71.

do not quite match those found by Kurtz et al. (1994). Alias-
ing was considered as a possible solution, but the different
results might just as well stem from an intrinsic change in
the pulsation behaviour of the star.

Gruberbauer et al. (2011) obtained a rotational fre-
quency of 0.1166d™' from the mean light curve, or
0.1176d~"! from the pulsational sidelobes. The TESS data
span 20.3d which covers only two cycles. Moreover, the
PDC long-term correction algorithm has clearly introduced
a distortion. For this reason the raw data were used to
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1D v A
121 134.126 +0.023  0.05 £ 0.02
V2 135.815 4+ 0.026  0.04 £+ 0.02
V2 + Urot 135.928 +£0.019  0.06 £ 0.02
V3 — 2Urot, 136.710 +0.014 0.08 £ 0.02
V3 136.941 + 0.005  0.24 £ 0.02
v3 + 2urot 137.176 +0.020 0.05 £ 0.02
V4 139.458 +£0.012  0.09 £ 0.02
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Figure 4. Periodogram of TIC 136842396 and the light curve
phased with vyor = 0.1169 d—1. The dots in the periodogram in-
dicate the extracted frequencies.

examine the rotation curve. From the raw data we find
Vrot = 0.1169 £ 0.0003d ™.

Frequencies extracted from the TESS data are listed in
Table 2. Both the frequencies and the relative amplitudes are
in good agreement with those reported in Gruberbauer et al.
(2011). Three new peaks are visible in the TESS data at
134.126, 139.458 and 139.695d~!. On the other hand, the
peak at 136.281d7" cited by Gruberbauer et al. (2011) is
not visible.

It is possible to identify some rotational multiplets as
shown in Table 2, which means that there are only four phys-
ical modes, v1, va, v3 and vy. A peak at 134.344d ™1, although
not formally significant, could possibly be identified as an
additional multiplet 1 4+ 2vr0¢. Fig. 4 shows the periodogram
and rotational light curve.

4.4 TIC167695608 (TYC 8912-1407-1)

This star is JO651 in the work of Holdsworth et al. (2014),
who found a pulsation frequency of 132.38d~! with no clear
indications of rotational modulation in the light curve. Sec-



Table 3. Extracted frequencies (v in d~') and amplitudes (A
in ppt) for TIC 279485093. The column, vy lists frequencies re-
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Figure 5. Periodograms for TIC 167695608 and TIC 268751602.
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Figure 6. Periodogram for TIC 279485093 and the light curve
phased with oy = 0.080274d~1. The vertical lines indicate fre-
quencies in the literature.

tor 1 and 2 TESS data for this star have already been dis-
cussed by Cunha et al. (2019). Here we include additional
data from sectors 3, 4, 6 and 7.

There is no clear indication of mean-light rotational
modulation and the periodogram shows four peaks at v1 =
130.6585 + 0.0005, A; = 0.071 £ 0.012, v» = 132.3660 +
0.0001, A, = 0.262 £+ 0.012, v3 = 134.3358 + 0.0002,
Az = 0.142 £ 0.011 and v4 = 135.1962 £ 0.0004d !, Ay =
0.084 £ 0.012 ppt (Fig.5). Cunha et al. (2019) found v, and
vs with the suspicion that v4 might be present. The addi-
tional data confirm that v4 is indeed a real frequency and
furthermore identifies previously undetected peaks at 11 and
V5.

ported in the literature.

D Vit v A

V10 220.580  220.991 +£0.021  0.012 4+ 0.005
Vg 223.370  224.994 +0.015  0.016 4 0.005
V9 + Urot 225.080 £ 0.019  0.013 4 0.005
V1 226.337  226.348 = 0.006  0.043 £+ 0.005
V1 + Vrot 226.434 +0.014  0.018 4+ 0.005
v 229.214  229.2154+0.002 0.105 £ 0.005
V2 + Urot 229.300 + 0.010  0.024 4+ 0.005
V3 232.209  232.194 +0.002 0.159 £ 0.005
vy 235.081  235.064 +0.001  0.186 4 0.005
V5 — Urot 237.965 + 0.014  0.017 £ 0.005
vs 238.092  238.040 £ 0.012  0.021 4 0.005
Vg 240.965

vr 241.184  241.171 £ 0.007  0.038 & 0.005
V7 + Urot 241.249 + 0.017  0.015 £ 0.005
Vg 242.411  242.405 4+ 0.008  0.033 4 0.005
V6 + Vrot 242.476 £ 0.015  0.017 4 0.005

4.5 TIC 268751602 (HD 12932)

The rapid light variations in this star were discov-
ered by Schneider & Weiss (1990) and further studied by
Schneider et al. (1992). Martinez et al. (1994) corrected the
pulsation frequency to 124.0962d~'. The difference was at-
tributed to an incorrect choice of alias by Schneider & Weiss
(1990).

The star was observed by TESS in sector 3. A single
frequency of 124.0965 & 0.0006 d ™! with amplitude 0.628 +
0.01 ppt is found (Fig.5). There are no significant sidelobe
peaks or mean light variation which may be attributed to
rotation.

4.6 TIC 279485093 (HD 24712)

Kurtz (1981) discovered 6.15min (234d~") oscillations in
this cool magnetic Ap star. Kurtz & Seeman (1983) anal-
ysed the light curve and found six nearly equally-spaced fre-
quency peaks interpreted as high radial order overtones. The
rotation frequency from mean-light variation was found to
be vrot = 0.080274 + 0.00002d~* (Kurtz & Marang 1987b).
Later, Kurtz et al. (1989) found that all six frequencies are
amplitude modulated with the rotation of the star. These
frequencies, v, are listed in Table3 with frequency num-
bering as adopted by Kurtz et al. (1989).

The frequency of v does not fit the predictions
of asymptotic theory for high-frequency acoustic modes.
Cunha (2001) showed that it can be understood if the effect
of the magnetic field on the frequencies of the oscillations is
taken into account and predicted that another mode should
be present at a slightly lower frequency. The “missing mode”
(v7 in Table3) was indeed later discovered by Kurtz et al.
(2002). Kurtz et al. (2005) confirmed the above rotational
frequency and detected a new peak, vg. From radial ve-
locity measurements, Mkrtichian & Hatzes (2005) added vq
and 1. A re-analysis of photometric observations indicates
that variations in amplitude occur on a timescale of days
(White et al. 2011).
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Figure 7. Periodogram for TIC 326185137 and the light curve
phased with vrot = 0.5137d~1. The vertical lines show the fre-
quency quintuplet (Kurtz et al. 1996) with lengths proportional
to their amplitudes. Note the large change in relative amplitudes.
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Figure 8. Periodogram for TIC 340006157 and the light curve
phased with 1ot = 0.13015d 1. The vertical lines below the pe-
riodogram show the frequencies listed in Matthews et al. (1987).

The star was observed for 26d in sector 5. The peri-
odogram peaks (Fig.6) agree with frequencies found in the
literature except that no match can be found for vs. Some
rotational sidelobes can also be identified. The rotational
light curve (Fig.6) is somewhat distorted, but this is prob-
ably a result of the difficulty in correcting for the long-term
trend in the data, since the observations barely cover two
rotation periods.
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4.7 TIC 326185137 (HD 6532)

Kurtz & Kreidl (1985) found a frequency triplet of 207.025,
207.541 and 208.018d~'. Later, Kurtz et al. (1996) showed
that the observations are fully described by a frequency
quintuplet spaced exactly by the rotation frequency. The
first and second harmonics are also visible. The central fre-
quency is v = 207.547069 + 0.000002d ! and the spacing
is rot = 0.514145d 1. Kurtz & Marang (1987a) refined the
rotational frequency to 0.5140 4 0.0019d ™.

The TESS light curve from sector 3 shows three peaks:
207.0320, 208.0620 and 208.5752d ' with uncertainties of
about 0.0006d*. Although these frequencies are the same
as found by Kurtz et al. (1996), the relative amplitudes are
very different, as shown in Fig. 7. The relative amplitudes in
roAp stars are often used to provide constraints on the ge-
ometry of the pulsation through the relation of Kurtz et al.
(1990a):

AN + A

tanitan 3 =
AP

where A(ilz are the dipole sidelobe amplitudes, Aél) is the
amplitude of the central peak, i is the inclination angle and
B is the angle between the rotational axis and the axis of
pulsation. This holds true under the assumption of a pure,
non-distorted, dipole mode (I = 1, m = 0), with sidelobes
generated from rotation alone. Since the obliquity is unlikely
to have changed over 25yr, this must serve as a caution
when using the above formula. The reason why the relative
amplitudes are different in the TESS data and in the ground-
based B data is not known.

The rotational peak in the TESS periodogram is strong
with the first harmonic of almost the same amplitude. The
best fit is vror = 0.5137 £ 0.0003d ™! (Fig. 7).

4.8 TIC 340006157 (HD 60435)

This star was discovered by Kurtz (1984). Matthews et al.
(1987) detected 17 frequencies which were interpreted as
consecutive radial overtones of [ = 1 and [ = 2 modes.
These follow the asymptotic relationship with a large spac-
ing of 25.8 pHz. They also found that certain oscillations can
grow or decay from observable amplitudes in less than a day.
The rotation frequency from the mean light was found to be
Vot = 0.1302d7! (Kurtz et al. 1990b).

The star was observed in sectors 3, 6 and 7 for a
duration of 130d with a 62-d gap between sectors 3 and
6. The periodogram of the combined data (Fig.8) shows
six peaks, each of which appears to contain fine struc-
ture. The mean light rotational curve has a frequency of
Vrot = 0.13015 4 0.00002d 1. None of the other peaks de-
tected by Matthews et al. (1987) can be seen in the TESS
data.

Periodograms of time sequences of duration of 1d and
overlap of 0.5 d were calculated to examine the development
of the frequencies with time. Results are shown in Fig. 9. It is
clear that the peaks have short lifetimes of the order of a day
or two, confirming the findings reported by Matthews et al.
(1987). Even more remarkable is the appearance and disap-
pearance of some peaks between 114-120d~*. For example,
the peak of highest amplitude at about 116.7d~! dominates
the frequency spectrum in days 6-12 but is not present at
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Figure 9. Periodograms of TIC 340006157 taken at intervals of one day showing the short-lived nature of the roAp pulsations. The
vertical dotted lines show frequencies listed in Table4. The left y-axis is the time in days relative to BJD 2458385 while the right y-axis
is the rotational phase. The sector number for each panel is shown.

Table 4. Approximate frequencies (v in d~!) and amplitudes (A
in ppt) for TIC 340006157.

D v A
V1 — Vrot 113.34 0.03
V1 113.47  0.07
V1 + Vrot 113.60 0.06
Vo 114.43  0.03
V3 116.88 0.10
vy — 2Upot 119.08  0.04
V4 — Vrot 119.23  0.05
vy 119.34  0.06
V4 + Vrot 119.48 0.04
Vs 121.62 0.12
Ve — Urot 123.64 0.10
Vg 123.76  0.09
Ve + Vrot 123.90 0.10

other times. In spite of the short-term nature of the varia-
tions, it is possible to discern the sidelobes due to rotational
amplitude modulation in some cases. However, all peaks are
broad with fine structure and poorly resolved. The approx-
imate frequencies and amplitudes of those peaks which can
be resolved are listed in Table 4.

4.9 TIC 350146296 (HD 63087)

This star was discovered by Cunha et al. (2019) to be a rapid
oscillator from TESS sector 1-2 data. It is not known to be
chemically peculiar. Analysis of the full data set (sectors
1-7; 190.8d time span) allows the rotational frequency to
be refined to ot = 0.375420 £+ 0.000017 dfl7 which is the
same, within the errors, as reported by Cunha et al. (2019)
(Fig. 10). The extracted frequencies are listed in Table 5. In
addition to the frequencies previously identified, two rota-
tional sidelobes, va — 2ur0t and va + 2u40t, are found.

|
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Figure 10. Periodogram of TIC 350146296 and the light curve
phased with ot = 0.375420d1.

5 NEW ROAP STARS

In this section we list the new roAp stars discovered in the
data from sectors 3 to 7. We include in this list only stars
that satisfy one of the following criteria. Firstly, the star has
been previously classified as Ap and the observed frequen-
cies, and corresponding estimated radial orders, are typi-
cal of the known roAp stars. Secondly, the star has not
previously been classified as Ap, but its frequencies and
corresponding estimated radial orders are typical of roAp
stars and there is evidence for Ap-like rotational modula-
tion and/or pulsation multiplets split by integer values of
the rotation frequency.

MNRAS 000, 1-17 (2011)



Table 5. Extracted frequencies (v in d~1) and amplitudes (A in

ppt) for the total data set of TIC 350146296.

1D v A
V1 — Vrot 293.6572 4+ 0.0003  0.026 £ 0.003
V1 + Vrot 294.4081 + 0.0003  0.029 + 0.003
va — 2Urot  296.6780 £ 0.0005  0.018 £ 0.003
12 297.4294 + 0.0002  0.041 + 0.003
vo + 2urot 297.8043 £ 0.0006  0.017 £ 0.003
V3 — Vrot 300.6411 + 0.0001  0.074 + 0.003
v3 301.0162 + 0.0002  0.045 + 0.003
V3 + Vrot 301.3916 4+ 0.0001  0.063 £ 0.003
V4 — 2Urot 303.6617 £ 0.0002  0.043 £ 0.003
V4 — Vrot 304.0368 + 0.0002  0.042 + 0.003
V4 304.4126 + 0.0001  0.122 + 0.003
V4 + Vrot 304.7880 + 0.0002  0.042 + 0.003
v4 + 2vrot 305.1634 £ 0.0003  0.035 £ 0.003
Vs — Vrot 307.4341 + 0.0004  0.023 £ 0.003
Vs 307.8088 + 0.0005 0.017 + 0.003
Vs + Vrot 308.1848 4+ 0.0005  0.020 £ 0.003

Table 6. Extracted frequencies (v in d~1) and amplitudes (A in

ppt) for TIC 17676722.
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Figure 11. Periodogram of TIC 17676722 and the light curve
phased with vyt = 0.6254 d-1.

Table 7. Extracted frequencies (v in d~!) and amplitudes (4 in
ppt) for TIC 156886111.

ID v A
v1 — 2ot 166.5000 + 0.0012  0.151 4+ 0.006
V1 — Vrot 167.1233 £ 0.0024  0.076 =+ 0.006
V1 167.7495 4+ 0.0003  0.621 + 0.006
v + 20t 168.9998 +0.0012  0.155 £ 0.006

5.1 TIC 17676722 (HD 63773)

This star was observed in sector 7 for 24.5 d. The mean light
curve has a rotational frequency of vror = 0.6254+£0.0002 d—!
(Fig.11). There are four significant high-frequency peaks
which can be interpreted as due to rotational amplitude
modulation of a single oscillation at 167.7495d~* (Table 6,
Fig.11). Very little information is available for this star ex-
cept for its spectral type of A2.

5.2 TIC 156886111 (HD 47284)

This is a known Ap star observed for a total of 48 d in sectors
6 and 7. The rotational frequency is given as 0.145859d "
by Watson et al. (2006), which agrees with the frequency
derived from the TESS light curve (Fig. 12). There is an iso-
lated peak at 5.4648d ™" in the periodogram (Fig. 12) which
is difficult to interpret. A list of the significant frequencies
is shown in Table7. The high frequencies consist of three
oscillations and some rotationally modulated multiplets.

5.3 TIC 259587315 (HD 30849)

This is a known Ap star (ApSrCrEu). Hensberge et al.
(1981) found a rotation period ot = 0.0631 d-L
Martinez & Kurtz (1994b) searched for roAp pulsations but
none were detected.

Sector 4 and 5 observations show that this is a roAp
star (Fig.13). There are three well-separated peaks each of

MNRAS 000, 1-17 (2011)

1D v A
12 5.4648 +0.0004  0.340 £ 0.008
v1 110.1233 £0.0033  0.036 £ 0.008
V2 — Urot 112.4111 £0.0021  0.057 £ 0.008
V2 + Vrot 112.7019 4+ 0.0023  0.053 4 0.008
v3 — 2Urot 113.5693 + 0.0022  0.055 4 0.008
V3 — Urot 113.7142 4 0.0025  0.048 4+ 0.008
v3 113.8591 + 0.0011  0.109 £ 0.008
V3 + Vrot 114.0067 4+ 0.0021  0.058 4+ 0.008

Table 8. Extracted frequencies (v in d~1) and amplitudes (A in

ppt) for the total data set of TIC 259587315.

D v A
V1 78.11065 + 0.009  0.065 &+ 0.040
V2 78.22939 + 0.015  0.040 £ 0.040
v3 — 2urot 80.31933 £0.010  0.058 £ 0.040
v3 80.44372 + 0.004  0.147 £ 0.040
V4 — Vrot 82.07746 + 0.005 0.110 £ 0.040
2 82.14120 + 0.008  0.060 + 0.040
V4 + Vrot 82.20437 + 0.006  0.105 + 0.040

which shows fine structure which seems to be composed of
rotationally-split components. Provisional identification of
the most significant peaks are given in Table 8. More peaks
are undoubtedly present, but these are poorly resolved due
to the long rotation period. More data are required to verify
the splitting to higher precision. The best fit to the mean
light gives vror = 0.06319 4 0.00007d ™! (Fig. 13).
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Figure 12. Periodograms of TIC 156886111 in the low-frequency
region showing the isolated peak at 5.467d~! (top panel), with
the middle panel showing the high-frequency range. The bottom
panel is the light curve phased with vror = 0.1459 d-1.
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Figure 13. Periodogram of TIC 259587315 and the light curve
phased with ot = 0.06319d~1.

1D v A
V1 — rot  183.643140.0007  0.103 & 0.006
vy 183.7166 + 0.0007  0.130 = 0.006
Vi + ot 183.7920 4 0.0010  0.071 + 0.006
va 188.9264 £ 0.0011  0.062 == 0.006
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Figure 14. Periodogram of TIC 349945078 and the light curve
phased with 0y = 0.037103d~1.

5.4 TIC 349945078 (HD 57040)

This is a known Ap star with s = 0.037103d7!
(Watson et al. 2006). It was observed for 47.8d in sector 6
and 7. The mean light rotational frequency from the TESS
data agrees with the published value. Because the time span
of the TESS observations cover less than two rotation peri-
ods, the published value of 11t was adopted. Fig. 14 shows
the light curve phased with this frequency.

The high-frequency region shows two peaks, v1 and vs.
The peak at 1 has structure which can just be resolved into
the amplitude modulated components, as shown in Table 9.
There is also a peak at 189.004d ™! which is approximately
V2 4 Urot, but this is only marginally significant.

6 CANDIDATE ROAP STARS

In addition to the new roAp stars discussed above and those
published by Cunha et al. (2019), a number of A stars in
TESS sectors 1 to 7 show a pulsation frequency spectrum
that differs from that typically observed in § Sct pulsators
and, to varying degrees, resembles the pulsations in roAp
stars. We classify them as candidate roAp stars if they ex-
hibit pulsations with high frequencies that can be associated
with high radial orders. High resolution spectroscopic obser-
vations of these stars should clarify if they are Ap or chemi-
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Figure 15. Periodogram of TIC 3814749 and the light curve
phased with vyot = 0.5920 d-1.

cally normal. If the latter is verified, and a different origin for
the pulsations can be excluded (e.g., from contamination or
binarity), then one will be led to the interesting conclusion
that pulsations similar to those observed in roAp stars are
excited in chemically normal, and possibly non-magnetic,
stars.

6.1 TIC 3814749 (HD 3748)

This is a double star separated by 16.4 arcsec (V = 9.61 +
9.88 mag). The spectral types are given as A0/1 IV/V and
A9/F0OV: for the two components (Houk & Swift 1999).
It was first classified as a detached eclipsing binary by
Kazarovets et al. (1999) using Hipparcos photometry, but no
period is listed. Using the same data, Koen & Eyer (2002)
found it to be a variable of unknown type with a frequency
0.42482d°".

The star was observed for 20d by TFESS in sector
3. No evidence of an eclipse is seen. There is a low-
frequency peak at v = 0.592d™' which could be the ro-
tational frequency, but this differs from the frequency found
by Koen & Eyer (2002). A single high-frequency peak at
v = 238.205+0.003d*, amplitude A = 0.385 £ 0.042 ppt is
present (Fig.15). The false-alarm probability is 107'? and
the S/N ratio is 12, indicating the presence of a real fre-
quency. If the data are divided into two independent sets,
the high frequency peak is present in both sets.

6.2 TIC 49818005 (HD 19687)

There is almost no information on this star except its spec-
tral type A9 IV/V (Houk & Swift 1999). There is a sin-
gle peak at v = 141.8618 £ 0.0008d~!, amplitude A =
0.246 £ 0.009 ppt (Fig. 16). The false-alarm probability is
essentially zero and S/N = 31.
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Figure 16. Periodograms for TIC 49818005 and TIC 92350273.

6.3 TIC92350273 (CD-3315279)

This is an F5 star. A literature search gives Teg in the range
6000-7670 K. The TESS periodogram shows a single peak
with v = 244.813 4 0.003d™! and A = 0.053 & 0.009 ppt
(Fig.16). The S/N ratio of the peak is 9.2 while the false
alarm probability is 2 x 107*.

6.4 TIC 220073982 (HD 288081)

The periodogram of this star shows two low-frequency peaks:
a fundamental at 3.260 + 0.002d ™! and the first harmonic
which has a slightly higher amplitude. If this is interpreted
as rotational modulation it would indicate very rapid rota-
tion. While the parameters listed in Table 1 lead to a criti-
cal rotational frequency of about 2.8 d™*, it should be noted
that the measured effective temperature will be smaller than
the true Teg owing to gravitational darkening at the equa-
tor caused by rapid rotation. A value of Teg = 8500 K, for
example, leads to a critical rotational frequency of about
3.26d~*. The light curve phased with 3.26d~" is shown in
Fig. 17.

There are two significant high frequencies at v; =
73.101 £ 0.004, A; = 0.081 £ 0.011 and v, = 69.841 £+
0.005d7!, Ay = 0.064 & 0.011 ppt. Another peak at vz =
79.620d~" and a fourth peak at v4 = 66.567d! may be
present. These form a quintuplet spaced by 3.260d~! with
one missing peak and central frequency 11 (Fig. 17). The star
closely resembles an amplitude modulated roAp star. It is
not known to be chemically peculiar, and the short rotation
period would make it the most rapidly-rotating object of
this class. From the global parameters listed in Table 1, the
observed frequencies correspond to a radial order n ~ 19,
which is not uncommon in roAp stars.

In roAp stars the rotational amplitude modulation is a
result of two different axes, rotation and magnetic, which
are not aligned. Tidal modulation also leads to two non-
aligned axes and thus to pulsational amplitude modulation
(Balona 2018c). This may be an alternative explanation for
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Figure 17. Periodogram of TIC 220073982 showing peaks spaced
by 3.260d~!. The light curve phased with 3.260d~"! is shown in
the bottom panel.
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Figure 18. Periodogram for TIC 300908057.

the equally-spaced quintuplet in this star. If the 3.260d "
frequency is the orbital frequency, one may expect large ra-
dial velocity variations.

6.5 TIC 300908057 (HD 203997)

Almost nothing is known about this star except its spectral
type, G1V. The TIC effective temperature, Teg = 6174 K,
places it at about F8. The periodogram shows a single peak
at v = 277.6764+0.003d !, amplitude A = 0.03040.005 ppt
(Fig.18). No other significant peak is present. The false
alarm probability is quite high at 0.005 and S/N = 8.5. The
star needs to be re-observed to confirm the reality of the high
frequency. TIC 300908057 falls below the zero-age main se-
quence in Fig. 1, which might indicate that this is a subdwarf
or other evolved object.

6.6 TIC 391892593 (HD 63037)

This is a known Am star. There is only a single peak at
v1 = 148.38164+0.0005d ", A; = 0.02140.003 ppt (Fig. 19).
The S/N ratio is 9 and the false alarm probability is 3x107%.
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Figure 19. Periodogram of TIC 391892593.
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Figure 20. Periodograms of TIC 100775380 in two different fre-
quency regions.

7 ADDITIONAL HIGH-FREQUENCY
PULSATORS

Interestingly, there are stars whose oscillation spectra do
not resemble that of a & Sct star but whose frequencies, and
associated radial orders, are lower than expected for a roAp
star. These stars are describe in this section.

7.1 TIC100775380 (HD 39763)

This is a close double (V' = 8.44, 8.59 mag) with separation
of 0.31 arcsec and combined A1V spectral type. It was ob-
served in sectors 5 and 6 for a total of 52 d. The periodogram
shows two peaks at v1 = 57.063 £0.001, A; = 0.023 +0.003
and vz = 68.860£0.002d !, A, = 0.0152:0.003 ppt (Fig. 20).
There are some barely significant peaks at low frequency
suggesting v Dor or SPB pulsations, but the star is far from
the instability region of either of these two classes of pul-
sating stars. This is one of those stars that could well be
classified as a § Sct variable except for the unusual isolated
pair of peaks.

Considering the global parameters indicated in Tablel
and the observed frequencies, we estimate the radial orders
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of the modes to be around 11 and 13, which are smaller that
those usually seen in roAp stars.

7.2 TIC 308307808 (CD-602021)

This A3/A5 star is a member of the open cluster NGC 2516.
It was observed for 26d in sector 4 and again for 24d in
sector 7 with a gap of 55d between the two sets of data.
The star is difficult to classify. There are two significant
peaks at v1 = 55.8688 4+ 0.0003, A1 = 0.157 £ 0.009 and
vy = 63.2935+0.0008d 1, Ay = 0.06140.009 ppt, which are
barely within the roAp range (Fig. 21). There is also a peak
at 6.9227 + 0.0005d "1, A = 0.094 & 0.009 ppt. These peaks
are present in the individual sector 4 and sector 7 data sets.
Perhaps the star can also be classified as an unusual § Sct.
Also, from the estimated global parameters these frequencies
correspond to radial orders of around 11, which is smaller
than found in roAp stars.

7.3 TIC 399665133 (BD+406 763)

This A2 star was observed for 26 d in sector 5. The highest
peak in the periodogram is at 2.237 4+ 0.001d™" (Fig. 22)
which we take to be the rotational frequency, but could also
be a result of binarity. In addition, the periodogram shows
a series of low-amplitude peaks of which the most signifi-
cant are v1 = 52.078 & 0.002, A; = 0.087 £ 0.007, vo =
58.636 £ 0.002, Az = 0.078 £ 0.007, v3 = 71.102 4 0.003d !
and Az = 0.047+0.007 ppt. There is no clear relationship be-
tween these peaks and v1or and there are no equal spacings.
Also, the estimated radial order of the mode with largest
amplitude is only n = 11.

7.4 TIC 407661867 (HD 37584)

This apparently non-Ap star was discovered to be rapidly
oscillating by Cunha et al. (2019) but the significance of the
oscillation was marginal. The additional data shows that
there are, in fact, two peaks at 11 = 61.1287 + 0.0003,
A; = 0.020 £ 0.002 and v2 = 64.0630 £ 0.0002d~}, Ay =
0.023 £0.002 ppt (Fig. 23). These frequencies are rather low
compared to a typical roAp star. From the estimated global
parameters, the radial order, n ~ 9, is also smaller than
observed in known roAp stars.

There is also a low-frequency peak at vror = 1.7775 &
0.0002d~! which we assume is the rotational period. Be-
cause of the low amplitude, the light curve shown in Fig. 23
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Figure 22. Periodogram of TIC 399665133 in the high frequency
region. No other peaks are visible except for a single low-frequency
peak at vrot = 2.237d~1. The light curve phased with vyot is
shown in the bottom panel.

consists of averages in 1000 phase bins. In addition, there
appear to be one or two low-amplitude peaks at even lower
frequencies which might indicate a pulsational origin. As
Cunha et al. (2019) point out, the field is quite crowded and
the peaks might not originate in the same star.

Because we do not yet understand the mechanism which
drives high-frequency pulsations in Ap stars and non-Ap
stars, it is difficult to decide on a classification. We found
several A-F stars with a small number of peaks at relatively
high frequencies and nothing else of significance in the peri-
odograms of the TESS data.

8 HIGH FREQUENCIES IN ¢ SCUTI STARS

In this section we discuss stars that exhibit pulsation fre-
quencies typical of § Sct stars. In addition, the periodograms
have peaks with frequencies higher than usual for § Sct
stars which cannot be explained as combinations of lower
frequency modes.

8.1 TIC 98728812 (HD 18407)

This A0V star (Houk & Smith-Moore 1988) shows a single
frequency at 65.302 + 0.002d™!, amplitude A = 0.056 +
0.007 ppt. The S/N ratio is 9.5 and the false alarm prob-
ability is 5 x 1077. The radial order for this frequency is
n ~ 11. There is another peak at around 62d~!, but it is
not formally significant (Fig.24). Apart from these, there
are a few low-amplitude, but significant, peaks at low fre-
quencies suggestive of v Dor or § Sct pulsations. The highest
amplitude low-frequency peak is at 0.085d~*. The peak at
5.55240.003 d " has S/N = 8.8 and a false alarm probability
of 4 x 1077,
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Figure 23. Periodogram of TIC 407661867 in the high frequency
region. The light curve phased with vyor = 1.777 d—1! is shown in
the bottom panel.
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Figure 24. Periodogram of TIC 98728812 with some barely sig-
nificant low-frequency peaks suggestive of a v Dor variable and
two high-frequency peaks (bottom panel).

8.2 TIC 302296720 (HD 203144)

This A5/7V star has a companion 3 mag fainter at a distance
of 0.3arcsec. It is a § Sct star from which 24 significant
frequencies can be extracted. Among them is an isolated
high-frequency peak at v = 82.831 + 0.004d~!, amplitude
A = 0.037 £ 0.005 ppt, which is well within the roAp region
(Fig. 25). This corresponds to radial order n =~ 14.

The question naturally arises whether this peak is a
harmonic or combination of some of the peaks in the § Sct
range. To test this notion, combinations of the form v =

0.2 T T

302296720

0.05 —

20 40 60 80 100
0.04 T T T T T

Amplitude (ppt)
o

0.03 |~ —

0.02 |~ —

0.01 —

80 81 82 83 84 85 86
v

Figure 25. Periodogram of TIC 302296720 which appears to be
a ¢ Scuti star with a single high frequency (bottom panel).
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Figure 26. Periodograms of TIC 317719322 showing the high-
frequency and the low-frequency regions.

pv; + qu; were calculated with all possible choices of v;, v;
selected from the 24 frequencies. Here p and ¢ are positive
and negative integers with |p, ¢| < 5. It should be noted that
any frequency can be matched by a combination when |p, g|
and the matching tolerance are sufficiently large.

A matching tolerance of 0.04d™! was chosen, which is
about an order of magnitude larger then the largest fre-
quency error. This conservative error margin was chosen to
ensure that any satisfactory combination frequency would
certainly be detected. Even so, no combination was found
and it appears that the high frequency is an independent
mode.

MNRAS 000, 1-17 (2011)



High-frequencies in TESS A-F main sequence stars 15

8.3 TIC 317719322 (HD 40098)

This early A star was observed for 22 d in sector 6. The pe-
riodogram shows just a few peaks. The low-frequency region
shows two peaks at 2.235 and 2.506d~! while the peaks in
the high-frequency region are as follows: 1 = 60.189£0.001,
A1 =0.110£0.006; v2 = 59.927+0.002, A2 = 0.079+0.006;
v3 = 72.26340.004d™", A3 = 0.041 £0.006 ppt (Fig. 26). It
is difficult to classify this star, but it has been included in
this section because of the two low frequencies which look
like v Dor modes. However, the spectral type, A2/3V, im-
plies that the star is too hot for this variability class. Both
the peaks at 2.234 4 0.003 and 2.506 4 0.002d " are highly
significant with S/N in the range 12-17 and false alarm prob-
abilities of 1072 and 10725 respectively. The high frequencies
fall within the roAp range, but the estimated radial orders
are only around 9. There is no simple combination of fre-
quencies which may account for any of the peaks.

8.4 TIC 439399707 (HD 225186)

The spectral type of this star is A1/2IV/V or A3V with-
out any peculiarity. It was observed by Holdsworth et al.
(2014) where it is classified as A5 and noted as a ¢ Sct star
with pulsation frequencies exceeding 50d~!. There are 14
frequencies which can be extracted from the TESS data, as
shown in Table. 10. Only one peak can be expressed as a
combination: 14 = 2vs — v2. The mean light of the star
varies with frequency vror = 0.6016 £ 0.0002d~" (Fig. 27).

The estimated radial order of the highest frequency
is only about 9 which is low compared to those for most
known roAp stars. It is included here because the frequency
distribution is very unusual for a § Sct star. Also of in-
terest are two flares which occur near maximum light at
BJD 2458377.820 and BJD 2458380.000 (Fig.27). Consid-
ering that this is quite a luminous star, the flares must
be quite energetic. Taking the luminosity listed in Table 1
and integrating the flux underneath the flare, the energy
released is estimated to be about 10%6 ergs for each flare.
Flares in active M dwarfs typically release 10%® — 10%° ergs
(Schmidt et al. 2018). There is no other star visible within
a radius of 2 arcmin. The star is identified with the ROSAT
X-ray source 1RXS J000415.1-172524 (Voges et al. 1999).

The stars discussed above serve to show that in at least
some ¢ Sct stars not all the high frequencies are explained as
combination frequencies and that independent modes with
frequencies as high as some of those found in roAp stars
are present, though at typically smaller radial orders. It is
also worth noting that we have found a few § Sct stars in
the TESS and Kepler data where the frequency spectrum
consists of just a few closely-spaced peaks at relatively high
frequencies and nothing else. These resemble the frequency
spectrum of a typical roAp star, but at lower frequencies. It
is not clear how such strange mode selection can occur.

9 DISCUSSION AND CONCLUSIONS

Light curves and periodograms of over 18000 stars with
Ter > 6000K in TESS sectors 1-7 were visually exam-
ined. High-frequency peaks were found in several stars, not
only among the chemically peculiar ApSrEuCr, but also

MNRAS 000, 1-17 (2011)
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Figure 27. Panel (a): the periodogram of the ¢ Sct star
TIC 439399707. No other peaks are present except for the low-
frequency rotational peak and its harmonic. Panel (b) shows the
light curve phased with frequency vrot = 0.6016 d~1. Two flaring
events are seen near maximum light. These are shown in more
detail in panels (c) and (d) where the time is relative to the
flare maxima. Note the sinusoidal variations associated with the
60.079d -1 periodicity.

among apparently chemically normal stars. All stars pre-
viously known to be roAp stars in the list of Smalley et al.
(2015) were recovered. Some of these results have already
been presented by Cunha et al. (2019).

Among the most interesting results discovered in the
analysis of known roAp stars is the large change in relative
amplitudes of the roAp peaks in TIC 326185137 (HD 6532).
The relative amplitudes of the multiplets arising from am-
plitude modulation are often used to estimate the tilt of
the pulsation axis relative to the rotation axis. The rela-
tive amplitudes derived in the TESS data are very different



16  L.A. Balona, D. L. Holdsworth, M. S. Cunha

Table 10. Extracted frequencies, v (in d—1), and amplitudes, A

(in ppt), for TIC 439399707.

1D v A

121 52.363 £0.005 0.340 £0.017
12 53.567 £0.011  0.170 £ 0.017
V3 55.368 £0.013  0.150 4 0.017
12 55.524 +£0.024 0.083 4+ 0.016
173 55.777 £0.018 0.110 4+ 0.016
Vg 56.572 £0.025 0.078 £0.016
vr 56.976 £0.025 0.078 +0.016
Vg 58.400 £0.024 0.083 4+ 0.016
V9 58.890 £ 0.007  0.255 4+ 0.017
vio 59.700 £0.015 0.127 +0.017
v11  60.079 +£0.001 1.055 4+ 0.018
vi2  60.909 +0.013 0.148 +0.016
v13 61.136 £0.016 0.119 + 0.016
vi4 63.2374+0.017 0.112 4+ 0.016

from those previously derived from ground-based B-band
photometry. This requires an explanation and suggests that
caution should be applied in using the amplitude formula.

Of particular interest is the confirmation that in at
least one roAp star the mode lifetimes are no more than
a few days. This is not an isolated case. The instability of
the modes in KIC 8677585, for example, also indicates short
mode lifetimes (Balona et al. 2013).

The search for roAp stars from ground-based obser-
vations has generally been confined to chemically peculiar
SrEuCr stars and the theory that has been developed to
account for the high frequencies relies on the large mag-
netic field that is associated with Ap stars. Observations
from space have made it more feasible to broaden the search
to normal stars. The Kepler mission has already produced
a candidate, KIC 4840675 (Balona et al. 2012). This is an
ATIII or A5Vn § Scuti variable with a dominant mode and
many other modes of lower amplitude. It was independently
classified as FOVn by Niemczura et al. (2017) without men-
tion of any chemical peculiarities. The most interesting as-
pect of this star is a triplet of independent modes in the
range 118-129d ™!, which is far outside the range of typical
6 Sct frequencies.

Ground-based survey observations, such as Super-
WASP, have also begun to uncover stars which are not clas-
sified as Ap but which show pulsations in the roAp range
(Holdsworth et al. 2014). The TESS mission is proving that
high-frequency light variations in stars not know to be Ap
stars may be more common than previously thought. Of
course, it may turn out that all stars with high frequen-
cies are chemically peculiar when observed at sufficiently
high spectroscopic resolution. The most pressing require-
ment at this time is to obtain spectra of these apparently
non-peculiar stars with high frequencies in order to confirm
whether they are chemically peculiar.

The huge variety in the distribution of frequency peaks
in stars located in the same region of the H-R diagram is ev-
ident and cannot be explained by current models. It seems
that pulsations in stars of intermediate mass are very sensi-
tive to the physical conditions in the thin outer layers and
that these differ from star to star, even for stars with the
same effective temperature and luminosity, leading to simi-

lar stars exhibiting very different pulsation spectra (Balona
2018a,b). With the TESS survey, the different types of pul-
sators cohabiting this region of the H-R diagram may be
studied with statistically sound samples. This will allow us
to establish the similarities and differences underlying their
pulsations and, potentially, shed light on the driving mech-
anisms.
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