N
P University of

Central Lancashire
UCLan

Central Lancashire Online Knowledge (CLoK)

Title Suppressed phase variations in a high amplitude rapidly oscillating Ap star
pulsating in a distorted quadrupole mode

Type Article

URL https://clok.uclan.ac.uk/id/eprint/21658/

DOI https://doi.org/10.1093/mnras/sty248

Date 2018

Citation | Holdsworth, Daniel Luke orcid iconORCID: 0000-0003-2002-896X, Saio, H,
Bowman, D M, Kurtz, Donald Wayne, Sefako, R R, Joyce, M, Lambert, T and
Smalley, B (2018) Suppressed phase variations in a high amplitude rapidly
oscillating Ap star pulsating in a distorted quadrupole mode. Monthly
Notices of the Royal Astronomical Society. ISSN 0035-8711

Creators | Holdsworth, Daniel Luke, Saio, H, Bowman, D M, Kurtz, Donald Wayne,
Sefako, R R, Joyce, M, Lambert, T and Smalley, B

It is advisable to refer to the publisher’s version if you intend to cite from the work.
https://doi.org/10.1093/mnras/sty248

For information about Research at UCLan please go to http://www.uclan.ac.uk/research/

All outputs in CLoK are protected by Intellectual Property Rights law, including Copyright law.
Copyright, IPR and Moral Rights for the works on this site are retained by the individual authors
and/or other copyright owners. Terms and conditions for use of this material are defined in the
http://clok.uclan.ac.uk/policies/



http://www.uclan.ac.uk/research/
http://clok.uclan.ac.uk/policies/

of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 476, 601-616 (2018)
Advance Access publication 2018 January 31

hancing
Aionamy
Gephysicr

doi:10.1093/mnras/sty248

Suppressed phase variations in a high amplitude rapidly oscillating Ap
star pulsating in a distorted quadrupole mode

Daniel L. Holdsworth,!-2* H. Saio,> D. M. Bowman,* D. W. Kurtz,! R. R. Sefako,’

M. Joyce,>® T. Lambert’ and B. Smalley®

! Jeremiah Horrocks Institute, University of Central Lancashire, Preston PRI 2HE, UK

2Department of Physics, North-West University, Mafikeng Campus, Private Bag X2046, Mmabatho 2745, South Africa
3 Astronomical Institute, School of Science, Tohoku University, Sendai 980-8578, Japan

4Instituut voor Sterrenkunde, KU Leuven, Celestijnenlaan 200D, B-3001 Leuven, Belgium

SSouth African Astronomical Observatory, PO Box 9, Observatory, Cape Town 7935, South Africa

S Department of Physics and Astronomy, Dartmouth College, Hanover, NH 03755, USA

" Department of Astronomy, University of Cape Town, 7700 Rondebosch, South Africa

8 Astrophysics Group, Keele University, Staffordshire STS 5BG, UK

Accepted 2018 January 26. Received 2018 January 26; in original form 2017 November 29

ABSTRACT

We present the results of a multisite photometric observing campaign on the rapidly oscillating
Ap (roAp) star 2MASS 16400299-0737293 (J1640; V = 12.7). We analyse photometric B
data to show the star pulsates at a frequency of 151.93d~'(1758.45 uHz; P = 9.5min)
with a peak-to-peak amplitude of 20.68 mmag, making it one of the highest amplitude roAp
stars. No further pulsation modes are detected. The stellar rotation period is measured at
3.6747 £+ 0.0005d, and we show that rotational modulation due to spots is in antiphase
between broad-band and B observations. Analysis and modelling of the pulsation reveals this
star to be pulsating in a distorted quadrupole mode, but with a strong spherically symmetric
component. The pulsational phase variation in this star is suppressed, leading to the conclusion
that the contribution of £ > 2 components dictate the shape of phase variations in roAp stars
that pulsate in quadrupole modes. This is only the fourth time such a strong pulsation phase
suppression has been observed, leading us to question the mechanisms at work in these stars.
We classify J1640 as an A7 Vp SrEu(Cr) star through analysis of classification resolution

spectra.

Key words: asteroseismology —techniques: photometric —stars: chemically peculiar — stars:
individual: J1640 —stars: magnetic field — stars: oscillations.

1 INTRODUCTION

There exists a group of chemically peculiar A stars, known as Ap
stars, that show overabundances of elements such as La, Pr, Eu, Sr,
Cr, and Nd in their atmospheres, when compared to their ‘normal’
A-star counterparts; in some cases, these elements can be overabun-
dant up to one million times the solar value (Ryabchikova et al.
2004). Often, these abundance anomalies form surface spots that
modulate the observed flux of the star as it rotates. The peculiarities
in the Ap stars arise from chemical stratification in the presence of
a strong, global, magnetic field, which suppresses convection and
allows radiative levitation. The magnetic field strengths in Ap stars
are often in the range of a few kG, but can be as high as about
30kG (Babcock 1960; Elkin et al. 2010). It is common to find the
magnetic axis misaligned with the rotation axis in Ap stars, leading
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to the oblique rotator model (Stibbs 1950). In general, as a result
of magnetic braking, the Ap stars are much slower rotators than
their non- (or weakly) magnetic counterparts (Stgpienn 2000; Abt &
Morrell 1995); some of them are so strongly braked that their rota-
tion periods can be decades, or even centuries (Mathys 2015).

A subset of the Ap stars is known to show short-period variability,
on the order of 5-24 min. These are the rapidly oscillating Ap (roAp)
stars. Since their discovery by Kurtz (1982), only 61 roAp stars have
been discussed in the literature (for a catalogue see Smalley et al.
2015; Joshi et al. 2016). The driving mechanism of the pulsations
in the roAp stars is thought to be the k-mechanism acting in the H1
ionization zone (e.g. Balmforth et al. 2001; Saio 2005), which results
in high-overtone pressure modes (p modes) being excited. However,
this mechanism cannot explain all the pulsations observed in roAp
stars. Rather, Cunha et al. (2013) suggested that some observed
modes may be excited by turbulent pressure in the convective zone.
Furthermore, there is a subset of roAp stars that seem to pulsate with
frequencies much higher than expected — higher than the acoustic
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cut-off frequency. Work by e.g. Kurtz et al. (1994b, 2005); Sachkov
et al. (2008); Balona et al. (2013); Holdsworth et al. (2016, 2018)
has identified these stars, with some authors postulating whether
there is yet another driving mechanism at work.

Since the first observations of the roAp stars (Kurtz 1982), it
was clear that a relation existed between the pulsation amplitude
(and phase) and the rotation period of the star. This lead to the
development of, and later enhancement of, the oblique pulsator
model (Kurtz 1982; Dziembowski & Goode 1985; Shibahashi &
Saio 1985a,b; Shibahashi & Takata 1993; Takata & Shibahashi
1994, 1995; Bigot & Dziembowski 2002; Bigot & Kurtz 2011).
In this model, the pulsation axis is misaligned with the rotation
one, but closely aligned to the magnetic axis. Such a configuration
means that the viewing aspect of the pulsation mode changes over
the rotation cycle of the star, leading to the observed amplitude
and phase modulations. This property of the roAp stars can provide
constraints on the geometry of observed pulsations.

Most roAp stars have been discovered through photometric
campaigns targeting known Ap stars (e.g. Martinez, Kurtz &
Kauffmann 1991; Handler & Paunzen 1999; Dorokhova &
Dorokhov 2005; Paunzen et al. 2015), with some later additions
through the use of high-resolution, time-resolved spectroscopy
(e.g. Hatzes & Mkrtichian 2004; Elkin et al. 2011; Kochukhov
et al. 2013). In more recent years, the use of ground-based surveys
(Holdsworth et al. 2014a; Holdsworth 2015) and the Kepler space
telescope (e.g. Balona et al. 2011; Kurtz et al. 2011; Smalley
et al. 2015) have yielded new results. However, issues with using
ground-based surveys are the sparsity and low-precision of the
data. This method is useful for identifying pulsating Ap stars, but
precise, high-cadence, follow-up observations are needed to fully
study the targets.

The subject of this paper, J1640 (cc: 16:40:02.99, §: —07:37:29.7;
2MASS J16400299-0737293; V = 12.7), was first shown to be a
roAp star by Holdsworth et al. (2014a) after searching the Super-
WASP archive for periodic A star variables. Their results show
variability at 151.93d~! (1758.45 uHz; P = 9.5 min) with a semi-
amplitude of 3.52 mmag in the SuperWASP broad-band filter. With
such a high-amplitude pulsation, we consider whether J1640 is
similar to the other roAp stars which exhibit similar pulsation
amplitudes. Most pulsation amplitudes of roAp stars are below
about 10 mmag (Joshi et al. 2016), thus making the subset of high-
amplitude pulsators interesting in their own right. Furthermore,
these stars KIC 7582608, HD 24355, and J1940 (Holdsworth et al.
2014b, 2016, 2018), are all single mode, distorted quadrupole pul-
sators which show suppressed pulsation phase variations, meaning
that the pulsation cannot be modelled by a single spherical har-
monic. These stars require energy from higher ¢ terms to accurately
model the phase variations. As J1640 shows many similarities with
these stars, we aim to test whether it also belongs to this abnormal
group of roAp stars, and thus provide a larger subset of stars to
investigate the pulsation driving mechanism in these peculiar class
members.

In this paper, we provide a detailed analysis of the WASP dis-
covery data, along with newly obtained, multisite, ground-based
observations. Finally, we apply theoretical modelling to the data to
better understand this pulsating star.

2 CLASSIFICATION SPECTROSCOPY

To classify J1640, we have spectroscopically observed the star with
two different instruments. The first spectrum was obtained with

on 01 March 2018

Table 1. Log of spectroscopic observations of J1640. The DER_SNR code
(Stoehr et al. 2008) was used to find the S/N. The rotation phase has been
calculated from equation (1). BJD is the mid-point of the exposure, given as
BID-2450000.

Instrument BID Integration time S/N  Resolution  Rotation
(s) (A) phase

WHT/ISIS  6326.7699 1200 100 0.86 0.32£0.03

SALT/RSS 6374.568 8 600 70 0.37 0.06 £0.03

Rectified Flux

3900 4000 4100 4200 4300 4400 4500
Wavelength (A)

Figure 1. Spectra of J1640 (second and third) compared to MK standard
stars as labeled. The target spectra have been reduced to the resolution of
the standards (i.e. 1.67 A).

the Intermediate dispersion Spectrograph and Imaging System!
(ISIS) mounted on the William Herschel Telescope (WHT). The
second was obtained with the Robert Stobie Spectrograph (RSS;
Kobulnicky et al. 2003) mounted on the Southern African Large
Telescope (SALT). We provide a log of the spectral observations in
Table 1.

We present the two spectrain Fig. 1 along with three MK standard
stars” for spectral classification. We determine that the Balmer lines
of J1640 are best represented by the A7 standard. However, the metal
lines of J1640 do not match those of the standard star, as is expected

! http://www.ing.iac.es/Astronomy/instruments/isis/
2 Standard star spectra from R.O. Gray’s website: http://stellar.phys.
appstate.edu/Standards/.
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in an Ap star. In particular, lines of Sru at 4077 and 4216 A are
enhanced, Eun at 4130 Ais also stronger than the standard, as
is the line at 4205 A. There is a weak signature of Crirat 4111 10\, on
the red side of the Hy core. These deviations allow us to conclude
that J1640 is an A7 Vp SrEu(Cr) star. Additionally, we note a weak
Mg 4481 A line when compared to the standard, as well as the
commonly observed weak Cau K line, a trait of Ap stars. Finally,
there are slight line strength variations of some of the lines, most
notably the Sru lines, between the two spectra of J1640. This is a
result of the difference in rotation phase at which the two spectra
were obtained.

To estimate the temperature of J1640, we produce model spectra
atafixedlog g =4.0 (cgs) with the ucLsyN code (Smith & Dworetsky
1988; Smith 1992; Smalley, Smith & Dworetsky 2001) and the
VALD 2014 atomic line list, and try to best fit the Balmer lines.
Our low-resolution data do not allow for the determination of log g,
thus we fix it at this reasonable value. We derive a temperature of
7600 =+ 200 K, and show the fit in Fig. 2. The cores of the hydrogen
Balmer lines are not fitted well by the model. This is a known
problem with LTE models which underpredict the depth of strong
lines that are formed high in the atmosphere and subject to non-LTE
effects (Gray 2008; Smalley 2014). Coupled with this, the so-called
core-wing anomaly is observed in Ap stars (Cowley et al. 2001;
Kochukhov, Bagnulo & Barklem 2002). In that case, however, the
cores of hydrogen lines are deeper than models, which is not the case
here. The underlying cause of the core-wing anomaly is elemental
stratification, which leads to non-standard temperature gradients in
Ap stars. Hence, in our fits we have ignored the cores of the Balmer
lines. Also note in Fig. 2 how weak the Ca K line is with respect to
the model. As mentioned earlier, this is a common trait of Ap stars.

To determine the rotation phases at which the spectra were ob-
served, we use the first rotational light maximum in the WASP data
as the zero-point, and the rotation period derived in Section3.2.1,
such that:

¢(E) = (2455334.4160 £ 0.0009) + (34674 7 &+ 07000 5) x E,
(D

where E is the number of rotation cycles elapsed since the zero-
point. The calculated rotation phases are shown in Table 1.

3 PHOTOMETRIC OBSERVATIONS

We present the original SuperWASP discovery data here, from
Holdsworth et al. (2014a), with a more in-depth discussion and
analysis than previously provided. Furthermore, we present new
ground-based data obtained with the 1.0-m and 1.9-m telescopes of
the South African Astronomical Observatory (SAAO), and the Las
Cumbres Observatory (LCO; Brown et al. 2013) 1.0-m telescope
network sited at the Siding Springs Observatory (SSO), Australia,
and the Cerro Tololo Interamerican Observatory (CTIO), Chile.

3.1 SuperWASP data

SuperWASP is a leading ground-based project in the search for
transiting exoplanets. It also produces excellent data for the study
of stellar variability. For full details of the SuperWASP project,
see Pollacco et al. (2006); for example of stellar variability studies
that have been conducted with the data, we refer the reader to the
following papers: Maxted et al. (2008), Thomas et al. (2010), Norton
et al. (2011), Norton et al. (2016), Smalley et al. (2011), Smalley
et al. (2014), Smalley et al. (2017), Holdsworth et al. (2014a),
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Rectified Flux

—-40 =20 0 20 40

Wavelength (A)

Figure 2. The Balmer lines of J1640 (red) compared to a model spectrum
of Teir = 7600K, logg = 4.0 and solar metallicity (black solid line) to
determine the effective temperature. Spectra with 200 K are plotted with
dotted lines to represent the error on the fit. Note the strong line of Sririn the
blue wing of H 5, and Eu 1 in the red wing. The wavelength is given relative
to the core of each Hydrogen line.

Holdsworth et al. (2017), Bowman, Holdsworth & Kurtz (2015),
and Greer et al. (2017).

SuperWASP observed J1640 over 3 yr, 2010, 2011, and 2012.
Standard data processing is applied to the data on ingest to the
archive. On retrieval of the data, outlying points are discarded using
a resistant mean algorithm. This process serves to minimize the
noise of the amplitude spectrum (see Holdsworth et al. 2014a for an
example and details). The final light curve which we present here
consists of 20567 data points. Details of the WASP observations,
and frequency analysis, are shown in Table 2.

The 3 yr of SuperWASP observations provide us with a suit-
ably long duration with which to measure the rotation period of
the star. To that end, we combine all WASP data and calculate

MNRAS 476, 601-616 (2018)
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Table 2. Logof the WASP observations and frequency analysis results. BID
is the start time of the observations, given as BJD-245 0000.0. A non-linear
least-squares fit was used to determine the frequencies and amplitudes.

Year BID Length  Number of Frequency

(d) points dh

Amplitude
(mmag)

2010 53323701 93.0234 8474
2011 5647.4961 146.8823 6803
2012 6012.4990 94.8999 5290

151.9343 £ 0.0005 3.63 £ 0.32
151.9348 £ 0.0004 3.32 £ 0.40
151.9338 £ 0.0007 3.83 + 0.47
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Figure 3. Top: low-frequency amplitude spectrum of the WASP light curve
showing the rotation frequency of J1640, as well as the 41 d~" alias of the
negative component. Bottom: the WASP light curve folded on the rotation
frequency, i.e. v = 0.27209d~". The data are singly periodic with a period
of 1/v = 3.675 3 d. The data have been binned 50:1.

the Fourier transform to 1d~'. We find the dominant peak in the
amplitude spectrum at 0.272 09 £ 0.00004 d~!, equivalent to a pe-
riod of 3.6753 £ 0.0005d. The frequency error quoted here is
the formal error in the least squares-fitting, as calculated follow-
ing Montgomery & O’Donoghue (1999). However, as the authors
discuss, formal frequency errors calculated in the presence of cor-
related ‘pink’ noise in the data can be unrealistically low as (a)
the calculation assumes white noise and (b) the frequency error is
proportional to the amplitude error. Therefore, by comparing the
noise levels (i.e. amplitude error) in the amplitude spectrum at high
frequencies — where the noise is white — and at the low frequency of
the rotation signal, we can correct for the underestimation in the fre-
quency error at low frequency. In doing so, we find that the real error
in frequency is a factor of 1.48 higher than the formal error. There-
fore, the rotation period is determined to be 3.675 3 £ 0.000 8 d. We
detect no harmonics of the rotation period in the WASP data. The
amplitude spectrum and phase folded light curve of all WASP data
are shown in Fig. 3.

To analyse the high-frequency variations in the WASP data, we
pre-whiten each individual year in the frequency range 0-10d~! to
the noise level in the frequency range around the pulsation. This

on 01 March 2018

Amplitude (mmag)
N

0] 50 100 150 200
Frequency (d™)

Figure 4. Amplitude spectrum of all WASP data. Low-frequency signals
have been removed between 0 and 10d~!. The structure surrounding the
pulsation signature is a result of daily aliases.

procedure removes the rotation signature as well as any remaining
systematic noise that is not fully removed by the SuperWASP
pipeline. We then calculate the frequency and amplitude of the
pulsation, fit the results using non-linear least-squares with the re-
sults show in the last two columns in Table 2. The frequencies
and amplitudes are all in agreement, within the errors, over the
3 yr of observations; the pulsation is apparent at a frequency of
151.934d~! with an average (weighted) amplitude of 3.58 mmag.
Fig. 4 shows an amplitude spectrum of all the WASP data combined.

We can extract no further information from the WASP data as
the noise dominates over any sidelobes of the pulsation, or further,
low-amplitude, pulsations.

The amplitudes presented in this section are those observed with
the SuperWASP broad-band filter (i.e. 4000-7000 A). Observations
of the roAp stars are typically made with B filters where the pul-
sational signal-to-noise ratio is greatest. The amplitude reduction
in the SuperWASP filter is expected to be of the order 2.3 follow-
ing the comparison of WASP and B data of the roAp star J1940
(Holdsworth et al. 2018), demonstrating that J1640 is one of the
highest amplitude roAp stars yet observed.

3.2 Follow-up observations

J1640 was observed as a secondary target at the SAAO during 2016
June. Observations were made with the Sutherland High Speed
Optical Cameras (SHOC; Coppejans et al. 2013) mounted on both
the 1.0-m and 1.9-m telescopes. We used a Johnson B filter for all
observations. Integration times were either 5 or 10 s with a readout
time of 6.7 ms. Table 3 shows a log of the observations.

Subsequently, the star was observed in 2017 May, June, and July,
again with the 1.0-m SAAO telescope, as well as with the LCO
1.0-m telescope network located in Chile and Australia, also through
a B filter. These facilities are listed as CTIO and SSO in Table 3,
respectively.

The SAAO data are reduced using a customized pipeline in
pyTHON. Each data cube (typically 1h long) consists of 360 im-
age frames each with a 10 s exposure time and 6.7 ms readout time.
Each image frame is bias corrected and normalized by a flat-field.
Aperture photometry is performed using optimized elliptical aper-
tures determined from growth curves of total aperture flux versus
aperture area, which capture changing values of FWHM for each
source caused by variable seeing. An aperture with the same area
as the target star aperture is placed nearby on the CCD, where no
sources are present, to determine and subtract the sky background.
This is also performed for the comparison star. Time stamps from the
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Table 3. Details of the follow-up observations of J1640, where BJD=BJD-2 450 000.0 and is the time stamp of the first data point.

Year UTC date BID Length Number of Exposure Site/telescope Observer(s)
(min) points time (s)
2016
Jun 01/02 7541.3176 121.4 729 10 SAAO 1.0-m DLH/RRS
Jun 02/03 7542.348 1 115.1 664 10 SAAO 1.0-m DLH/RRS
Jun 05/06 75453128 105.1 631 10 SAAO 1.0-m DLH/RRS
Jun 06/07 7546.3306 83.4 501 10 SAAO 1.0-m DLH/RRS
Jun 07/08 7547.3105 102.2 614 10 SAAO 1.0-m DLH/RRS
Jun 08/09 7548.3355 92.7 1112 5 SAAO 1.9-m DLH
Jun 11/12 7551.3885 36.8 222 10 SAAO 1.9-m DLH
Jun 12/13 7552.3442 51.4 301 10 SAAO 1.9-m DLH
Jun 16/17 7556.2825 112.2 674 10 SAAO 1.0-m DLH
Jun 17/18 7557.2768 118.5 681 10 SAAO 1.0-m DLH
Jun 18/19 7558.2819 105.7 635 10 SAAO 1.0-m DLH
Jun 21/22 7561.2636 104.1 625 10 SAAO 1.0-m DLH
2017
May 24/25 7898.3613 105.4 316 20 SAAO 1.0-m DLH/DMB
May 27/28 7901.3259 483.1 1630 10 SAAO 1.0-m DLH/DMB
May 28/29 7902.324 8 444.6 2626 10 SAAO 1.0-m DLH/DMB
May 29/30 7903.3217 458.4 2735 10 SAAO 1.0-m DLH/DMB
May 31 7904.590 2 198.8 197 20 CTIO 1.0-m Service
May 31 7904.9779 198.2 197 20 SSO 1.0-m Service
May 31/01 7905.3170 426.5 2263 10 SAAO 1.0-m DLH/DMB
Jun 01 7905.589 8 198.0 190 20 CTIO 1.0-m Service
Jun 01/02 7906.312 1 367.9 1873 10 SAAO 1.0-m DLH/DMB
Jun 02 7906.590 2 198.6 200 20 CTIO 1.0-m Service
Jun 02 7906.9777 110.3 110 20 SSO 1.0-m Service
Jun 02/03 7907.307 8 446.4 2877 10 SAAO 1.0-m DLH/DMB
Jun 03 7907.9775 128.7 128 20 SSO 1.0-m Service
Jun 04 7908.570 1 199.1 191 20 CTIO 1.0-m Service
Jun 04 7908.9775 38.4 39 20 SSO 1.0-m Service
Jun 04/05 7909.3232 369.8 1175 10 SAAO 1.0-m DLH/DMB
Jun 05/06 7910.2994 426.3 2463 10 SAAO 1.0-m DLH/DMB
Jun 07 7911.0555 144.4 143 20 SSO 1.0-m Service
Jun 08/09 7913.3718 223.1 601 20 SAAO 1.0-m DLH/DMB
Jun 09 7913.5902 239.2 229 20 CTIO 1.0-m Service
Jun 10 7914.6312 202.7 201 20 CTIO 1.0-m Service
Jun 11 7915.657 1 200.8 201 20 CTIO 1.0-m Service
Jun 11/12 7916.2952 114.7 218 10/20 SAAO 1.0-m DLH/DMB
Jun 12 7916.6422 39.9 42 20 CTIO 1.0-m Service
Jun 12/13 7917.280 1 482.7 2878 10 SAAO 1.0-m DLH/DMB
Jun 13 7917.6109 117.7 119 20 CTIO 1.0-m Service
Jun 13/14 7918.3056 460.5 2180 10 SAAO 1.0-m DLH/DMB
Jun 21/22 7926.2730 180.3 1015 10 SAAO 1.0-m RRS
Jun 23/24 7928.2544 425.1 2518 10 SAAO 1.0-m RRS
Jun 24/25 7929.2826 384.8 2304 10 SAAO 1.0-m RRS
Jun 25/26 7930.263 8 411.1 2460 10 SAAO 1.0-m RRS
Jun 29/30 7934.269 5 373.2 2158 10 SAAO 1.0-m MJ/TL
Jun 30/01 7935.2440 422.3 2339 10 SAAO 1.0-m MJ/TL
Jul 01/02 7936.2289 395.3 2519 10 SAAO 1.0-m MJ/TL
Jul 02/03 7937.2258 427.5 2070 10 SAAO 1.0-m MJ/TL
Jul 03/04 7938.2285 421.2 2519 10 SAAO 1.0-m MJ/TL
Jul 04/05 7939.2208 421.1 2518 10 SAAO 1.0-m MJ/TL
Jul 08 7942.0215 173.9 165 20 SSO 1.0-m Service
Jul 19/20 7954.1995 84.2 502 10 SAAO 1.0-m DLH
Jul 20/21 7955.1928 90.4 538 10 SAAO 1.0-m DLH
Jul 21/22 7956.1851 120.0 720 10 SAAO 1.0-m DLH
Jul 22/23 7957.1911 94.5 540 10 SAAO 1.0-m DLH
Jul 23/24 7958.186 1 90.2 538 10 SAAO 1.0-m DLH
Jul 24/25 7959.196 4 75.0 450 10 SAAO 1.0-m DLH
Jul 26/27 7961.1917 59.9 360 10 SAAO 1.0-m DLH
Jul 28/29 7963.1899 59.9 360 10 SAAO 1.0-m DLH
Jul 29/30 7964.209 2 150.6 899 10 SAAO 1.0-m DLH
Jul 30/31 7965.1880 59.9 360 10 SAAO 1.0-m DLH
Total 13093 61263
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Figure 5. SAAO and LCO phased light curve folded on the rotation period,
i.e. 3.6747d. The plot shows a clear sinusoidal signature. The data have
been binned 50:1. Note that the variation is in antiphase with the white-light
WASP observations.

original FiTs headers are converted to Barycentric Dynamical Time
(TDB) and expressed in Barycentric Julian Date (BJD-2 450 000.0).

The LCO data are provided as fully reduced data using their in-
house pipeline, BaNzaL> Therefore, we use those frames and conduct
aperture photometry, and time stamp generation, as described above.

In the following analysis, we bin all data to the equivalent of
a 20-s exposure time to ensure that all data points have the same
weight.

3.2.1 Rotation signature

To analyse the low-frequency rotation signature, we perform differ-
ential photometry to remove the seeing, airmass, and transparency
effects. The comparison star is ~105 arcsec from the target star with
a magnitude of V = 13.1. Colour indices imply this star to be a late
G or early K star, hence it may also show signatures of rotational
variability. However, as we know details of the rotation period of
J1640 from WASP data, this possible contamination is not an issue.

As with the WASP data, we calculate a Fourier transform in
the frequency range 0 — 1d~'and find the dominant frequency
to be 0.272130 £ 0.000006d~", corresponding to a period of
3.67471 £ 0.00008d. As before, we increase our errors to pro-
vide more realistic errors in the presence of correlated noise,
in this case by a factor of 5.95, providing a rotation period of
3.6747 £ 0.0005d. This value is in agreement with the WASP
value, an expected result due to the long term stability of spots on
Ap stars.

The amplitude of modulation in the B observations is much larger
than in the WASP data, at 19.96 mmag, but even with this greater
signal to noise, we do not detect any harmonics of the rotation
period. A phase folded light curve with this result is shown in
Fig. 5. Note that the amplitude varies in antiphase with the WASP
data. An antiphase variation is often seen in Ap stars, though with
observations in the visual and ultraviolet. It is thought that flux
redistributed from rare-earth element line-blanketing causes this
effect between the two passbands (Molnar 1973). However, it is
less common to see variations between B and V (or the broad-band
WASP filter) (e.g. Kurtz et al. 1996a; Drury et al. 2017; Grobel et al.
2017), which indicates a null wavelength in the visual part of the
spectrum (Molnar 1975).

3 https://lco.global/observatory/data/BANZ Alpipeline/
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3.2.2 Pulsation signature

We use non-differential photometry to analyse the pulsation in
J1640 as this provides us with more precise data to work with,
having avoided combining photon statistical observational errors
of the comparison star with those of the target star when calcu-
lating the differential magnitudes. We fit and remove the airmass
effects and other low-frequency variability, such as the rotation,
in the range 0-10d~" to the noise level at high frequency. Using
non-differential photometry, however, does mean the loss of some
data on non-photometric nights. After removing obvious outlying
points (and those affected by cloud), and binning the data to 20s
integrations, the following analysis is conducted using 25 302 data
points. The full light curve used for the pulsation analysis is shown
in Fig. 6.

We calculate an amplitude spectrum of the full data set which is
shown in Fig. 7; the pulsation frequency is clearly evident. Fig. 8
shows a zoom of the pulsation frequency (top panel), and subsequent
pre-whitening steps of the pulsation and sidelobes. After identifying
and extracting the pulsation frequency, we extract the sidelobes
in pairs by identifying the dominant peaks around their expected
position. This was an obvious procedure for the £1v,, pair (as
shown in the second panel of Fig. 8), but a more challenging task
for the +2v, pair (shown in the third panel of Fig. 8). The presence
of the sidelobes, split by the previously derived rotation frequency,
within the errors, enables us to confirm that we have calculated the
correct rotation frequency of the star, i.e. we have identified the true
rotation period in Section 3.2.1 and not a harmonic of it.

We fit the pulsation signature in the light curve with non-linear
least squares, and show the results in Table 4. The presence of
the sidelobes in the Fourier transform imply that J1640 is a
quadrupole pulsator like J1940 (Holdsworth et al. 2018), or a dis-
torted dipole pulsator similar to HD 6532 (Kurtz et al. 1996b). Given
that the shape of the quintuplet is very different from that of the
distorted dipole seen in HD 6532, and similar to that of the dis-
torted quadrupole of J1940, we deduce that J1640 is pulsating in a
quadrupole mode. This deduction is supported by our models of the
pulsation, as will be seen later in Section 4.

After fitting and removing the quintuplet, we search for further,
previously undetected, pulsation modes. However, we find none at
the level of 0.4 mmag, implying J1640 pulsates in a single mode.
Although we do not detect further pulsations, the harmonics of the
pulsation, up to and including 3v, are present in the data (although
only 2v is visible at the scale of Fig. 7). The extracted harmonics
are shown in Table 5. This is a common trait of the roAp stars and
shows that the pulsations in these stars are non-sinusoidal, i.e. the
pulsations are non-linear. The physical cause of this non-linearity
in such low-amplitude pulsators is still unknown.

As previously stated, the pulsations in roAp stars can be repre-
sented using the oblique pulsator model. The model predicts the
existence of sidelobes to the main pulsation frequency which are
split by an exact frequency — the rotation frequency. We test this
model for J1640 by forcing the frequency of the sidelobes to be
exactly split by the rotation frequency, and then fit the data with
linear least squares. When performing the fit, we select an appro-
priate zero-point to make the phases of the first sidelobes to be
equal. Table 6 shows the result of the test. If the pulsation were a
pure quadrupole mode, described by a single spherical harmonic,
the quintuplet phases should be equal.

The phases derived from the least-squares fit are almost equal,
however the average separation of the central peak and the first
sidelobes are greater than 8 o. This result confirms our conclusion
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Figure 7. Top: an amplitude spectrum of the full data set showing the
pulsation and the second harmonic. The third harmonic of the pulsation is
present (see Table 5), but not visible on this scale. Bottom: a zoomed view
of the pulsation. The surrounding structure is a result of gaps in the data, i.e.
the window function.

that J1640 is pulsating in a distorted mode, and will be addressed
in detail in Section 3.4.

3.3 Testing amplitude and phase variability

The stability of pulsations in roAp stars has been a topic for discus-
sion since long-term, high-precision observations have been avail-
able; some of the stars show very stable pulsations while others
show significant variability. HR 3831 is a prime example of how
a time base of 16 yr allowed Kurtz et al. (1994a, 1997) to discuss
significant frequency variability. More recently, high photometric
precision has allowed the for the identification of phase/frequency
changes in roAp stars observed by the Kepler space telescope (e.g.
Holdsworth et al. 2014b; Smalley et al. 2015).

Furthermore, the recent analysis of quadrupole roAp pulsators
has found them all to show unexpected pulsational phase variations
(Balona et al. 2011; Holdsworth et al. 2014b, 2016, 2018). For a

on 01 March 2018

pure quadrupole mode, the oblique pulsator model predicts a phase
reversal as a pulsation node crosses the line of sight. However, this
has not been the case for these pulsators, as shown in fig. 14 of
Holdsworth et al. (2018). In these cases, it has been concluded that
the stars, which have been modelled in detail, are pulsating with
distorted modes (for a theoretical discussion, see e.g. Shibahashi &
Takata 1993).

With this in mind, we test whether J1640 also shows unexpected
frequency/phase variations over its rotation period, when compared
to the theory for a pure normal mode. The amplitude and phase
are calculated, at fixed frequency, in short sections of the light
curve. These sections consist of 20 pulsation cycles, i.e. are about
0.13d in length, dictated by a trade off between rotation phase
coverage and frequency resolution. Fig. 9 shows the results of this
test.

Considering a pure quadrupole pulsator, where the line of sight
crosses one node, we expect the amplitude to be modulated to
zero twice per rotation, and the phase to change by 7trad. In the
case of J1640, Fig. 9 shows this does not happen. The amplitude
variations seen in J1640 are reminiscent of those seen in the roAp
star o Cir, which is thought to pulsate in a dipole mode. In that case,
as the star rotates, only one pulsation pole is seen resulting in a
smooth sinusoidal variation. The smooth variation in the pulsation
amplitude is a result of the change in viewing aspect of the one
pulsation pole (Kurtz et al. 1994b; Bruntt et al. 2009). This casts
doubt over our earlier deduction that J1640 is pulsating with a
quadrupole mode.

However, in the case of « Cir, the phase is also constant, as one
would expect when only observing one pulsation pole. This is not
what is seen here with J1640. Between approximate rotation phases
of 0.3 and 0.7, there is a small bump in the pulsation phase, as
shown in the bottom panel of Fig. 9 (the solid line in the plot is to
guide the eye to the small phase variation only), but this is still not
the expected 7trad change.

It is known that the rotational variation in the star’s brightness
generates apparent pulsation amplitude variations (Kurtz 1982).
Because of this, the pulsation amplitude will be modulated in pro-
portion to the overall light variations. In this case, our pulsation,
at 5.8 mmag, combined with the rotation variation at 19.96 mmag,
will produce two rotational sidelobes of the order 0.06 mmag. This
is the same order as our error bars on the amplitude measurements,
and much below the detected sidelobe amplitudes, implying that
the rotational light variations cannot explain the presence of the
observed sidelobes.

Along with the pulsation amplitude variations, we must also
consider the effect of surface brightness inhomogeneities on the

MNRAS 476, 601-616 (2018)



608 D. L. Holdsworth et al.

Amplitude
mmag)

(

)

Amplitude

(

)
- N O O

mmag

(

Amplitude

)

mmag
oMo O 2 2D o 2 =
0D oOO0O U O OO WU O UOoOoO=—NWROD

mmag
o
|

Amplitude

(
|

151.0 151.5

152.0 152.5

Frequency (d™)
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peak is in the noise. Note the change in amplitude scale between the top and subsequent panels.

Table 4. Non-linear least-squares fit results to the full light curve. The frequency difference between one line and the previous is shown in the last
column. The zero-point is BJD-2457753.33141. Although at low amplitude, the v — 2v, sidelobe has a 2.6 o significance, thus we believe it to be
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real.
1D Frequency Amplitude Phase Frequency difference
@a"h (mmag) (rad) @ah

v — 2050 151.398 19 £ 0.00059 0.17 &+ 0.06 —0.500 £ 0.631

v — 1vpoc 151.66245 £ 0.000 08 1.17 £ 0.06 —2.842 £ 0.087 0.26428 £ 0.00059
v 151.934 63 £ 0.00002 5.80 &+ 0.06 —0.642 £ 0.017 0.27218 £ 0.00008
v+ 1vpoc 152.204 67 £ 0.000 08 1.07 £+ 0.06 2.896 £ 0.090 0.27004 £ 0.000 09
V4 20500 152.478 33 £ 0.00019 0.49 % 0.06 3.131 £ 0.201 0.27366 + 0.00021

Table 5. Non-linear least-squares fit results to the full light curve, fitting
just the harmonic series. The zero-point is BJD-245 7753.33141.

1D Frequency Amplitude Phase
(d=h (mmag) (rad)

v 151.93462 + 0.00001 5.98 £ 0.06 —0.642 £ 0.015

2v 303.869 16 £ 0.00008 1.03 + 0.06 —1.128 £ 0.088

3v 455.80343 £ 0.00029 0.29 = 0.06 —1.370 £ 0.311

Table 6. Linear least-squares fit results to the full light curve. The phases
of the first sidelobes have been forced to be equal by setting the zero-point
to be BJD-2457752.30018.

ID Frequency Amplitude Phase
@d"h (mmag) (rad)

v — 2V 151.39037 0.05 £ 0.06 1.353 £ 1.239

v — vy 151.662 50 1.17 £ 0.06 0.884 £ 0.051

v 151.93463 5.77 + 0.06 1.376 £ 0.010

v+ lvgg 152.20676 1.01 £ 0.06 0.884 £ 0.058

v+ 2V 152.478 89 0.48 £ 0.06 1.082 + 0.126
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pulsation phase, as we also test this aspect of the pulsation. As
stated, for a pure quadrupole mode, the observational pulsation
phase jumps by 7trad if the difference between the integrated am-
plitude of the positive and negative components of the pulsation
changes sign, i.e. at a certain rotational phase when the line of
sight crosses a node; otherwise the observed pulsation phase stays
constant. However, for a distorted quadrupole mode, the pulsation
phase changes gradually as the ratio of the contribution of the £ =2
components to the £ = 0 component of the amplitude changes.
The presence of spots would therefore modify the ratio and hence
the observational pulsation phase proportionally. For J1640, as the
spots affect the pulsation amplitude by ~1 per cent, we expect com-
parable effects in the observed pulsation phase, i.e. much smaller
than the change we observe.

This almost-constant pulsation phase is similar to some other
roAp stars: KIC 10483436 (Balona et al. 2011), KIC 7582608
(Holdsworth et al. 2014b), HD 24355 (Holdsworth et al. 2016), and
J1940 (Holdsworth et al. 2018). It was found that all of these stars
are quadrupole pulsators pulsating with distorted modes. Given the
observed phase variation, and its similarity to the other quadrupole
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Figure 9. Top: pulsation amplitude variation with rotation phase. Bottom:
variation of the pulsation phase over the rotation phase. The solid line is to
guide the reader in noticing the slight phase change between about 0.3 and
0.7 in rotation phase.

roAp pulsators, we model J1640 in Section 4 to further understand
the distortion of the mode.

3.4 Mode geometry constraints

Due to the misalignment of the pulsation axis and rotation axis in
the roAp stars, we are able to constrain the geometry of the pulsation
modes in these stars. The method of Kurtz, Shibahashi & Goode
(1990) allows us to estimate the angle of obliquity between the
rotation and the pulsation axes, 8, and the inclination angle of the
star, i through comparing the amplitude of the rotational sidelobes.
In the simplified case where the frequency quintuplet is caused by an
axisymmetric, non-distorted (which it is not), quadrupole pulsation,
and neglecting limb darkening effects, the following relation can be
applied:

(2) (2)
AL+ AL

B 2
2 2

tanitan 8 = 4

where i and B are as above, Ag are the amplitudes of the first
sidelobes, and A') are the amplitudes of the second sidelobes.

Using equation(2) and values from Table 6, we calculate
tanitan 8 = 0.97 £ 0.16 for this simple model; given our stated
assumptions this value provides a first indication of the geometry
of the mode. Due to the low resolution of the spectra presented in
Section 2, we cannot determine vsin i and thus we are unable to dis-
entangle i and B from the result of equation (2). However, when we
model the pulsation mode in Section 4, we find that values of i = 70°
and B = 13° best fit the observations, resulting in tan itan 8 = 0.634.
Comparing the value of tanitan 8 from equation (2), and the value
derived using the model parameters, we can see that the simplified,
non-distorted assumption is not correct.

Under the assumption that the spots causing the rotational light
variations are at the magnetic poles, and that both poles have spots
(which may not be the case, although is common in Ap stars), then
from the single-wave rotational light variations we conclude that
i+ B < 90°, since we see only one magnetic pole. If spots at
both poles were seen, we would see a double wave rotational light
variation.

Further to this, in the case of a non-distorted quadrupole mode,
a node would not pass over the line of sight if either i and 8 are
near to 90°, and we would see no phase variation of the pulsation.
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Therefore, for a non-distorted mode, i — 8 must be less than 54.7°
for phase variations to be observed — the co-latitude of nodes for
a pure quadrupole pulsator (as given by the Legendre polynomial:
PY(cos0) = 1[3cos? 6 — 1]).

However, in the case of the model parameters, i.e. (i, ) = (70°,
13°),i — p = 57.0°. This geometry would not cause a node to cross
the line of sight in a non-distorted mode, and would then result in
no pulsational phase variation. This is similar to what we show in
Fig. 9, however with a small change detected in the observations,
indicating a distorted mode, as we have previously shown.

4 MODELLING THE PULSATIONAL
AMPLITUDE AND PHASE VARIATIONS

As previously stated, the oblique pulsations in roAp stars cause
amplitude and phase modulations of the pulsation mode, which
manifests itself as rotational sidelobes in the amplitude spectrum.
‘When the geometry allows, the pulsation phase changes by about 7t
rad when a node crosses the line of sight, i.e. the phase changes at
amplitude minima. Nevertheless, this is not the case for J1640.

As previously discussed, the presence of a frequency quintuplet
in the amplitude spectrum of J1640 is not conclusive evidence that
the star pulsates in a quadrupole mode, given, for example the four
sidelobes of the distorted dipole pulsator HD 6532. Furthermore,
the smooth amplitude variation in J1640 is similar to that seen in
a Cir, also a dipole pulsator. However, given the disparity between
the sidelobe phases, and the small phase variation over the rotation
period of the star, we do deduce it to be pulsating in a distorted
mode.

We attempt to model this distorted pulsation by following the
method of Saio (2005), as previously applied to model both J1940
(Holdsworth et al. 2018) and HD 24355 (Holdsworth et al. 2016).
In short, we numerically solve the eigenvalue problem for non-
adiabatic linear pulsations under a dipole magnetic field, with con-
sideration of limb darkening for the Eddington grey atmosphere, i.e.
@ = 0.6, which is common practice for roAp stars (e.g. Ryabchikova
etal. 1997). We expand the eigenfunction as a sum of terms propor-
tional to Y, 1? with £ =0, 2, 4, ..., 38. We refer the reader to those
three papers for more detail. Here, we test both the distorted dipole
and distorted quadrupole scenarios, due to our uncertainty of the
mode type.

Fig. 10 shows the best dipole (left) and quadrupole (right) cases
for where the model best replicates the amplitude and phase modu-
lations observed in J1640. In both cases, the amplitude modulations
can be reproduced well. However, in the case of the dipole model,
there are no instances we can find where, when the amplitude mod-
ulation is well reproduced, the phase variations can be modelled.

This is not the case for the distorted quadrupole model. We
are able to reproduce the phase modulations simultaneously with
the amplitude modulations. Therefore, we conclude that J1640
is most probably pulsating in a distorted quadrupole mode. In
this case, we find the following stellar parameters are required:
M =20Mg),logL/Le = 1.30 and a polar magnetic field strength
of B, = 1.70kG.

Here, we find that the amplitude and phase modulations are pro-
duced mainly due to a combination between the spherical symmetric
component (¢ = 0) and quadrupole component (¢ = 2), where the
energy contributed to by the ¢ = 0 and £ = 2 components is almost
equal. The small increase in pulsation phase during rotation phase
between about 0.3 and 0.7 is mainly caused by the contribution of
the £ = 2 component, which has maximum visibility between these

MNRAS 476, 601-616 (2018)
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Figure 10. Comparison of observed amplitude and phase modulations for the two models of J1640. Red lines/dots represent the observations, with black
representing the models. Left: comparison of a distorted dipole model with the data. Right: comparison of a distorted quadrupole model with the data. In each
column, the top panel shows a comparison of the quintuplet, with the observations shifted towards the right for clarity. The middle panel shows the amplitude
modulations as a function of rotation phase. In each case, the best-fitting theoretical distorted model is represented by the solid line, the dotted line is the
expected amplitude modulation from a pure mode, i.e. neglecting magnetic effects. The bottom panel shows the pulsation phase variations over the rotation

cycle.

rotation phases and an opposite pulsation phase from the ¢ = 0
component, with a small contribution from the £ > 2 components.

5 DISCUSSION

To put our results into the context of other roAp stars which
are pulsating in a distorted quadrupole mode, we make compar-
isons between KIC 7582608 (Holdsworth et al. 2014b), HD 24355
(Holdsworth et al. 2016), and J1940 (Holdsworth et al. 2018). We
present a visual comparison of the four stars in Fig. 11. We have
ordered the stars, top to bottom, by the increasing contribution of
the £ > 2 components of the spherical harmonic fit to the data. The
solid lines on the figure represent the best-fitting model for each
star, with the parameters shown in Table 7, alongside the measured
frequencies and amplitudes of their respective pulsations. The am-
plitudes for J1640 and J1940 are the measured B amplitudes. The
amplitude for HD 24355 is converted from the Kepler passband, Kp,
to B band using the relation derived by Holdsworth et al. (2016),
where simultaneous observations of the same star were made. The
amplitude for KIC 7582608 is converted from the measured super-
Nyquist amplitude in Kepler Long Cadence data to an undiluted
amplitude using equation (1) of Murphy (2012) (due to severe un-
der sampling of the pulsation), and then to a B amplitude using the
same method as for HD 24355. The amplitudes presented in Table 7
are those used to normalize the amplitudes shown in Fig. 11.

As can be seen, there is a gradual change in the strength of the
phase variations in these stars, from top to bottom. When comparing
the contribution of the different spherical harmonic components of
the fits, we find that more energy is being distributed to higher
order terms. Most of the energy in J1640 is confined to the £ = 0
and ¢ = 2 components. This is almost the case for KIC 7582608
and HD 24355 too, however to reproduce the phase variations well,
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higher ¢ terms are required. Finally, the energy of the £ = 0 and
£ = 2 components for J1940 is not sufficient to describe the phase
variation, and we find significant energy is contributed from the
higher order terms. We show the relative kinetic energy of each of
the £ =0, 2, 4, 6 components of each of the stars in Table 8.

There is a relation then between strength of the { =0 and £ =2
components and the energy supplied by higher order terms, and the
strength of the phase variation at rotation phase 0.5. We note here
that the strength of the amplitude variations is much less dependant
on the components of the spherical harmonic fit, but rather by the
values of i and g i.e. changing the viewing aspect of the mode.

It is interesting to note that all four of these stars are extremely
high-amplitude pulsators for roAp stars. Whether, then, these dis-
torted quadrupole modes are only present in the highest amplitude
roAp stars, or whether we are being subjected to a detection bias, is
yet to be seen.

Further more, when comparing the characteristics of these four
stars, we find they all show (within the limit of our observations)
single pulsation modes which are above the theoretical acoustic
cut-off frequency with pulsation phase changes much smaller than
predicted. To put some of these characteristics into perspective, we
plot these stars (in red) in the T.—vL/M plane, after Saio (2014),
in Fig. 12 alongside other roAp stars. It is obvious from the plot
that these four stars occupy a region of this plane removed from all
but one of the other roAp stars; due to the low amplitude signal in
the pulsation spectrum of HD 42659 (Martinez & Kurtz 1994), it
has yet to be studied in detail to determine if it is also a distorted
quadrupole pulsator.

To construct Fig. 12, we used the effective temperatures pre-
sented in table 1 of Smalley et al. (2015), and, where available, Gaia
parallaxes (from DR1) to estimate stellar luminosity (Gaia Collab-
oration et al. 2016a,b). In the cases where Gaia parallaxes are not
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Figure 11. Comparison of amplitude and phase modulations of four quadrupole roAp stars, which pulsate in distorted modes. The stars are ordered, from top
to bottom, in the increasing contribution of the higher order £ components of the pulsation. The strength of the phase change becomes more apparent from top
to bottom. The data are plotted in red points, with the black line representing the model fits. The amplitudes are normalized to each star’s maximum amplitude.

Table 7. Comparison of the model parameters used to calculate the fits to the phases and amplitudes of the four stars shown in Fig. 11; the values of i and
B are interchangeable with each other. The final two columns are the measured parameters. The quoted pulsation amplitude is the peak-to-peak amplitude at
pulsation maximum. The calculation of the B amplitude for KIC 7582608 and HD 24355 is discussed in the text.

Star Mass logg Tett By logL/Lc i B Pulsation frequency Pulsation amplitude (B)
M@) (ems™) X kG) ©) ©) @™"h (mmag)

J1640 2.00 3.940 7700 1.70 1.298 70 13 151.934 63 20.68

HD 24355 2.00 4.051 8100 1.40 1.279 45 77 224.304 30 17.73

KIC 7582608 2.10 4.087 8570 4.00 1.357 75 25 181.73739 26.40

11940 2.00 3914 7600 1.55 1.301 30 84 176.383 12 34.30

Table 8. The relative kinetic energy of the £ = 0, 2, 4, 6 components for
the four stars presented in Fig. 11, given the model parameters in Table 7.

of hydrogen and helium of X = 0.70 and Y = 0.28, respectively.
The full parameters used for the plot are given in Table Al. Not all
roAp stars have this information available; that is why not all 61

Star Relative kinetic energy roAp stars are plotted. The mass, luminosity and principal frequency
t=0 t=2 t=4 t=6 parameters are combined to provide the vL/M parameter; this elim-
71640 0.930 1.000 0.102 0.017 inates the mass dependence of the cut-off frequency and instability
HD 24355 0.723 1.000 0.109 0.040 range due to H-ionization zone at a given effective temperature.
KIC 7582608 1.000 0.795 0.089 0.072 The positions, in Fig. 12, of the four stars discussed here have
11940 0.619 1.000 0.391 0.220 been determined with the model fits, i.e. using the parameters in

Table 7. However, we note that there is a Gaia parallax (from
DR1) of HD?24355 which places the star below the zero-age

available, we use the log L/L given in Smalley et al. (2015).
Where required, the bolometric scale of Flower (1996) was used.
To determine the stellar mass, we compare the star’s position with
evolutionary tracks on the HR diagram. The tracks were produced
with the MEsa code (Paxton et al. 2013) with initial mass fractions

on 01 March 2018

main sequence, which is contradictory to the values derived
from spectroscopy and pulsation modelling (Holdsworth et al.
2016). We therefore adopt the model luminosity, and await a
second data release for more accurate measurements of the
parallax.
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Figure 12. The positions of roAp stars in the Tei—vL/M plane, in which
L/M is in solar units. The principal frequencies are represented by squares,
with vertical bars showing the range of frequencies for multiperiodic stars.
The hatched region is where the k-mechanism excites high-order p-modes
in the H-ionization zone in non-magnetic models. Acoustic cut-off frequen-
cies are represented by the dashed lines. The red squares of J1640, 11940,
HD 24355, and KIC 7582608 are stars that have been studied in detail and
show similar characteristics which differ from the other stars. The numerical
labels correspond to the stars in Table A1. Figure adapted from Saio (2014).

This discrepancy between the Gaia derived luminosity and that
from spectroscopy and pulsation modelling may be present in some
of the other black points in Fig. 12. We do not yet have a uniform
data set to construct the diagram, and so caution must be exercised
when drawing conclusions. Further releases of Gaia data, especially
of the four red points, will provide better constraints on the luminos-
ity. Furthermore, light curves obtained by the Transiting Exoplanet
Survey Satellite (TESS) mission (Ricker et al. 2015) will provide
us ample data to model the pulsations in the roAp stars. These two
data sets will provide a nearly homogeneous data set to work with,
thus removing many of the biases currently present in the data used
to plot Fig. 12.

The identification and study of J1640 as only the fourth mem-
ber of these strongly distorted pulsators is allowing us to test the
extremes of the pulsations seen in the roAp stars. Previous studies
of ‘well behaved’, non-distorted, quadrupole pulsators have not al-
lowed for the testing of the pulsation models, in the context of the
contribution of high order £ components, to the extent we are able
to do here.

The seemingly related subgroup of roAp stars is allowing us to
test the pulsation theory which has, so far, well represented the
pulsations in most of the members of this class. Although we are
able to force our current models to fit these extreme members of
the roAp stars, perhaps their supercritical, phase-suppressed pul-
sations require an entirely different pulsation driving mechanism.
This may come in the form of turbulent pressure driving the pulsa-
tion, as suggested by Cunha et al. (2013), but further examples and
comparisons are needed to confirm this.
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6 SUMMARY AND CONCLUSIONS

The identification of J1640 as a roAp star through a search of the
SuperWASP photometric archive provided an indication that it is
one of the highest amplitude roAp stars known to date, when consid-
ering the change in measured pulsation amplitude as a function of
wavelength (Medupe & Kurtz 1998). We have presented an analysis
of the WASP data in more detail than presented in the discovery pa-
per (Holdsworth et al. 2014a). Furthermore, we have presented the
analysis of multisite photometric data targeting J1640 made with B
observations. The results show that, as expected, J1640 is one of
the largest amplitude roAp pulsators.

J1640 was observed as a secondary target in the 2016 observing
season at the South African Astronomical Observatory. It was clear
from these observations that J1640 warranted its own dedicated
follow-up. To that end, we observed the star in the 2017 season
for a total of 199h with the 1.0-m telescope at SAAO and the
Las Cumbres Observatory 1.0-m telescope network located at both
the Siding Springs Observatory in Australia, and the Cerro Tololo
Interamerican Observatory in Chile. The longitudinal separation of
the telescopes allowed for almost continuous observations (for a
limited time).

The best measure of the rotation period of J1640 comes from the
analysis of the follow-up observations with a B filter. The increased
amplitude of the rotation signature over the WASP data allowed us
to more precisely determine the period, despite the shorter time base
of observations. Assuming that the spot(s) which cause the mean
light variations are stable, and assuming the oblique rotator model
of Stibbs (1950), we find a period of 3.6747 £ 0.0005 d. This is
also in agreement with the period found from the WASP data.

Analysis of the final light curve revealed that J1640 pulsates
with a single mode with a central frequency, surrounded by four
sidelobes split by one and two times the rotation frequency. Such a
manifestation is a result of oblique pulsation of a quadrupole mode.
The outermost sidelobes, however, have low amplitude, and the two
inner most sidelobes are out of phase with the other peaks, leading
to the conclusion that the quadrupole mode in this star is distorted.

The full light curve provides us with almost complete rotation-
phase coverage of the star. As a result, we have been able to analyse
the pulsation amplitude and phase as the star rotates. We find that the
amplitude varies in a sinusoidal way, but the phase is almost constant
— contrary to what would be expected for a non-distorted mode. To
investigate this phenomenon further, we model J1640 using the
method of Saio (2005). The modelling results confirm that J1640
is a quadrupole pulsator, with a magnetic field of strength 1.70kG
distorting the mode.

Furthermore, when considering the components of the spherical
harmonic series which describes the pulsation in J1640, we find that
the mode is dominated by the £ = 0 and £ = 2 components, with
small contributions from the higher £ terms.

The amplitude and phase variations in J1640 are reminiscent of
those seen in KIC 7582608 (Holdsworth et al. 2014b), HD 24355
(Holdsworth et al. 2016), and J1940 (Holdsworth et al. 2018). They
too are quadrupole pulsators with suppressed phase variations. In
modelling those stars in the same way as we have presented here, we
find there is a dependence on the strength of the high order £ com-
ponents of the pulsation on the strength of the phase variability. The
greater the phase variation, the stronger the £ > 2 components are.
These stars all pulsate with very high amplitudes, when compared
to the roAp class of stars as whole. This leads us to question whether
the extreme distortions are linked to the amplitude of pulsation, or
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whether we are currently only able to detect this phenomenon due
to observational limits.

We will be afforded the opportunity to conduct a homogeneous
study of (most of) the roAp stars with the launch of the TESS
mission. At the expected precision of TESS, we will be able to
identify all the distorted quadrupole (and dipole) pulsators, allowing
us to test the significance of the spherical harmonic components of
a large sample of stars, and to determine if the pulsation amplitude
plays a significant role in the distorted stars. Until then, we will
continue to study these stars with ground-based observations.
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