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ABSTRACT

We present a new analysis of the rapidly oscillating Ap (rpsgar, 2MASS J19400781 4420093 (J1940;

V = 131). The star was discovered using SuperWASP broadband mplkettp to have a frequency of
176.39d ! (2041.55:Hz; P = 8.2 min; Holdsworth et al. 2014aand is shown here to have a peak-to-peak
amplitude of 34 mmag. J1940 has been observed during thaiserseat the South African Astronomical Ob-
servatory, and has been the target of a Whole Earth Teleszoppaign. The observations reveal that J1940
pulsates in a distorted quadrupole mode with unusual pafsgtphase variations. A higher signal-to-noise
ratio spectrum has been obtained since J1940’s first aneowsd, which allows us to classify the star as
A7 Vp Eu(Cr). The observing campaigns presented here rexgalilsations other than the initially detected
frequency. We model the pulsation in J1940 and concludetliegpulsation is distorted by a magnetic field
of strength 15 kG. A difference in the times of rotational maximum light and pulsati@aximum suggests a
significant dfset between the spots and pulsation axis, as can be seengrstaA.

Key words: asteroseismology — stars: chemically peculiar — stars:netagfield — stars:
oscillations — stars: individual: J1940 — techniques: phrtric.

1 INTRODUCTION

In the region of the Hertzsprung-Russell (HR) diagram wthikeeclassical instability strip crosses the main-sequeagdethora of stellar
variability is found. This intersection occurs at the temgpare range where the A and F stars lie. These stars exhilztray of spectral
abnormalities, from the metal deficienBodtis stars to the chemically peculiar Ap stars, and shoargty of variability frequencies, from
the low-frequency Doradus pulsators to the higher frequerc§cuti stars, through to the rapidly oscillating Ap (roApgrst

The roAp stars are a rare subclass of the chemically pecutiagnetic, Ap stars which show pulsations in the range fZ8 min
with amplitudes up to 18 mmag peak-to-peak in JohrBgHoldsworth 201%. Their luminosities range from the zero-age main-seqei¢nc
beyond terminal-age main-sequence. Since their discdselurtz (1982, only 61 of these objects have been identified Gealley et al.
2015for a catalogue). Fidl shows the position of the roAp stars on the HR diagram for twkB&IA or Hipparcos parallaxes are available.

The pulsations in roAp stars are high-overtone pressureem@amodes) thought to be driven by thenechanism acting in the H
ionisation zoneBalmforth et al. 2001 However,Cunha et al(2013 have shown that turbulent pressure in the convective zaneeaxcite
some of the modes seen in a selection of roAp stars.

The roAp stars are unique amongst pulsating stars as thksatmpn axis is inclined to the rotation axis, and closeligraéd with
the magnetic one, leading to the oblique pulsator model (ORMrtz 1982 Shibahashi & Saio 198%a Dziembowski & Goode 1985
Shibahashi & Takata 1993 akata & Shibahashi 1994995 Bigot & Dziembowski 2002 Bigot & Kurtz 2011). As such, the pulsation
modes can be viewed from varying aspects over the rotatiote @yf the star, leading to a modulated pulsation amplituthdchv gives
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Figure 1. The positions of the roAp stars for which GAIA or Hipparcosgikaxes are available (filled circles). We include the msieillating Ap stars for
comparison (open circles) for which there is reliable datal non-detections, in the literature. The subject of thidys J1940, is shown by the red square,
with its position determined in sectioBsand4. The zero-age main-sequence and the evolutionary traekisem Bertelli et al.(2008. Note, we do not plot
the error bars of the other stars for clarity; these are aftyicc0.02 and+0.3 in log7Tes and logL/ L, respectively.

constraints on the pulsation geometry that are not availéd any other type of pulsating star (other than the Sungchviig uniquely
resolved).

The Ap stars show very strong mean magnetic field moduli,@btider a few kG to 34 kGabcock 1960Mathys 201§. Such a strong
magnetic field is able to suppress convection, thus progidistable environment in which radiative levitation canusc®his mechanism
leads to a stratified atmosphere with significant surfacerimdgeneities, often, in the case of the roAp st&gapchikova et al. 2004
consisting of singly and doubly ionised rare earth elemdntthese inhomogeneities, or spots, elements such as L.&rCHd, Sm, Eu,
Gd, Th, Dy and Ho, may be overabundant by up to a million tirhessblar value. In the presence of the magnetic field, thests ape very
long lasting (decades in many known cases) allowing for anrate determination of the rotation period of the star.sEt&pots also cause
spectral line strength variations over the rotation peafithe star as dierent patches of elements drift in and out of view (kigtinger et al.
20103. Because of the complex atmospheres of the Ap stars, thp steéks provide the best laboratory to study the interastimiween
pulsations, rotation, and chemical abundances in the presaf magnetic fields.

With the desire to expand the number of observed roAp staaeymhotometric campaigns have targeted known Ap stargisghrch
for oscillations (e.gMartinez et al. 1991Martinez & Kurtz 1994 Handler & Paunzen 199®orokhova & Dorokhov 2005Paunzen et al.
2015 Joshi et al. 2016 Later, with the advent of high-resolution and high-psém spectroscopy, Ap stars were monitored for line pro-
file variations caused by pulsational velocity shifts (&gvanov et al. 199%Kochukhov & Ryabchikova 20QHatzes & Mkrtichian 2004
Mkrtichian et al. 2008Elkin et al. 20102011, Kochukhov et al. 20183 Finally, the use of the all-sky SuperWASP (Wide Angle $hdor
Planets) ground-based photometric survey led to the disgmf 11 roAp starsfoldsworth et al. 2014a&Holdsworth 201%. The use of such
surveys removes previous biases, such as targeting codbAg when searching for these rare pulsators, allowingadar parameter space
to be explored.

With the launch of th&eplerspace telescope, the ability to reachag precision enabled the detection of four roAp stars withation
amplitudes below the ground-based detection limit: KICE#B5 Balona et al. 2010aKIC 10483436 Balona et al. 2011)p KIC 10195926
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WET observations of the roAp star J19403

Table 1. Details for spectral observations of J1940. THN $/as determined using ther_snk code ofStoehr et al(2008. The rotation phase has been
calculated from equatiori), as shown in the text.

BJD-2450000.0 Exposuretime /N6 Resolution Rotation

(s) A) phase
6235.2708 759 30 0.37 .80+ 0.01
7164.4569 2851 80 0.73 .16+ 0.02

(Kurtz et al. 201}); and KIC 4768731 $malley et al. 201p Kepler observations also allowed for the detailed analysis of a#grstar,
KIC 7582608, identified in the SuperWASP survey with an atagk of 1.45 mmagHoldsworth et al. 2014 albeit in the super-Nyquist
regime Murphy et al. 2013

Ground-based projects in the search for transiting exedgoroduce vast amounts of data on millions of stars (e.gS®Pollacco et al.
2006 HATnet, Bakos et al. 2004ASAS, Pojmanski 19970OGLE, Udalski et al. 1992KELT, Pepper et al. 2007 These data can provide
an excellent source of information on many thousands oéséeistars. Indeed, many of these projects have been erdfimythat purpose
(e.g.Pepper et al. 2003Hartman et al. 2021Ulaczyk et al. 2013Holdsworth et al. 2014aSmalley et al. 201.7Holdsworth et al. 201)7
The ability of these surveys to achieve mmag precision pges/an extensive all-sky database in which to search forlmplitude stellar
variability, which can then be observed at much higher gieniby space-based missions suciKagHowell et al. 2014 and the upcoming
Transiting Exoplanet Survey SatellitfEESSRicker et al. 2015

In the case oK2 follow-up observations, two known roAp stars have been desk HD 24355 was discovered Ibjoldsworth et al.
(20144 and subsequently observed in the short cadence (SC) maoihg dtampaign 4. Analysis of those observations led to the co
clusion that HD 24355 is a highly distorted quadrupole poisavith very unusual pulsational phase variations overrtitation period
(Holdsworth et al. 2016 The other star, HD 177765, was observed during Campaigrntffei long cadence (LC) mode. That star was dis-
covered to be a roAp star through spectroscopic obsenga{®entiev et al. 2012 Previous ground-based photometric observations of
HD 177765 failed to detect the pulsation; however, as spsctipy has the ability to detect smaller amplitudes, HD 6B3A¥as shown to
be a roAp star. Th&2 space-based observations do, however, have the precisibetect low amplitude pulsationsloldsworth (2016
used theK2 data to confirm the known pulsation with photometry, and &ntdy two further, low-amplitude, pulsations. It is onlyittv
near-continuous, highly precise observations that suelswtrcould be obtained.

In an attempt to reduce, or ideally remove, aliasing tifi#css the analysis of ground-based time-series obsergatioa \Whole Earth
Telescope (WET) was establishedather et al. 1990 The WET is an international collaboration that aims toiewd 24 hr coverage of
pulsating stars through a network of telescopes positiahdifferent longitudes around the globe. The data are collectszl/atal observing
sites and fed back to headquarters where uniform data iedustconducted. This strategy aims to provide continuaisa df a star, thus
removing alias ambiguity from frequency analysis. The WE@ good method to gain a high duty-cycle of a star withoutguspace-based
telescopes.

The subject of this paper, J194: (19:40:07.815: —44:20:09.3; 2MASS J19400781-4420093), is a relativelytfdd = 13.1) roAp star
discovered byHoldsworth et al(20143 through a survey of A stars in the SuperWASP archive. Thaiia show a pulsation at 176.39%4
(204155uHz; P = 8.2 min) with an amplitude of 4.16 mmag in the WASP broadbandrfilthe pulsation amplitude of roAp stars depends
strongly on the filter used for the observatioMeflupe & Kurtz 1998. As such, when considering the filteffdirences, J1940 is the largest
amplitude roAp star observed to date. Such a significantatiols made this star a prime target for WET observationshis paper we
present an in-depth discussion of the SuperWASP discowagy, dlongside further ground-based observations, ancethdt of the WET
observations. We also provide a more accurate spectraifidasion of this star than previously published.

2 SPECTRAL CLASSIFICATION

We have obtained two low-resolution spectra of J1940 withRlobert Stobie Spectrograph (RSBpbulnicky et al. 2003 mounted on
the Southern African Large Telescope (SALT). The first, mitdd byHoldsworth et al(20143, was taken on 2012 November 3 with an
exposure time of 759 s leading to a signal-to-noise ratiNY8f ~30 and a two pixel resolution of 0.37 A. The second spectrusmaitained
on 2015 May 21 with an exposure time of 2581 s leading tg\ac® ~80 and a two pixel resolution of 0.73 A. Both spectra wererakith
similar instrumental set ups, using the PG2300 grating aingihe of 30875° and a camera angle of @5°. The only diference was the slit
width: for the 2012 observation this was at 0.6 arcsec, vasire2015 it was 1 arcsec. Talllshows a log of the observations.

We do not co-add the two spectra for this work. Although d@ogncreases the/IS (from ~80 to~82), the two spectra were obtained
at different rotation phases, and co-adding the spectra can tfirisignatures of chemical peculiarities (due to theirtypwture). The small
increase in B\ does not ect our comparison to the standards, but diluting the chalmieculiarities will &ect our conclusion. Therefore,
we present the new spectrum in FigAlongside the spectrum of J1940, we show spectra of threestKdard stafs(A5: HD 23194; A7:
HD 23156; FO: HD 23585). We determine that the A7 spectraisdieest fits the Balmer lines of J1940. There are deviations the standard
spectrum, however, as one would expect in an Ap star. Phatiguines of Eur at 4130 and 4205 A are enhanced, with a tentative signature

1 Spectra of the standard stars were obtained from R.O. Gragisite:http: //stellar.phys.appstate.edu/Standards/
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Table 2. Details of the WASP observations, and the results of a noemti least-squares fit of the pulsation frequency in eacheo$¢asons. BJD is given as
BJD-245 0000.0.

Season BJD Length Number of Frequency Amplitude
start (d) points (@b (mmag)
2006a 3860.4399 51.0142 1355 138926+ 0.00295 351+ 1.03
2006b  3860.4866 153.8625 4909 138091+ 0.00035 494+ 0.47
2006¢ 3916.3760 97.8694 2740 138159+ 0.00058 479+ 0.53
2007a  4211.5015 167.8901 5231 138028+ 0.00030 497 + 0.46
2007b 4221.5029 166.7656 4294 138889+ 0.00042 425+ 0.49
2008 4574.5054 41.0215 1449 188150+ 0.00344 486+ 1.31
2011a 5664.4956 168.8818 4298 13%131+ 0.00049 466 + 0.69
2011b  5691.4707 154.8721 3723 138337+ 0.00055 408+ 0.61
2012a 6033.4854 73.9150 2096 138310+ 0.00175 438+ 0.93
2012b  6042.5073 64.8941 1661 138036+ 0.00160 541+ 0.87
All 3860.4399 2246.9614 31756 138997+ 0.00001 367+0.21

of Cruat 4111 A. This leads us to conclude that J1940 is an A7 Vp Bugi@r. Finally it should be noted the Mégature at 4057 A and the
Mg line at 4481 A are significantly stronger than the MK standditte Cau K line is slightly weak in this star, which is common in Ap
stars. The line is broader and shallower than that of thelatarstar.

Through fitting of the Balmer lines, at a fixed lgg= 4.0 (cgs), we derive a temperature for J1940 of 7Z@DO K. Fixing the log; at
this value is reasonable, especially given the low resmiutif the spectrum, and given its position in FigWhere available, théc; index
from Stromgren photometry is used to provide an indicatiothe logg value of A stars. However, this is not reliable for the Ap stdwe to
heavy line blanketing which results in, on the whole, a nggatalue ofsc; (see e.gKurtz & Martinez 2000 Joshi et al. 2016 Hence we
set the value of log at 40 when classifying the star.

Fig.3 shows a comparison of the stellar spectrum with a model kb with the above parameters to a) show the fit to the Balmer
lines, and b) demonstrate the overabundances discusdesitext. The model spectrum does not fit well the cores of tdedgen lines — this
is a known phenomenon in the Ap stars where the wings and ties obthe Balmer lines cannot be fit by a single temperatDosv(ey et al.

2001).

The rotation phases at which the spectra were obtained lemredalculated relative to the first light maximum in the WA&®a set,
such that:
#(E) = (245 38678805+ 0.0008)+ (995344+ 090012) x E, (1)

whereE is the number of rotation cycles elapsed since the referiamee The rotation period is derived in secti®i The rotation phases
are shown in the last column of Taldle

3 PHOTOMETRIC ANALYSIS

As previously stated, the pulsation in 31940 was discovieyétbldsworth et al(20143 after conducting a survey of the SuperWASP archive
in a search for pulsating A stars. Here we provide a moreldetdiscussion of the discovery data, with the addition affer ground-based
data obtained with the 1.0-m and 1.9-m telescopes of thenS¥&ftitan Astronomical Observatory (SAAO), the 0.9-m Snaait Moderate
Aperture Research Telescope System (SMARTS) telescope &rro Tololo Inter-American Observatory (CTIO) and tH& @ telescope

of the Southeastern Association for Research in Astron@®RA) at CTIO as part of independent and WET observations.

3.1 Discovery data

SuperWASP is one of the leading ground-based projects inghech for transiting exoplanets. This project is a twe;sitide-field survey,
with instruments located at the Observatorio del Roque sidlachachos on La Palma (WASP-N) and the Sutherland Statitire GAAO
(WASP-S; Pollacco et al. 2006 Each instrument consists of eight 200-mih8 Canon telephoto lenses backed by cooled 202848 pixel
Andor CCDs which provide a field-of-view ¢f64 dedf, with a pixel size of 13.7 arcsec. Observations are madeigfirdbroadband filters
covering a wavelength range of 40807000 A and consist of two consecutive 30-s integrations avengpointing, with pointings being
revisited, typically, every 10 min. The data are reducedwaitcustom reduction pipeline (se®llacco et al. 2006resulting in a ‘WASP-
V' magnitude which is comparable to the Tychd/2 passband. Aperture photometry is performed at stellartiposi provided by the
USNO-B10 input catalogueNjonet et al. 2008for stars in the magnitude range5V < 15.

SuperWASP observed J1940 for five seasons, 2006, 2007, 200&,and 2012, with some multiple observations per seasog us
different cameras. The data were extracted from the archive thfiestandard processing had been applied and then passedhha
resistant mean algorithm to remove out-lying points to iovprthe quality of the periodogram (sleldsworth et al(20143 for an example
and details). After trimming the data, 31 756 data pointsaieed. The details of the WASP observations are shown ineRalshultiple
observations per season are distinguished with a letter thié season.
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WET observations of the roAp star J19405
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WET observations of the roAp star J19407
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Figure 4. Top: low-frequency periodogram of the SuperWASP light eustiowing the rotation frequency and its harmonic, as welheis aliases. Bottom:
SuperWASP phase folded light curve on the frequency detemhin the upper panel, i.e.= 0.1049 d-1. The plot shows a clear double sinusoidal signature
with a period of ¥v = 9.5344 d. The data have been binned 50:1.

A periodogram of the light curve shows a clear signature &tflequency that is indicative of rotation (see Fjy. The stable spots
on Ap stars are usually aligned with the magnetic axis, wimicturn is inclined to the rotation axis, leading to the rigatator model of
Stibbs(1950. Such a configuration results in brightness variation$iasstar rotates, thus allowing for the rotation period ofgta to be
determined. Using theerion04 program lenz & Breger 2005 we detect a peak in the periodogram at a frequency28fd81+0.00001 d 1
(P =4.7662+ 0.0002 d), where the error is the analytical error giveretion04, using the method dflontgomery & O’'Donoghug1999.
However, there is also a sub-harmonic to that frequency. Aeefore simultaneously calculate the peak.20081 d'! and a frequency
at half that value, namely.00491 d"1. In doing so, we are able to determine a more precise meas$the ootation frequency and its
harmonic. We findyrot = 0.104884+ 0.000013d 1 and 2ot = 0.209809+ 0.000019, corresponding to periods 06344+ 0.0012 d and
4.7662+ 0.0004 d, respectively. By phase folding the data on the twquieacies independently, we are able to confirm that the fonge
rotation period is the correct period for the star. The ptiakked light curve is shown in the bottom panel of Hg.

The pulsation signature of J1940 is apparent in all seasoaata, and is shown in Fi§. Each season of data has been pre-whitened,
to 10d-1, to the approximate noise level of the high-frequency rangemove the rotation signature and the remaining lowtfeagy ‘red’
noise after the data have been processed by the WASP pig8linieh et al. 2005 The pulsation is clearly seen at a frequency of 17639 d
with an amplitude of 3.67 mmag in the WASP passhand. The é&ecjas, amplitudes and phases of a non-linear least-syfiafer each
season are provided in Talde

Due to the survey nature of this ground-based data, not murtef information can be extracted: the noise level in iga{frequency
range is too great to discern, with confidence, sidelobelseoptilsation split by the rotation frequency.

It must be noted here that the amplitudes are those as sermkhthe broadband filter of the WASP instrument (i.e. 40G00 A).
Typically, roAp stars are observed wiBtband filters where the signal-to-noise ratio is greatestife observed pulsations. The amplitude
suppression in the WASP filter is expected to be of the ordéol®Wwing Medupe & Kurtz 1998 demonstrating that J1940 is the highest
amplitude roAp star known to date, and that it is a prime tisfigredetailed follow-up observations usingBaband filter.
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Figure 5. Periodogram of all seasons of WASP data. The data have beemhitened to 10d? to the approximate noise level of the high-frequency range
to remove the rotation signature and low-frequency noisge lthat the structure surrounding the pulsation signasuaeesult of daily aliases.

3.2 Follow-up observations
3.2.1 SAAO data

During an observing run at the SAAO in 2014 Octgbavember, J1940 was observed as one of three roAp starssdiecbin the WASP
archive. Observations were made with both the 1.0-m andnltBlescopes with the Sutherland High Speed Optical Can{&td®C;
Coppejans et al. 20)3through aB-band filter. Integration times were 10s with a very shordoed time (6.7 ms) from frame-to-frame
resulting in a cadence of 10.0067 s. A log of the observati®psesented in Tabl&

The data were reduced following the pipeline outlinedPiovencal et al(2012. Basic image reduction and aperture photometry was
accomplished through thesestro photometry pipeline described IBalessio(2010. Each image was corrected for bias and thermal noise,
and normalised by its flat fieldiaestro automatically covers a range of aperture sizes for the targcomparison stars. For each individual
run we chose the combination of aperture size and compastsofs) resulting in the highest quality light curve.

The second step in data reduction was accomplished usingatitrepipeline Thompson & Mullally 2009. woep examines each light
curve for photometric quality, removes outlying pointssidés by suitable comparison stars, and corrects fidemintial extinction. Since
we rely on relative photometry through the use of nearby @mapn stars, our observational technique is not sengiiwscillations with
periods longer than a few hours. The final product fromwhep pipeline is a series of light curves with times in seconds amglitude
variations represented as fractional intensity (ppt). \Wevert our light curves into units of magnitudes (where 1ppt086 mmag) and
present our periodograms and analysis in units of mmag. @at feduction step is to combine the individual light curessl apply
barycentric corrections to create a complete light curveéHe entire data set.

The light curves for each night of data are shown in Biglearly evident is the night-to-night amplitude moduwatiof the variability
as the star rotates. This will be discussed in more deta@dtien3.2.2

We analyse the pulsation in the 2014 season of data usin@thmfegration data set. Due to the method that was useduoeehe data,
as described above, there are no low frequencies from thgawtor noise to be removed from the light curve. Fighows a periodogram
of the full 2014 data set. To extract the frequency, we perfamon-linear least-squares fit to the light curve, the tesilwhich are shown
in Table4. The pulsation is extracted at a frequency of 8885+ 0.0015d 1 and an amplitude of 104 + 0.77 mmag. In addition to the
pulsation, we are able to extract four sidelobes which falllaand+2v,ot. Such a signature suggests that J1940 is a quadrupoleguulsat

After the confirmation of the high-amplitude in J1940, it vedsar that that star warranted another observing run. 15 201940 was
awarded two weeks of telescope time at SAAO and used the sdesedpeistrument and observing strategy as in 2014. However, poor
weather led to just five nights of useful data. The observiggfbr 2015 can be seen in Tal3eThe nights which were clear yielded good
data, as shown in Fig.

The periodogram of the 2015 data is shown in Bi¢available online). A non-linear least-squares fit to theads shown in Tabl&
(available online), identifying the pulsation at 13819+ 0.0007 d"1 at an amplitude of 102 + 0.26 mmag. Due to the short run and low
duty cycle of this data, we were unable to detect the rotatisitelobes.

These data will be combined with the WET observations antysed in sectior3.2.3
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WET observations of the roAp star J19409

Table 3. Details of the SAAO, CTIO and SARA observations of J1940. BaBiven as BJD-245 0000.0.

Year Date BJD Length  Number of Integration Telescope Oleserv
start (min) points time (s)

2014
Oct2930  6960.2529 125.7 752 10 SAAO 1.9-m DiBi
Oct3Q01  6961.2474 118.5 694 10 SAAO 1.9-m DiBiL
Nov 0506  6967.2422 167.2 1000 10 SAAO 1.9-m DiBL
Nov 0§07  6968.2432 166.6 999 10 SAAO 1.9-m DIBiL
Nov 0708  6969.2428 163.2 969 10 SAAO 1.9-m DLH
Nov 0910  6971.2500 160.7 933 10 SAAO 1.9-m DLH
Nov 1314  6975.2534 95.0 570 10 SAAO 1.0-m DLH
Nov 1516  6977.2578 98.9 575 10 SAAO 1.0-m DLH
Nov 1§17 6978.2676 44.6 269 10 SAAO 1.0-m DLH
Nov 1718  6979.2540 101.4 588 10 SAAO 1.0-m DLH
Nov 1§19  6980.2706 73.2 439 10 SAAO 1.0-m DLH

2015
Jul 1916 7219.4399 307.4 1696 10 SAAO 1.0-m BL
Jul 2223 7226.3249 37.4 210 10 SAAO 1.9-m BL
Jul 2§27 7230.4912 261.6 1464 10 SAAO 1.9-m BL
Jul 2728 7231.4458 273.2 1607 10 SAAO 1.9-m BL
Jul 2829 7232.2808 302.0 1791 10 SAAO 1.9-m BL

2016
Jun 0102 7541.4087 411.3 1217 20 SAAO 1.0-m DIRRS
Jun 0203  7542.4336 377.3 1132 20 SAAO 1.0-m DIRRS
Jun0%06  7545.3906 451.7 2626 /2D SAAO 1.0-m DLHRRS
Jun 0607  7546.3940 446.0 2205 12 SAAO 1.0-m DIRRS
Jun 0708  7547.3867 446.1 2651 10 SAAO 1.0-m DIRRS
Jun 0809  7547.6904 378.4 309 30 CTIO 0.9-m JLP
Jun 0809  7548.4053 353.8 1982 10 SAAO 1.9-m DLH
Jun 0910  7548.6665 249.8 232 20 CTIO 0.9-m JLP
Jun 0910  7549.3975 128.4 528 10 SAAO 1.9-m DLH
Jun1011  7549.6938 354.8 271 30 CTIO 0.9-m JLP
Jun 1312 7550.6431 431.7 236 30 CTIO 0.9-m JLP
Jun1¥12  7551.4204 158.3 635 10 SAAO 1.9-m DLH
Jun 1213  7551.6440 238.3 194 30 CTIO 0.9-m JLP
Jun 1213 7552.3892 214.6 985 10 SAAO 1.9-m DLH
Jun 1415  7554.5815 276.0 93 60 SARA 0.9-m  NH/CLF
Jun 1916  7555.5542 507.4 249 60 SARA 0.9-m  MH/CLF
Jun 1617  7556.3639 481.7 2874 10 SAAO 1.0-m DLH
Jun 1617  7556.6560 215.7 108 60 SARA 0.9-m  MH/CLF
Jun 1718  7557.3623 494.6 2953 10 SAAO 1.0-m DLH
Jun 1718  7557.8264 496.2 263 60 SARA 0.9-m  MH/CLF
Jun 1819  7558.3751 224.1 1334 10 SAAO 1.0-m DLH
Jun2}22  7561.3438 287.6 1723 10 SAAO 1.0-m DLH
Jun 2829  7568.3452 505.3 2998 10 SAAO 1.0-m DLH

Table 4. The results of a non-linear least-squares fit to the 2014 dghve. The last column shows thefdrence in the frequency between that line and the
previous. The zero-point for the phases is BJD-245 6970.287

ID Frequency Amplitude Phase Frequencffetience
(dh (mmag) (rad) (dh

v — 2viot  176.1699+ 0.0036 395+ 058 —-1.513+0.146

v —lvir  176.2787+ 0.0044 468 + 0.91 1838+ 0.149 01088+ 0.0057

v 176.3885+ 0.0015 1014+0.77 -0.846+ 0.055 Q1099+ 0.0047

v + lviot 176.5329+ 0.0374 101+0.34 —-2.797+0.412 Q1444+ 0.0375

v + 2Viot 176.5992+ 0.0132 251+0.43 —-2.621+0.159 Q0663+ 0.0397

Table 5. The results of a non-linear least-squares fit to the 201% &ighve. The zero-point for the phase is BJD-245 7225.9650.

ID Frequency Amplitude Phase
(=1 (mmag) (rad)
v 176.3919+ 0.0007 1102+ 0.26 0.375+ 0.026
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Figure 6. Light curve of the 2014 data from the SAAQO, where the data e binned to 60 s integrations. Clearly evident is thetrtigimight pulsational
amplitude variation.
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Figure 7. Periodogram of the 2014 SAAQ data set. The pulsation islglpaesent at 176.39d" with an amplitude of 8.00 mmag. The structure surrounding
the peak are daily aliases.
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WET observations of the roAp star J194011
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Figure 10. Light curve of the 2016 data from the WET, where the data haenlbinned to 60 s integrations. Clearly evident is the Higitight pulsational
amplitude variation.

3.2.2 WET observations

The final observations we present here are from a Whole Eafdsdope campaign in June 2016. The campaign secured temdes wf
telescope time at SAAQ, six nights at CTIO, and four nightSARA. A log of the observations is shown in TaBle

The SAAO data were collected as described above, using hetfh.0-m and 1.9-m telescopes. The CTIO data were collesiag u
the 0.9-m telescope backed by the Tek (STle) 2848048 pixel CCD (#3). The total readout time between frameki9s. The SARA
data were collected with the 0.9-m telescope, backed by 8 @048 ARC-E2V42-40 chip. The readout time between frameis.ZThe
readout times quoted are in addition to the integration $isteown in Tabl&, thus the typical cadence for CTIO observations is 72.9 s and
62.9's for SARA observatioRs

All observations were made throughBaband filter to normalise wavelength response and minimitieaion dfects. The data were
reduced following the steps outlined above. We assume thiaaoget oscillates around a mean light level. This impdréssumption allows
us to assess overlapping light curves frofiedent telescopes and identify and correct any residuakeédffsets that are instrumental in
nature. The treatment of overlapping data is discussedtailde Provencal et al(2009. We find no significant dferences between the
noise level in the periodograms using: 1) the combinatioevefy light curve including overlapping segments frofiedent telescopes, 2)
the combination of light curves where we retain the high aiga noise observations in overlapping segments and 3) icomgball light
curves incorporating data weighted by telescope aperture.

Due to the diferent instrument responses, telescope apertures, angtiolgseonditions, diferent integration times were used throughout
the campaign. As such, data used for the analysis have beeeddio the equivalent of 60 s integrations. The light cufih@ observations
is shown in Fig10.

The duty cycle of the WET observations is not optimal at jusp@r cent. For the consecutive nights where SAAO, CTIO anRSA
time was awarded, the duty cycle becomes 23 per cent — duriagériod continuous observing from dusk at SAAO to dawn/&RS

2 We note that the SARA observations are not continuous dueittiphe targets observed during the nights.
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WET observations of the roAp star J194013
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Figure 11. Top: periodogram of the full WET data set, binned to 60 s. @uttdetailed view of the pulsation, showing the main peak fand rotationally
split sidelobes. The vertical bars indicate the positidnsidelobes split by exactly the rotation frequency.

Table 6. The results of a non-linear least-squares fit to the WET lgginte. The last column shows thefdrence in the frequency between that line and the
previous. The zero-point for the phases is BJD-245 7553.052

ID Frequency Amplitude Phase Frequencffetence
) (mmag) (rad) (dh)

v — 2viot 1761752+ 0.0012 210+0.12 -1.087+ 0.065

v — 1yt 1762787+ 0.0011 230+ 0.13 —2.297+0.063 01035+ 0.0016

v 176.3850+ 0.0003 845+ 0.13 -2.940+ 0.015 Q1062+ 0.0011

v+ vt 1764916+ 0.0018 136+ 0.12 2016+ 0.109 01066+ 0.0019

vV + 2Viot 1765931+ 0.0011 258+ 0.12 0.498+ 0.059 Q1016+ 0.0021

provided the least fragmented data set. These duty cy@eaach lower compared to the most well studied roAp star ighWET, namely
HR 1217 Kurtz et al. 200%, which achieved a duty cycle of 36 per cent. However, eveh wilow duty cycle, multisite observations still
serve to reduce daily aliases which strongliget single site observations. The data set presented hiehgst available for J1940 to date.

We calculate a periodogram of the WET data which is shown ¢nlHi It is clear from the lower panel in the plot that the rotaéibn
sidelobes are well resolved. This is also evident in Tébighich shows the result of a non-linear least-squares fitedight curve. The
presence of four rotationally split sidelobes confirms tH#£140 is a quadrupole pulsator.

Although we are able to continue fitting and extracting highred higher order sidelobes, théNSof the peaks decreases as a result of
the increasing cross-talk with the aliased sidelobes.&fbeg, although we believe that the high order sidelobesemleand present, we stop
our extraction at-2vyot Where the @N> 4 for each peak (as shown in TaB)eand the frequencies are close to what is calculated using th
rotation period.

As we increase the number of sidelobes that we fit, the errthéramplitude increases. This is a result of the window patad
cross-talk between the aliases of the sidelobes and thielsetewe are fitting. As we fit more and more sidelobes, we asa¢he distance,
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Figure 12. Top: spectral window function of the WET data, folded on thésption frequency. Middle: the periodogram of the WET diditawing the pulsation
atv and the daily aliases at + 1. Bottom: periodogram of the WET data after the main putsafrequency has been prewhitened. The solid vertical bars
indicate the position of the rotation sidelobes of the pidsafrequency, and the location of the sidelobes of the positive (red daslaes) and negative (blue
dotted bars) aliases. Where the sidelobes overlap, thesemathe ‘true’ extracted sidelobes increase as a resuibetealk between the two signals. Only a
continuous dataset will alleviate this problem.

Table 7. The results of a linear least-squares fit to the WET light euithe zero-point for the phases chosen to be BJD-245 758,. 1@ force the first
sidelobes to have equal phase.

ID Frequency Amplitude Phase
(d=1 (mmag) (rad)

v —2viot 1761755 215+ 0.11 29144+ 0.051

v — vt 1762804 226+0.12 2720+ 0.054

v 176.3852 847+ 0.12 3060+ 0.014

v + ot 176.4901 137+0.12 2720+ 0.089

v+ 2viot 1765950 258+ 0.11 22184+ 0.043

in frequency, from the central peak. As a result, the fregigsnwe are fitting start to overlap with the aliased sidedatferv. This is shown
graphically in Fig12. The top panel shows the spectral window of the WET data, thi¢hmiddle one showing the pulsation and its positive
and negative aliases separateddiyd—2. In the bottom panel we indicate the position of the rotal@idelobes with solid bars and aliased
sidelobes with coloured broken bars. As we fit frequengi®@got and greater, we sier from cross-talk with the aliased sidelobes, hence we
do not include these sidelobes in our analysis.

The oblique pulsator model (OPM) expects that the sidelob#d®e pulsation have the same amplitudeL£im ot pairs) and are exactly
split by the rotation frequency of the star. Therefore, & the OPM for J1940, we split the sidelobes by the deriveatimt frequency
and perform a linear least-squares fit to the data. When peirig this test, we select the zero-point in time such thatghases of the
first sidelobes are equal. The results of this are shown ifeTalf-or a pure quadrupole pulsator, we expect the phases ofithriplet to
be equal. Although the phases presented in Table almost equal, the average separation of the phasestsemtiegan & o-. This result,
combined with the presence of further rotational sidelabesthe unequal sidelobe amplitudes, leads us to conclatld1B40 is pulsating
in a distorted mode. We will revisit this result in sectidn
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WET observations of the roAp star J194015

Table 8. The results of a non-linear least-squares fit to all data.ld$tecolumn shows the fiierence in the frequency between that line and the previdus. T
zero-point for the phases is BJD-245 7270.3489.

ID Frequency Amplitude Phase Frequencffetience
@h (mmag) (rad) ()

v — 2viot  176.173294+ 0.000025 258+ 0.09 —-1.686+ 0.042

v — vt 176278217+ 0.000043 155+ 0.10 -2.187+0.072 0104923+ 0.000050

v 176.383123+ 0.000008 856+ 0.10 —2.064+0.013 Q0104906+ 0.000044

v+ vt 176488089+ 0.000030 216+ 0.10 -2.314+0.052 Q104966+ 0.000031

vV + 2Viot 176.592901+ 0.000033 198+ 0.09 —3.096+0.054 0104812+ 0.000045

Table 9. The results of a linear least-squares fit to all the data. €he-goint for the phases chosen to be BJD-245 7270.3489.

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

vV — 2vrot 1761734 255+ 0.09 -1.776+ 0.035

v — 1yt 1762783 162+ 0.10 —2.276+ 0.057

v 1763831 854+ 0.10 -2.080+0.011

v+l 1764880 210+0.10 -2.276+0.044

vV + 2vrot 176.5929 199+ 0.09 —-3.110+ 0.045

3.2.3 Alldata

With the availability of three seasons of follow-up data, ave able to perform a much more precise analysis of the portsain J1940 as
the frequency resolution is dependent on the time-baseeobltiservations. To perform this analysis, we use data wkitiinned to 60 s
integrations so that each data point has the same weighting.

As before, we perform linear and non-linear least-squattsgiof the data. The results of the non-linear fits are showFable8. To
test the geometry of the star, we again force the phases @if¢hsidelobes to be equal, set the frequencies to be splitigxby the rotation
frequency and perform a linear least-squares fit. The restitis is shown in Tabl®. As with the WET data, we see that the phases of the
quintuplet are not all equal, with the average separatigmghElL 4 o-. Using this data set with a longer time-base, we are ablerifiranthat
the pulsation is J1940 is indeed distorted.

Although the sidelobes at3viot are present in the data, they are below tf#d=S4 limit, so we do not include them in the analysis.
Therefore, in fitting the entire data set, we only extractd@etral quintuplet.

Finally, we are able to identify the first harmonic of the @ien at 2. At higher frequencies, the signal is lost in the noise. Tites@nce
of the harmonics demonstrate the non-sinusoidal natuteegiulsations seen in roAp stars. However, it is not yet cldeat these harmonics
can tell us about the pulsations in roAp stars.

3.3 Testing amplitude and phase variability

Some roAp stars show very stable pulsations while otherss stramatic variability over the time span that they have bekserved.
Kurtz et al.(1994 1997 discussed the frequency variability observed in HR 383dautph the analysis of 16 yr of ground based data. Work
by Martinez & Kurtz (1994 highlighted eight other roAp stars for which frequencyiahbility has been detected. Recent studies at high
photometric precision have shown significant pli@eguency variations in the roAp stars observedeypler (e.g.Holdsworth et al. 2014b
Smalley et al. 2015Holdsworth et al. 2016

With the combined data set, which provides us nearly fuliiohal phase coverage of the star, we test the stabilithefpulsation
detected in J1940. To conduct this test, we split the datesiettions of 20 pulsation cycles, or about 0.11 d, and catlethe amplitude and
phase at fixed frequency. As phase and frequency are inablyimtertwined, a slope in phase meansféedent frequency would provide a
better fit. The results of this procedure are shown in F3g.

Concentrating on the amplitude variations, for a non-distbquadrupole mode, the OPM predicts three local maxirdaranima in the
pulsation amplitude as the star rotates, as a consequetwe nbdes passing the line-of-sight (for the geometry ol 8ee sectiod). As
can be seen, the amplitude of the pulsation does not behaxpasted. There are only two minima in the phased plot, siggea distorted
mode. Further confirmation of this is given as the amplitueleen goes to zero, as would be expected as a node passe®tbésight for a
puref = 2 mode.

In Fig.13 we choose the zero-point for the rotation phase suchgthat= 0 is the time at pulsational amplitude maximum. This is
different from the phase at which light maximum occurs, whichriesalt of the surface spots on the star. We assume that tie a@oat
the magnetic poles, however this is not always the case (gifginger et al. 2010bKochukhov et al. 2016 The diference between the two
epochs of maxima equates t812+ 0.428 d (or 0138+ 0.045 rotation periods). We can interpret thi¥set in three ways:

(i) a lag maybe introduced if the rotation frequency is na&qgsely determined, as a result of the large gap betweenetioeint in
light maximum and the zero-point in pulsation maximum (Whéguates te-357 rotation cycles). However, as the rotation period isvadr
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Figure 13. Top: pulsation amplitude variation with rotation phasettBm: pulsation phase variation with rotation phase. Thie-peint for the rotation phase
is chosen when the pulsation and most of the sidelobes atesep

over 235.7 cycles, we are confident that this ha$iGgant precision to provide an accurate time of light maximduning the follow-up
observations.

(ii) there is a significant longitudinalffset between the pulsation axis and the magnetic axis, whighére we assume the spots to form.
In this case, the pulsation pole rotates into view beforespizgs. This scenario is not testable with current instruatem due to the faintness
of J1940.

(i) the pulsation and magnetic axes are closely alignedile spots araot concentric about the magnetic poles, as is demonstrated by
some roAp stars (e.g. HR 383Kurtz & Martinez 2000. If this is the case, it does noffact the pulsation analysis we present here as we
analyse integrated photometric observations over thesgpitiotosphere, rather than radial velocity variationg/ddrfrom specific elemental
species. An alternative model to the oblique pulsator madslformulated byviathys(1985 where the pulsational light amplitude variations
are created by the inhomogeneous distribution of the flevatiius variations caused by spotty abundance and teropeistributions in
the photosphere. However, as can be seen in the theory of/Mdtie éect of the flux variations alone caused by the spots can owclyust
for a change of about 2 per cent in the pulsation amplitudd @40, whereas we actually measure a change on the order pEs@eént, thus
making the spot position a negligibl&ect.

Unfortunately, we do not have the information here to firmllerout any of these scenarios. Observations of J1940 byESSmission
will be able to shed light on the first scenario, with the sekcand third only testable with substantially larger telggothan are currently
available, or unfeasibly long exposure times10 000 s) with current instruments.

We now consider the phase variations seen in BgBy folding the pulsation phase on the rotation period, we alle to see that
the fitted frequency is the correct frequency for the lendtthe observations. If this were not the case, there would lbeear trend to the
points. The single line, however, is not expected. Accaydaithe OPM, the phase should flip byrad when a node crosses the line-of-sight
— something which does not occur here. In fact, the pulsati@se is almost constant as the star rotates. This res@tyisimilar to those
seen in HD 24355Holdsworth et al. 2016 KIC 7582608 Holdsworth et al. 2014kand KIC 10483436Kalona et al. 2011hall quadrupole
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WET observations of the roAp star J194017
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Figure 14. The amplitude and phase variations of other quadrupole si&s studied in detail. All stars show an amplitude modarateminiscent of dipole
modes rather than quadrupole modes. The phase variatidthssa stars do not show the expectethd phase change at quadrature as is expected from the
OPM. The amplitudes have been normalised to the maximumitagifor each star.

pulsators with distorted modes observed withKleplerspace telescope. We provide a comparison of the four pussiatéig.14. Given the
irregularities in the phase variations, we attempt to métdelstar to further understand this distorted pulsator dtice4.

3.4 Constraining the mode geometry

We strive to derive the geometry of the star by comparing thelidudes of the sidelobes, following the methodkairtz et al. (1990.
Assuming that the quintuplet is representative of a quaslauppulsator, and assuming that we have an axisymetricdiginrted mode
(which we have shown we do not), such thhiat 2 andm = 0, then in the absence of limb darkening the following relais applicable:

A@ L A

tani tang = 4%, @
A_1 + A+1

wherei is the inclination angle of the stgs,is the angle of obliquity between the rotation and the pidsadxes, and&f{ andAfg are the

amplitudes of the first and second sidelobe pairs of the gpadte pulsator, respectively. Substituting values frorld@8 into equatior®,
we derive that tantang = 4.88 + 0.23 for this simplified case. Although the assumptions madkafiect our result, values derived from
this relationship will provide the first steps in determiupithe geometry of this pulsator.

From the rotational light variations, we know thaand 8 sum to greater than 90as we see both magnetic poles (assuming that the
spots causing the variations are at the magnetic poleshwhay not be the case). Further to this, values afd g near to 90 are not
permitted for a non-distorted quadrupole mode, within thestraint of equatior?), because the line-of-sight would not pass over a node;
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Table 10. The values of andg which satisfy equatior?). We list values up té = B, where the values af andg reverse. The last two columns show the
extreme values of the angle between the line-of-sight aagtitsation pole; these can be useful in visualising thegpiols geometry.

i B i+B i-8
836 289 1125 547
80.0 40.8 1208  39.2
75.0 526 1276 224
700 60.7 130.7 9.3
65.7 65.7 1314 0.0

Table 11. Components of the spherical harmonic series descriptidthegbulsation foi = 31° andg = 83°.

¢ 0 1 2
AY) (mmag) 2551
A©) (mmag) 1271 2410
ALY (mmag) 16.817 0478 -8.146
A(fl) (mmag) 1.066 2.128
A(fz) (mmag) 1.987
# (rad) -1.910 2.043 -1.775

Table 12. Comparison between the observed amplitudes and phasesstodalculated with the spherical harmonic fit.

ID Aobs Acalc Pobs Pealc

v —2vrot 2.55+0.09 255 -1.776+0.035 -1.776
v -yt 1.62+0.10 1.62 —-2.276+0.057 -2.276
v 8.54+0.10 854 -2.080+0.011 -2.080
v+ 1yt 210+ 0.10 1.45 -2.276+0.044 -2.239
v+ 2viot 1.99+0.09 1.99 -3.110+0.045 -1.776

the nodes of a pure quadrupole are-84.7° (colatitude), since the Legendre polynomial is giverPgecose) = (3co€ 6 — 1)/2, therefore
i — B must be less than 5&. Table1l0 shows a set of values ofind B that satisfy all the constraints above.

The spectra obtained for 31940 are not dfisient resolution to determinevesini for the star. We are, therefore, unable to constrain the
values ofi and 3 through observations. However, through testing all pdssibmbinations, the best fitting valuesiaind 8 to equation2)
arei = 31° andp = 83°.

Using these values farand 3, we apply the method dfurtz (1992, based on work byshibahashi & Takaté1993), to deconvolve
the pulsation into the components of a spherical harmonieseThis technique separates the distorted mode intauits = 0, 1, 2,

. spherical harmonic components, allowing us to see thpeslof the mode. The results of this deconvolution are showrablesl1

and12. The results show that the mode is a quadrupole mode withyastemg spherically symmetric distortion representedheyradial
component. Thé = 1 component is small in comparison.

4 MODELLING THE AMPLITUDE AND PHASE VARIATIONS

The amplitude and phase modulations of roAp stars, which gie to the rotational sidelobes in the periodogram aréa@eu by the
oblique pulsator model, in which the pulsation is axisynmigetith respect to the magnetic axis that is inclined to tbition axis. The
observed pulsation amplitude at a given time is the integval the amplitude distribution on the visible hemisphefé¢he star, such
that the observed pulsation amplitude and phase modulatieeagspect of the pulsation (and hence magnetic) axis chamg¢he star
rotates. Typically, the pulsation phase changes by ab@at at amplitude minima during one rotation period (&grtz & Martinez 2000
Holdsworth et al. 2016 as a pulsation node crosses the line-of-sight. In conttias phase modulations of J1940, as well as HD 24355
(discussed iHoldsworth et al. 2016 are small and smooth, indicating that the amplitude ithistion on the surface deviates considerably
from a single spherical harmonic.

The presence of four sidelobe frequenciesHbtot and+2yot Of the central frequency), coupled with the very large atogk of the
central frequency, indicates that J1940 pulsates in artistquadrupole mode with a significant contribution from $ipherical-symmetric
component. To model such a distorted pulsation, we numibrisalve the eigenvalue problem for non-adiabatic linealsptions under a
dipole magnetic fieldgaio 20039, in which the eigenfunction is expanded as a sum of termpgutional toY{,,0 with ¢ = 0,2,4,...,38,
including 20 components.

We have searched for models which reproduce the pulsat@nglitude and phase modulations of J1940 in the same waythg in
case of HD 24355Holdsworth et al. 2016 For each evolutionary model, assuming a valuBgf{the magnetic field strength at poles), we
obtain an axisymmetric mode whose frequency is similaréatiain frequency of J1940. From the eigenfunction we obthiihe amplitude
modulation and a set of rotational sidelobe amplitudes. ¥8eme values of the obliquity ang|e, and of the inclination angle, We tested
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many values of §,i) to try and obtain reasonable fits with the relative ampétudf the rotational sidelobes and amplitude modulation
measured in J1940.

Generally, minimum amplitude increases with decreagjagd the local maximum of amplitude at a rotational phase ®fricreases
with increasingg (for i < 60°). If we obtain a set of §,i) with which the predicted amplitude modulation approxiehatreproduces the
observed one, we calculate the phase modulation using thepger set and see whether it is consistent with the obs$ehase modulation.
This process was then repeated fdfetient values oBp to obtain the best fit.

Fig.15 shows an example of the cases where the theoretical paaictipproximately reproduce the observed amplitude ansepha
modulations of J1940. In most cases, the amplitude modulatn be fitted easily for a certain rangeBaf However, it is dificult to obtain
a theoretical phase modulation similar to the observed Bhis.is only possible if an appropriate value®f is chosen for a model whose
Teg IS within a certain range depending on the modelled massalmymases, theoretical phase peaks around rotation pha@&samd 0.7
are less pronounced than those of J1940.

Fig.16 shows ranges (thick red lines) where theoretical phasedamditude) modulations are comparable with that shown gnT5.
To achieve these fits, appropriate valuesBgfmust be chosen. The requird) varies slightly with mass; .4 ~ 1.5kG for 21 Mg,
1.55 ~ 1.7kG for 20 Mg, and 18 ~ 1.9kG for L9 M. The observed frequencies at around 176 dre well above the acoustic cuto
frequencies (116d) in those models, as in the case of HD 243B6Isworth et al. 2016

The parameters adopted in Fid for J1940 yieldvL/M = 20.4, wherey is the pulsation frequency in mHz, luminosityand mass
M are in solar units, whileL/M = 24.7 for HD 24355 Holdsworth et al. 2016 The positions in the oG — vL/M plane (figure 19
of Holdsworth et al. 2016segregate the roAp stars into some groups. J1940, HD 24865HD 42659 ¥L/M ~ 25, the star is poorly
investigated so fafyartinez & Kurtz 1994 seem to form a distinct group having higl: and highesvL/M, as derived from the models.
Interestingly, all are single-mode pulsators. Furtheemtre pulsation mode is classified as a distorted quadrupoti for both J1940 and
HD 24355. Further observations for the third member HD 42@5%inary nature was recently discoveredHigrtmann & Hatzes 20)%re
highly desirable; it would be interesting to see whethemtimele can be also classified as a distorted quadrupole. Thenme of the group
consisting of highly super-critical single-mode roAp staright hint that there is yet another excitation mechaniswoak in roAp stars.

5 SUMMARY AND CONCLUSIONS

We have presented here the best data, to date, of the ragicilating Ap star J1940. The star was initially discovetede a roAp star
through a survey of A stars in the SuperWASP archive. Amothgsother roAp stars found in that survey, J1940 showed thesaamplitude
in the broadband photometry. When considering the reldt@ween pulsation amplitude and observed wavelength éamihp stars, J1940
was expected to be the largest amplitude roAp star knownnwbesidering standar-band observations for these stave@upe & Kurtz
1998.

The SuperWASP data provided a long time-base of obsengt®mdetermine the rotation period of the star. Due to the atedrapots
on Ap stars, the light curve is modulated with the rotationiqebof the star. Assuming the rigid rotator mod8&tipbs 1950, we derive a
rotation period of the star to be3844+ 0.0012 d.

During the 2014 and 2015 observing seasons, J1940 was stibjsingle site observations from the South African Astroieal
Observatory. Analysis of these data sets suggested thd0 J&48s a quadrupole pulsator, and confirmed it to have theshkigbulsation
amplitude amongst the roAp stars, with a peak-to-peak anaaiof 34 mmag.

As a result of the single site observations, J1940 becametbel second roAp star to be the subject of a Whole Earth Tefesc
campaign, in 2016. Observations over a three week period) three sites, provided a data set with a duty cycle of 21gmr These
observations enabled the unambiguous determination opulsation frequency and its four rotationally split sideds, a result of the
quadrupole pulsation in this star.

Further to the quadrupole signature extracted from the, tla¢ge is evidence of further rotationally split sidelolieshe light curve.
The presence of these sidelobes indicates that J1940 &tipgl$n a distorted quadrupole mode.

To achieve the highest frequency resolution analysis, wabawed all observations of J1940 into a single light curkestproviding a
frequency resolution of.4 x 10-4d~1 (1.6 nHz). In doing so, we attain nearly complete coverage ofdketion cycle of the star, hence
allowing us to analyse the pulsation from varying aspectslding so we have provided further evidence that J1940 istartiéd pulsator
through (i) the fact that the pulsation amplitude does notogpero at quadrature as a node passes the line-of-sigh{jiptite pulsation
phase does not flip by-rad at quadrature, rather it stays almost constant oveotagon cycle of the star.

This phase pattern is similar to other, well studied, qupdieiroAp stars. In Figl4dwe show HD 24355, KIC 7582608 and KIC 10483436
which all exhibit suppressed phase variations over thepeetive rotation periods which are reminiscent of thosa s J1940.

To understand this phase behaviour, we modelled J1940 tiengethod oBaio(2005. For a range of model parameters (M, Ty,
Bp, i, B) we are able to reconstruct the observed amplitude vangtieell. The modelled amplitude variations deviate sigaifity from a
pure quadrupole mode, confirming that J1940 is pulsatingdistarted quadrupole mode, with a magnetic field strengtiboiit 1.5 kG.

The pulsation phase variations, however, were somewha wiifiicult to model. The peaks in the theoretical phases are Idvear t
those observed (see Fi), with the best fitting model being sensitive to both massoidr magnetic field strength. Finally, the modelling
shows that the pulsations in J1940 are well above the thearatoustic cut-fi frequency. This places J1940 amongst other other roAp stars
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Figure 15. Comparison of amplitude and phase modulations between a&lraad observational results of J1940. Red and black cokmersised for J1940
and the model results, respectively. Top: comparison ofdtaional sidelobes, in which the observations are dligttifted rightward for visibility. Middle:
comparison of the amplitude modulations as a function ofrtitation phase. The solid line is a theoretical amplitudedutation computed by taking
into account the magnetidtects, while the dotted line indicates the amplitude moéhiaexpected from a pure quadrupole. Bottom: comparisomef t
modulations of the pulsation phase as a function of theiootgihase; the black line represents the model result, vihéered dots with error bars are
observational results for J1940.

in the logTeg — vL/M plane. The variations presented here, and the similatigeseen J1940, HD 24355 and HD 42659, may suggest there
is another mechanism at work in these stars to excite thaths.

We hope to revisit J1940 with observations made byTtE&Snission. With the potential to obtain simultaneous grobaded spectro-
scopic observations with the space-based photometry, wikhvibe able to answer some of the questions posed in this Waigk-precision
photometric observations, with a continuous data set fteastt 30 d, would allow us to fully exploit the higher ordetational sidelobes,
and to accurately determine anffset between the pulsation and magnetic axes.
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Figure 16. The logTes — log g diagram showing the approximate positions of J1940 and HFHiB24vith error boxes, and evolutionary tracks 8,119, 2.0,
and 21 Mg stars. The thick red lines along the evolutionary trackscate the positions where theoretical amplitiuese modulation curves reproduce
satisfactorily the observed ones of J1940.
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