Chapter 7
The pulsation of the roAp star HR 3831

Some of the results presented in this chapter were published in paper Balti§168&c)

in collaboration with Don Kurtz and Tim Bedding. | observed and reduced the spectro-
scopic data with the supervision of T. Bedding. D. Kurtz provided the analysis of the
photometric data taken at the same time as the spectroscopic data. This chapter
rewritten and extended version of the paper.

7.1 Introduction

The roAp stars pulsate in high-overtone non-radial p-modes. The oscillatiorraspéct
many of these stars reveal frequency multiplets — usually triplets k-eqgjual frequency
separations of the components. The separations are equal to, or very nearly equal to,
the rotation frequency (determined from the variation of spectrum and lighteastar
rotates).

One explanation of the observed triplets is that a set of rotationally perturbeddes
is excited, e.g¢ = 1 dipole modes withn = —1, 0, +1. The observed frequencies can be
written as (Ledoux 1951)

Vm = Vo — T)’l(] - Cn/,)yrot (71)

where (,,, is a constant that depends on the structure of the star. For A-star models
with the expected pulsation modes for roAp stars, Takata & Shibahashi (1995) found
Che =~ 0.003-0.010. However, in the best-observed roAp star HR 3831, Kurtz et al.
(1992) were able to show that,, < 2 x 10~". This is two orders of magnitude less than
the theoretically predicted values, and suggests that the frequency sphtimgcisely

the rotational frequency.

Another explanation for a frequency multiplet is that it is produced by a single pulsa-
tion mode (e.g.{ = 1, m = 0) whose amplitude is modulatedy rotation. This naturally
produces a frequency splitting that is precisely equal to the rotation frequansgme
roAp stars, the amplitude of the pulsation has been observed to modulate withrrota

Ln this chapter, we use the vetb modulate and its derivatives to describe changes in amplitudes and
phases with rotation, and the vexpvary for other types of changes.
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94 Chapter 7. The pulsation of HR 3831

in phase with the magnetic variation. To explain this phenomena, the oblique pulsator
model was proposed by Kurtz (1982), and has been extensively developed by Shibahashi
& Takata (1993; Takata & Shibahashi 1994, 1995). In this model, the magnetic and
pulsation axes are aligned but are oblique to the rotation axis. The observeitudpl
modulation is then due to the variation in the angle between the pulsation axiseslivtkt

of sight as the star rotates.

In an alternative model, the spotted pulsator model (Mathys 1985), the pulsation and
rotation axes are aligned (or there are radial 0 modes), but the ratio of flux to radius
variations varies over the surface because of differences in the fluxapeétature caused
by spots associated with the magnetic field. The observed radial velo®fjya(Rplitude
is then constant, but the photometric amplitude modulates as the star rotatesfoiidhe
the two models can be distinguished by RV observations. Matthews et al. (1988) found
RV amplitude variation in HR 1217 which favoured the oblique pulsator model, but this
star is multi-periodic, so the observed variation could have been causedtyg@mong
pulsation frequencies. Kurtz et al. (1994a) proposed that the two models could easily
be distinguished by RV measurements of HR 3831. This roAp star has one dominant
pulsation mode with a period of 11.7 min, has a large photometric amplitude modulation
including a phase reversal (Kurtz et al. 1994a, 1997) and is bright enough for accurate RV
measurementd{ = 6.25).

In this chapter, we look at RV changes and plrofile changes in HR 3831. We find
that the radial velocities are modulated with the rotation of the stareduency analysis
of the Hv RV shows a frequency triplet with the same spacing and amplitude ratios as
in contemporaneous photometric observations which we obtained at the South African
Astronomical Observatory. This is expected in the oblique pulsator model, aridan c
disagreement with the prediction of the spotted pulsator model.

We also studied this star using some of the other techniques that were used in Chap-
ters 5-6. These include cross-correlations of different wavelength regionshifie of
the Hy bisector and intensity measurements across thdim€. While the oblique pul-
sator explains most of the observed rotational modulations, aspects of the spotédrpuls
model and perturbeg.-modes may also have an influence on the pulsations in this star.

7.1.1 Basic data for HR 3831

HR 3831 (IM Vel, HD 83368, HIP 47145) has a binary companion with 9.09 with a
separation of 3.29 arcsec. The brightness of HR 3831 is often quotéd-as.17 which

is from the combined flux measurement (see Kurtz et al. 1994a). The parallax mas bee
measured by thelipparcos mission (ESA 1997) to give a distance®f5 + 4 pc to the

star. Usingl’ = 6.25, this distance, an effective temperaturesof0 + 200 K (Kurtz et

al. 1994a) and a bolometric correction-ef).13 (Schmidt-Kaler 1982), we obtaih =
13.4+1.5L, andR = 1.9+ 0.2R;,.

The oscillation spectrum of HR 3831 has a well-known frequency septuplet around
1428, Hz, plus frequency multiplets at the harmonics (Kurtz et al. 1997). However,
there are just four frequencies which have photometric (Johigoamplitudes above
0.3mmag and that are detectable in our data. These include a triplet aroundnitie pri
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pal mode ¢, = 1423.95 uHz, vy = 1428.01 uHz, vy, = 1432.07 Hz) and the first
harmonic ¢vy = 2856.02 uHz). The splitting of the triplet is the rotation frequency
(vvor = 4.06 HZz) giving P... = 2.851976 d, under the assumption that the oblique pul-
sator model is correct. Unlike the triplet in Cir, where the amplitudes of the two side-
lobes are about 10 percent of the principal amplitude, the amplitudes @nd.,; are
larger than the amplitude of the central frequency. This means, that during ttienata

cle of HR 3831, the amplitude measured.@goes through two maxima with two phase
reversals. In terms of the oblique pulsator model, the star pulsates/in-an dipole
mode which is sufficiently oblique to the rotation axis that as the star rotaesw first
one pole and then the other.

Kurtz et al. (1990; Kurtz 1990) describe a generalised oblique pulsator model in
which the effects of both the magnetic field and rotation were taken into acsrenalso
Dziembowski & Goode 1985, 1986). In this model, the perturbation to the star’s eigen-
frequencies by the magnetic field dominates, leading to the conclusion that thiegoulsa
axis is locked to the magnetic axis. Two parameters related to the adgliatios in the
frequency triplet were defined:

_ Apr+ A
==

where; is the inclination of the rotation axis to the line of sight, ahid the angle between
the rotation axis and the pulsation axis; and

A _ Af ‘n rot
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P = tanitan 3, (7.2)

Py

where the perturbation to the eigenfrequencies (by the magnetic field) depemnds on
such that = () + meg. From the photometric results for HR 3831 covering 1993 to
1996 (Kurtz etal. 1997), = 8.6 = 0.2 and P, = —0.097 4 0.004.

7.2 Observations

7.2.1 Spectroscopy

We have obtained intermediate-resolution spectra of HR 3831 using the coud®-spect
graph (dispersion of 0.4@/pixel) on the 74-inch Telescope at Mt. Stromlo, Australia.

We have a total of 1400 spectra from a one week period in 1997 March (Table 7.1), with
each spectrum having a minimum of 60 000 photdn$he average number of photoAs/

in each spectrum was 270000. The exposure time was 100 seconds, with an over-head
between exposures of 20 seconds.

All of the CCD images were reduced to spectra using the same procedures taat we
used on the Stromlo data in Chapter 5. Several observables were defined frepethe
trum (velocities, intensities, bisector measurements), to produceess@nes of measure-
ments for each observable. For use in various measurements, a templaterspeas
defined from 25 high-quality spectra (Figures B.1-B.2).
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Table 7.1 Log of the spectroscopic observations of HR 3831

UT-date No. of No. of Julian dates
hours spectra —2450000

1997 Mar 10 1.37 26 517.88-517.94
1997 Mar 10 3.61 38 518.12-518.27
1997 Mar 11 10.03 203 518.88 -519.29
1997 Mar 12 9.59 285 519.88 -520.28
1997 Mar 13 2.22 59 520.88 —520.97
1997 Mar 13 1.10 33 521.27 -521.32
1997 Mar 14  10.57 319 521.87-522.31
1997 Mar 15  10.40 262 522.88-523.81
1997 Mar 16 9.40 158 523.87 —524.27
1997 Mar 17 0.53 17 524.87-524.90

Table 7.2 Photometric (JohnsoR) amplitudes and phases of the frequency triplet

frequency  amplitude phase P P,
(uH2z) (mmag) (radians
1423.95 1.91 +£0.05 1.00 £+ 0.03
1428.01 0.52+0.05 —1.164+0.10 | 6.9+ 0.7 | —0.07 4+ 0.02
1432.07 1.66 +0.05 1.03 £ 0.03

“The phases are shifted compared to the those given in Baldiy(@998c) due to a different phase
reference point (see Section 7.3).

7.2.2 Photometry

For the last five years, astronomers at the South African Astronomical Gitegr (SAAQO)
and the University of Cape Town (UCT) have been monitoring the oscillatioddRiB831
using high-speed photometry (Kurtz et al. 1997). We have selected a subset of their da
which is centred on the time of our spectroscopic observations. These data were ob-
tained on 26 nights (one hour of high-speed photometry per night) spanning the dates JD
2450402 to 2450618.

The photometry was analysed to find the amplitudes and phases of the frequency
triplet (see Table 7.2) in order to compare with our spectroscopic resultsarhpbtudes
of the triplet are within 2 of the amplitudes from Kurtz et al. (1997). For further details,
in particular showing the pulsation amplitude and phase as a function of rotatios, phas
see Baldry et al. (1998c).
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Figure 7.1 R.,, time series before and after high-pass filtering

7.3 Time-series analysis

To illustrate the various methods of analysing the time series for eachrepempic ob-
servable, we look at an observable which has a high signal-to-noise ratioosdifiation
spectrum. This observable, calléd,,, is a ratio of the K core to wing intensity. In
particular, we measured the intensity in a filter with FWHMA divided by a filter with
FWHM~ 31A. This is similar to theR,,, measurements used in Chapter 6 and Baldry et
al. (1998c) but using slightly narrower filters.

Each time series from the spectroscopic measurements was high-passed éittd a
few outlying points were removed. The., time series before and after high-pass filter-
ing is shown in Figure 7.1. There is a variation in the raw data of about 1 percengdur
the night. This is possibly due to varying contamination of the HR 3831 spectrum from its
binary companion. As the pair of stars rotate in the coudé focal plane, thereenglss
contamination when the stars line up perpendicular to the slit and more contaminat
when the stars line up along the slit. Alternatively, the variation couldueeto instru-
mental effects that are a function of elevation of the telescope. In @#ser, the change
in the measured oscillation amplitude will be of the order of 1 percent over gfin. nihis
is not significant for our results, especially since there is no obvious systeeft#ct as
a function of the rotation phase of HR 3831.

Next, a simultaneous fit of the frequency triplet and the first harmonic was male to
high-pass filtered data, using a weighted least-squares fitting routine. ThitLales and
phases were fitted, using the well-known frequencies (see Section 7.1.1), foy¢kien
Asin(2rv(t — 1) + ¢) wheret, =JID2450522.51746. Our phase reference paijns
equal to the reference point of Kurtz et al. (1997) plus 775 timgs This maintains the
same relationship between the phases of the frequency triplet. The fit of theefrey
triplet to the .., data is shown in Table 7.3 (the results for three sets of filters are shown).
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Table 7.3 R, amplitudes and phases of the frequency triplet in HR 383&.dliservabld?..,, is
the ratio between the mean intensity in a narrow filter withHRW F'1 and in a filter with FWHM
I'2 centred on k. For the three observables in this table, the average vahgegbout 0.65 (see
Figure 7.1 for the raw data in the second case).

1 F2 | frequency amplitude phase P P,

A A (uHZ) (ppm) (radians
1423.95 1340 £46 —0.824+0.03

29 235| 1428.01 172+45 —1.28+0.27 | 15.8+4.7| 4+0.02 +0.02
1432.07 1386 £46 —0.78 +0.03
1423.95 1334 £41 —0.71 £0.03

3.9 31.4| 1428.01 177+40 —1.58+0.23 | 14.0+3.5| —0.08 +0.02
1432.07 1139 +£41 —0.78 £0.04
1423.95 1107 £41 —0.64 +0.04

5.9 45T 1428.01 163+41 —1.70+£0.25 |12.4+3.4| —0.104+0.03
1432.07 913 +£41 —0.78 £0.05

“This set ofR,.,, results uses the same filters as thg, results published in Baldry et al. (1998c). The
results are slightly different due to a different weightinghe least-squares fitting routine, and there is
also a change in phase reference point.

The R..,, oscillation amplitude spectrum is shown in Figures 7.2—7.3. Figure 7.3 shows
that the frequency triplet is resolved, but with some aliasing or powerirshiftetween
the frequencies as can be seen from the spectral window. The amplitude of ttralspec
window at+v,,; and at+2v,,, is about 20 percent. Also, the simultaneous fit gives
amplitudes in ppm of 1330, 180 and 1140 for the triplet, whereas the amplitudes in the
oscillation spectrum are 1100, 560 and 890 (note that ratio betweeand A ; is about
the same).

Another way to consider the aliasing is that the data have incomplete and baased s
pling of the rotation phase of HR 3831. A good diagnostic of the data, and better for
interpretation assuming that there is one mode that is amplitude modulated, a$ toepl
amplitude and phase of the pulsation g}t as a function of rotation phase. The data
were divided into 20 separate time periods between 0.5 and 3.6 hours long and including
between 17 and 107 spectra. For each time period, the amplitude and phase were mea
sured at 1428.04Hz. TheR..,, results are shown in Figure 7.4. The two lines represent
differentfits to the data:

(i) The dashed line represents a modulation using the amplitudes and phaseB gf the
frequency triplet (from Table 7.3), which are from a six parameter fit t@tmplete
time series. In other words, it shows the beating effect of the three dlegadn-
cies ¢y, vo, v41). The good agreement between the modulation in amplitude and
phase from the separate time periods and the modulation from the frequency triplet
supports the accuracy of the simultaneous fit to the triplet.

(i) The dotted line represents a fit which is obtained by scaling and phaseglirtim
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Figure 7.2 R., amplitude spectrum. The lower panel is the pre-whitenedlitumie spectrum
after subtracting a simultaneous fit of the frequency ttiated the harmonic.
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Figure 7.3 Close-up of Figure 7.2, with the dotted lines showing thedencies of the triplet.
The inset shows the amplitude spectrum of the window funatiothe same frequency scale, with
the dotted lines having the same spacing as in the triplet.
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Figure 7.4 R., amplitude and phase of the central frequency as a functiootafion phase.
The squares represent the data divided into 20 separatepgnds between 0.5 and 3.6 hours
long. The vertical lines are error bars, while the horizbtitees show the length of the time
period. The dashed line represents a fit based on the measirefithe frequency triplet from
the complete time series, and the dotted line representahifih is scaled and phase shifted from
the photometric frequency triplet. Note that the data aoéted twice.

the photometric analysis of the triplet (from Table 7.2), in effect, a tworpatar

fit to the amplitudes and phases of the separate time periods. The shape of the
amplitude and phase modulation is the same as the beating effect of the photometric
triplet, while one parameter is the scaling of the amplitude and the other parame

is the shift of the pulsation phase. In this case, a reasonable fit is obtaines to t
R.., data.

In conclusion, we have clearly detected the tripletin the equivalent-wid#a (using
R.,) with the amplitudes of the three components in about the same ratio as seen in
photometry. TheR,.,, measurement, as i Cir, provides a high signal-to-noise spectral
measurement of the pulsation.
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Figure 7.5 Ha velocity amplitude and phase of the central frequency asetion of rotation
phase (band no. 87). The dashed line represents a fit basbd areaisurement of the frequency
triplet from the complete time series, and the dotted linpesents a fit scaled and phase shifted
from the photometric frequency triplet. There is excellagteement between the two fits, which
supports the oblique pulsator model and rules out the gpptiesator model.

7.4 Velocities of different wavelength bands

In this section, we look at the velocity amplitude and phase of different wagtidands

using a cross-correlation technique. The reduction method is the same as thanuse

o Cir (see Section 5.3.2), with a telluric band used as a velocity fiducedt{@& 5.3.3).

The spectrum of HR 3831 was divided into 90 bands, most having the same wavelength
range as shown in Tables 5.3-5.4, the difference being that the spectrum of HR 3831
was taken from 6108 to 71004, which is 10@ higher than the range used in theCir
analysis. The results for 10 selected bands are shown in Table 7.4.

7.4.1 Hx velocity

First, we look at the KH velocity as measured using the cross-correlation of band no. 87.
This band should not be significantly affected by blending and has good signal-to-noise.
The H» velocity amplitude and phase as a function of rotation phase are shown in Fig-
ure 7.5. There is excellent agreement between the fit based on the measurethent of
frequency triplet (Table 7.4) and the fit scaled and phase shifted from the phatodaga
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Table 7.4 Velocity amplitude and phases for selected wavelengthdanihg a cross-correlation

technigue. The bands selected were those having a combgred-0-noisé ratio of greater than

9 for the frequency triplet, except only one band across thdih is included (band no. 87). A

telluric band from 6864 to 688iis used as a velocity reference (band no. 80).

band frequency  amplitude phase Pi© Py Fig.
range f) (uHZ) (ms") (radians)
no. 13 1423.95 377+ 51 0.824+0.13
1428.01 92+ 50 —0.67+£0.57 — —0.18 +0.12 | B.3
6140.6-6150.9 1432.07 260451 0.89 £ 0.20
no. 14 1423.95 524 + 61 2.454+0.12
1428.01 26 £+ 61 — — —-0.324+0.12 | B4
6152.9-6164.6 1432.07 273+ 61 2.414+0.23
no. 18 1423.95 1108 +69 0.07 £ 0.06
1428.01 228+ 68 —1.33+0.30 | 6.6+2.3 | —0.48+0.07 | 7.8
6194.0-6197.5 1432.07 392 + 69 0.09+0.18
no. 33 1423.95 1140 + 62 0.54+0.05
1428.01 222+62 —0.96+0.28 | 7.6 +2.4 | —0.34+0.05 | B.5
6325.8-6333.2 1432.07 556 +62 0.46 £0.11
no. 42 1423.95 600 + 64 1.26 £ 0.11
1428.01 118+ 64 —0.77£0.57 — —0.13+0.09 | B.6
6414.0-6422.9 1432.07 458 + 64 0.70 £ 0.14
no. 54 1423.95 348 + 60 1.644+0.17
1428.01 88+ 60 —0.44+0.75 — +0.10 +0.11 B.8
6521.8-6528.2 1432.07 423 + 60 1.624+0.14
no. 58 1423.95 1378 + 132 2.36 £0.10
1428.01 131+ 131 —0.47+1.49 — —-0.60+0.13 | B.9
6596.3-6607.1 1432.07 346+ 132 2.83 £ 0.39
no. 8¢ 1423.95 63+12 —2.5940.19
1428.01 16 4+ 12 1.99 4+ 0.80 — +0.03+0.13 | B.10
6881.5-6901.6 1432.07 68 £ 12 2.5440.18
no. 87 1423.95 343 + 22 1.58 + 0.06
1428.01 94422 —081+024|69+1.8| —0.05+0.05| 7.5
6545.4-6578.2 1432.07 309 4+ 22 1.4240.07
no. 90 1423.95 743+87  0.95+0.12
1428.01 116 £ 87 —1.15+0.84 — —-0.35+0.12 | B.12
7070.2-7079.5 1432.07 357 + 87 1.28 4 0.25

“The rms-noise is about 1.38 times the formaletrror on the amplitude measurements.
bThe band number relates to the bands used in Chapter 5.
“Only the bands where the central amplitude is higher thaar2 included. For the other bands, the error in this paranelarge
and significantly non-gaussian.
4This band contains a significant number of telluric lineg, discussion in Section 5.5.1.
“This band represents the velocity of the Hine. These results are different to those published in Baddal. (1998c) because the
band is wider and the telluric band used as a reference ireliff.
fThis is a new band not included in Chapter 5.
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(Table 7.2). This supports the oblique pulsator model and rules out the spotted pulsator
model. In the latter model, the pulsation velocity amplitude and phase should bardonst
during the rotation of the star, which is clearly not the case.

The excellent agreement between the tlocity and photometry, in terms of the
relative modulation as a function of rotation phase, is reflected in thethattthe pa-
rametersP; and P, are nearly the same between the two time series (compare Table 7.2
with band 87 from Table 7.4). Within the oblique pulsator model, these paramegers ar
expected to be the same for different observables (see Section 7.1.1). lédouericy
triplet were caused by three different modes, then the ratios between thigual®es of
the modes (quantified b&, and P,) would be expected to vary depending on the observ-
able. Therefore, this agreement between thevelocity and photometry argues in favour
of the oblique pulsator model rather than for different modes. However, this isk ave
gument because the amplitude ratios could be nearly the same even in the cdseesftdif
modes. The main arguments against different modes come from the years of photometric
analysis of HR 3831 (e.g, Kurtz et al. 1990, 1993, 1994a, 1997): (i) the frequency split-
ting is exactly or nearly exactly the rotation frequency (see Section hd)iathe ratios
between the amplitudes of the frequency triplet has remained nearly constartinos.

For these reasons, it is considered unlikely that the observed frequencyitridigt3831
is caused by different modes, in particular rotationally perturbechodes.

In Baldry et al. (1998c), we noted a possible rotational phase lag between the radi
velocity (RV) amplitude maximum and the photometric amplitude maximum, of about
0.06 rotation cycles. However, from the results shown in Figure 7.5, the Rynmoan
and photometric maximum are within 0.02 rotation cycles of each other. The chamnge fr
the earlier results arises from the use of a different telluric referevavelength region.

In Baldry et al. (1998c), a large region from 6865 to 683das used, which included
band nos. 80, 81 and 82, in order to maximise the signal-to-noise ratio. In this chapter,
we find a significant signal arising from the wavelength region of band 81 (see Tdble

and this is likely to be the cause of the phase lag noted in Baldry et al. (1998w).8Bas

used as the telluric reference band in this chapter. The justification fog tisis band is

that it has the lowest percentage (about 2%) of absorption that is attributdiplesérom

the star (see discussion in Section 5.5.1). To summarise, dh@\Hamplitude is better
represented by the results in this chapter, whereas the results in Baklr(¥998c) are
slightly contaminated by metal lines around band 81.

7.4.2 Metal lines

The velocity amplitude and phase in HR 3831 varied significantly betweeneftfeave-

length bands, as was seenil€Cir (Chapter 5). Figures 7.6—7.7 show the amplitude versus
phase for the 26 metal bands with the highest signal-to-noise ratios (plus one band across
Heo) in HR 3831. The results measured at the frequencigsand; are plotted sep-
arately, while the amplitude and phase.gfare not plotted because the signal-to-noise
ratio is significantly lower at this frequency. There are two aspedtsgoesults which we

will consider: the modulation of the measured pulsation with rotation and theetier of

the amplitude and phase between different wavelength bands. The first is ehaealct
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by the difference in amplitude and phase betweenand.;.

Rotational modulation

There is a significant difference between the results for(Fig. 7.6) and (Fig. 7.7).
Firstly, the amplitudes vary between 0 and 1500tnfer »_;, whereas the amplitudes
for v,, are all below 800 ms. Secondly, the phases range acros$® »_,, while the
phases for, ; range between 0 andexcept for one low S/N band. This is not as expected
from the oblique pulsator model. In this model, for each band, the phasg @nd._,
should be the same and the amplitudes should be nearly the same:(0.87x A_, from
Table 7.2). Therefore, these results suggest that the two frequencies nleasiseparate
modes, rather than rotational ‘side lobes’ of one principal mode. However, thsti®ng
evidence for the oblique pulsator model as described in Section 7.4.1. Thereforesdve ne
to consider another explanation within the framework of the oblique pulsator model. We
first look at some selected bands, in terms of their modulation of amplitude and phas
with rotation.

Recall that the oblique pulsator model involves parameteend P, (Egs. 7.2 & 7.3).
All the measured spectroscopic observables in this chapter produce valugdfiat are
within 3o of the photometric value. There are large errors in this parameter because it
depends critically on the amplitude measured@twhich is typically less than two or
three times the noise level in our data. The parametaetoes vary significantly between
different observables. It can be measured with higher accuracy since indbdepend
on the small central amplitude. From the measured velocity amplitudesg, dneithree
spectral bands (18, 33 and 58) that have valueg,athat are formally 4-5 different
from the photometric value (see Table 7.4). To test whether this is a significange or
just a product of aliasing, we looked at the modulation in velocity amplitude and phase
as a function of rotation phase. Figure 7.8 shows this modulation for band 18. While the
amplitude modulation could be fitted reasonably well by scaling from the photorttegry,
discrepancy is obvious with the phase modulation. There is a noticeable pulsation phase
change from rotation phase 0.8 through 1.0 to 0.2, while the photometric phase is nearly
constant. Similar effects are evident from bands 33 and 58 (see Figures B.5%nd B

As well as the parameter’, and 7, which relate the amplitudes of the frequency
triplet, there are also phase differences between the frequencies. Rpbarads, there is
significant difference between the phases measured and. ;. In our measurements,
the equality of phase,, and¢ _, means that the amplitude maxima occur at rotation
phases 0.0 and 0.5 with phase jumps in between. Therefore, any phase difterence
¢_; implies that there is a shift of the amplitude maxima. For example, therensl s
shift in the amplitude maxima of band 42 (Figure B.6) and larger shifts, but with |
signal-to-noise, of bands 48 and 82 (Figures B.7 and B.11).

These results are not sufficient evidence to discard the oblique pulsator modakdeca
they could be explained by variations in the ratios between the metal linbs ipainds,
due to spots, as the star rotates. Alternatively, there is a possibidityttiere is an actual
change in the pulsation phase and amplitude (as opposed to a pseudo-change caused by
a variation in blending) associated with spots on the star. So while the djpattsator
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Figure 7.8 Velocity amplitude and phase of band no. 18 as a function titian phase. The
dashed line represents a fit based on the measurement oéthefrcy triplet from the complete
time series, and the dotted line represents a fit scaled aasepthifted from the photometric
frequency triplet.

model is ruled out in its original form, spots may be having an influence on the pulsation.

Amplitude and phase variations between bands

In Chapter 5, it was suggested that the amplitude and phase variations betwetsngth
bands ino Cir could be explained by a radial node in the atmosphere. We see amplitude
and phase variations in HR 3831 that are somewhat similar in the case (fig. 7.6),

and with smaller but still significant variations in the case of (Fig. 7.7). However,
there is no obvious division between two sets of bands that are pulsating in argi-phas
with each other, as was seemirCir (Figure 5.8). If these HR 3831 results represent true
velocity amplitudes and phases at various depths in the atmosphere, then antexplana
that includes running waves is necessary. Alternative explanations couldersmbts on

the surface or blending, which causes the measured phase to deviate from théouitg ve

phase.
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Figure 7.9 The Hv line in HR 3831. The dotted lines divide the 25 contiguousieas used in
the bisector velocity and width analysis (Section 7.5).

7.5 Ha profile variations

The H~ line in each spectrum was divided into 25 contiguous horizontal sections, between
relative intensities 0.35 and 0.9 (Figure 7.9). For each section, a bisetbority (average
position of the two sides) and a width were calculated. For the velocity une@aents, a
telluric band (no. 80) was used as a fiducial.

7.5.1 Bisector velocities

The velocity amplitude and phase of the pulsation as a function of relative itytemsi

the Hx line are shown in Figure 7.10, with measurements at frequencieandv, ;.

The amplitudes and phases are in good agreement between the two frequenciles, whic
means that the shape of the rotational modulation is similar for each veloeggume-
ment. Figure B.13 shows the rotational modulation from the velocity at a height of 0.40.
It is similar to the modulation from the cross-correlation velocity ef @rigure 7.5), but

with about twice the amplitude. This is expected because the cross-camelalocity is

a weighted average of the bisector velocities and the velocity amplitudéGihigher

than average.

The variation in amplitude and phase as a function of relative intensity TFiQ) is
similar to that seen in Cir (Fig. 6.2), particularly the drop in amplitude between heights
0.4 and 0.6 (a comparison is shown in Figure 8.2). However, assuming that ¢éotobis
line-shift represents the velocity at different heights in the atmospherexpect to see
less relative variation in the bisector velocity amplitude in HR 3831 thadir. This
is because the separation between radial nodes in the atmosphere is largeB88H
due to the fact that it pulsates at a lower frequency and that the two stagssimaNar
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Figure 7.10 Amplitudes and phases of the pulsation for the bisectoroigiat different heights

in the Hy line. Squares with solid lines represent; and diamonds with dotted lines represent
vyy. For each measurement, the vertical line is an error-balevthe horizontal line shows the
extent of the section in theddline.

fundamental properties (see Sections 6.1.1 and 7.1.1). Two possible explanatibias: are
(i) the Ha line forming region in HR 3831 is more extended thani@ir and coincidently
the Hy bisector behaves in a similar way; (ii) the assumption that the bisectarsems
velocities at different heights is incorrect.

The variation in amplitude and phase is less similas tGir above a height of 0.7.
For instance, there is a noticeable amplitude peak and phase reversal aroundtBer3 i
bisector ofa Cir which is not evident in HR 3831. The bisector measurements above a
height of 0.7 ina Cir are partially affected by blending (Section 6.3.2). Therefore, some
of the differences in the bisector velocity results between the two atarprobably due
to a difference in blending.

To summarise, there is no significant difference in the rotational modulatidineof
bisector velocity between various heights. For the measurements below a dbfeyht
the relative variation in amplitude and phase is very similar to thatrebden o Cir,
which is puzzling. At each height, the amplitudes at the two frequencies in HR 3831 a
about twice the amplitude of the principal frequency.icir.
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Figure 7.11 Amplitudes and phases of the pulsation for the width at défie heights in the H
line. Points with solid lines represent ; and points with dotted lines represent thg . For each
measurement, the vertical line is an error-bar while theézootal line shows the extent of the
section in the K line. The dashed line shows the effect on the width amplitfden oscillation
with an EW amplitude of 1000 ppm, with the profile variatiorsdebed in Section 6.4.2. Note
that 10 nh is equivalent to a dispersion of 457 m'sat Ha.

7.5.2 Widths

Changes in the width of thedline in HR 3831 at various heights are shown in Fig-
ure 7.11. The width amplitude and phase represent oscillations about a mean wikth, wit
measurements at two frequencies. These measurements are relatemhsday and EW
measurements, with the line resolved vertically rather than horizgnfeihe advantage
of width measurements is that the width is naturally independent of the bise&boitye
i.e., the width is the difference in position between two sides of a line @dsethe veloc-
ity is the average position. In order to compare with EW measurements, thedifse
shows the simulated width amplitudes for the profile variation describedétich 6.4.2
(see also Figure 6.6) with an EW amplitude of 1000 ppm (see Appendix A.3 for a width
analysis ofx Cir).

The most striking feature of Figure 7.11 is that there is such a difference mé¢lae
surements between the two frequencies. This means that, unlike for the bistotities,
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the shape of the rotational modulation is varying between different heights. Ttaee e
ples are shown to demonstrate the extremes (in terms of the parafeterd the closest
to the photometric modulation.

(i) Figure B.14 shows the modulation in width amplitude and phase at a height of 0.36.
The pulsation width phase increases steadily during the rotatios: (0.54 4-0.05).

(i) Figure B.15 shows the modulation at height 0.42. There is good agreement with the
fit derived from the photometric triplet = —0.03 + 0.04).

(i) Figure B.16 shows the modulation at height 0.53. The width phase decreases
steadily during the rotation/{, = —0.63 + 0.07).

To check the lowest measurement at height 0.36, which is sensitive to tptelmsnges in
the core of the line, we took an intensity measurement using a filter with-avidth half-
maximum of about A. This measurement shows a similar rotational modulation with the
parameter’, = 0.33+0.03 (Figure B.17). If we consider the two extremes, i.e., the width
changes at heights 0.36 and 0.53: at rotation phases around 0.5 and 1.0 the width changes
are in phase; whereas, at rotation phases around 0.25 and 0.75 they are in antiAphas
both heights, the relative amplitude modulation (as defined by the dashed-lirss) isd@
for other observables. Though we note that in the case of Figure B.14, the lowest data
point deviates by 3-Adeviation from the dashed-line.

If we look at Figure 7.11, the simple explanation is that we are seeing two modes tha
have different ki profile variations. An alternative explanation — if HR 3831 is pulsating
in an obliqgue mode — is that, as the star rotates, the profile variation moddiatet®
viewing different aspects of the same mode.



Chapter 8

RoOAp stars: further discussion and
conclusions

8.1 Velocity amplitudes and phases

8.1.1 Another casex Equ

Kanaan & Hatzes (1998) observed radial velocity variations in the roAp Egu. Their
observations consisted of high-resolution spectra in the range SOOO&ﬁﬁﬁ@ring 3.5h
on 13 September 1994. There are four modes in the range 1330«H43Martinez et al.
1996), which are unresolved in that data set. Kanaan & Hatzes fitted a suseofdixed
frequency (138@Hz), but variable amplitude and phase, to the velocity measurements of
each individual line, effectively treating the modes as a single pulsatioly. dikeovered
that the velocity amplitude varied significantly from line to line (see Céiab and 7 for
similar results onv Cir and HR 3831).

We analysed some of these resultsydaqu from Table 1 of Kanaan & Hatzes (1998)
in order to compare with the results enCir and HR 3831. From the table, which
consisted of 70 metal lines, we took the amplitutiém/s), o, (m/s) and the ‘Time of
Maximum’ (JD). Note that the times of maximum quoted by Kanaan & Hatzes cover
several pulsation cycles. We converted the times to phases using theqoupsziod of
0.008387 d, and the phases were shifted so that a weighted mean was approximately ze
The phase error was taken to be the arcsirifdl). This phase error is in good agreement
with the #;, (days) quoted in their table for lines wheng s, is greater than 2. Fig. 8.1
shows amplitude versus phase for the 19 lines with the highest signal-to-noiseTizi
higher amplitude bands, plotted with solid lines, cover a range of 0.8 radians atipuals
phase {0.26 to +0.54 in the figure). This is significantly less than the variation in phase
seen i Cir (Fig. 5.7) and HR 3831 (Fig. 7.6), where the bands cover virtually the whole
range of phase<f). Note that the rms-noise level in an oscillation spectrum is about
1.38a,, therefore, A /o > 4 is comparable tol /noise > 3.

The difference between the results grequ (Kanaan & Hatzes) and results on the
other two roAp stars (this thesis), in terms of the variation in phase detvdifferent
metal bands, could be due to: (i) wavelength region studied, 5000—-6000 vs. 6000-7000,
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Figure 8.1 Amplitudes and phases of the pulsatiomirEqu for different metal lines, using
results from Kanaan & Hatzes (1998). Lines withio,, greater than 4 are plotted with solid lines,
those with2.5 < A/o, < 4 are plotted with dotted lines. Note that the data are pldtteck for
comparison with Figs. 5.7, 5.10, 7.6 and 7.7.

(i) spectrograph resolution, 0&2vs. 1.5, (iii) pulsational characteristics of the star.
Further high-resolution studies of these roAp stars will be able to distinguish@these
causes.

8.1.2 Depth and surface effects

What are the causes of the velocity amplitude and phase variations, and of thisddtor
variations?

The main hypothesis is that there is a significant change in pulsation amplitude and
phase with geometric depth in the atmosphere of an roAp star, with a radial n@e of
standing wave situated in the observable atmosphere. Absorption lines assifatmif-
ferent depths and therefore sample different parts of the standing wave. freg@ain
a complete range of observed amplitudes plus a phase reversal.

An alternative hypothesis for these variations is that the amplitude and phase of a
non-radial pulsation mode will vary over the surface of a star, and that geedire-
scopic observable is related to an integral over the surface. Therdfthre integrals are
sufficiently different between observables, the measured amplitude and phgsery
significantly. These variations could be related to limb-darkening and/ or.spots
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Neither hypothesis can fully explain the range of phases seerGm and HR 3831.
There may be blending effects that cause deviations from the true velocity pirasgs
of the atmospheric depth or surface effects. The argument for this is quite stuemglyat
less phase variations are seen in the high-resolution resuit€qii, but as pointed out
above, there may be other causes. Blending can be considered as blurring tiuticimsti
between velocity and temperature changes in a star.

Surface effects would be a good explanation if roAp stars were pulsating in modes
with / > 3 because, for these modes, there are several patches on the surface that have
alternating phase. However, the frequency triplets in many roAp stgigest that dipole
modes are predominant & 1). For these modes, the measured velocity amplitude and
phase is not expected to vary significantly between different observableso(dugdce
effects), e.qg., for a dipole mode with an axis that is aligned near to our lhsggbf, the
pulsation phase will be the same across most of the viewed surface.

The main arguments for depth effects being the principal cause of the amplitude and
phase variations are (i) that a radial node is plausibly situated in the obteeatmmosphere
(Gautschy et al. 1998, Appendix A.2), and (i) that the bisector velocity veuitbsheight
in the Hx line. In Section 6.3.3, we discussed the possibility of systematic errassna
the bisector velocity variations. Here, we make a simple calculatidestathe accuracy
of these velocities below a relative intensity of 0.7 in the line.

For o Cir and HR 3831« ; andw,,), we averaged the bisector-velocity amplitudes
below a height of 0.7 (giving half weight to the amplitudes between 0.6 and 0.7) in order
to compare with the cross-correlation measurements. This is a plaustbteage for the
cross-correlation because the slope of thegtiofile is steep and nearly constant between
0.4 and 0.6, and is less steep above 0.6.;FGir, we obtained an estimate fL70ms’'
while the actual cross-correlation measurements gave 168—182 (depending on the
band, nos. 85-88). For HR 3831, we obtained estimates3dD and~290 ms' for the
two frequencies while the actual measurements gave 338—361 and 296—3'1&sp&c-
tively. The good agreement, between the estimates obtained from the bigeatpsis
and the velocity amplitudes from the cross-correlation measurements (osindiffer-
ent bands), argues that the bisector velocities are accurate.

However, there is a similarity between theCir and HR 3831 bisector results (see
Figure 8.2) that is possibly inconsistent with depth effects being the cause obdwtdoi
variations. This is because the pulsations of these two stars have signyfiddiaitent
periods (7 and 12 minutes) and, therefore, have different vertical waveleagtsning
that the sound speed is approximately the same between their atmospheres.h If dept
effects are causing the bulk of the observed bisector variations,tHmélis formed over
a larger vertical distance, and/or the sound speed is lower, in the atmoghhRe3831.

Again, surface effects could explain the bisector variation i€ir and HR 3831 if
they were pulsating in modes with > 3 (see Hatzes 1996). Therefore, we are left
with two relatively straightforward explanations for the amplitude and pkasations:

() they pulsate in dipole modes and the variations are caused by depth effie¢is,

they pulsate i = 3 modes and the variations are caused by surface effects. A more
complicated explanation could involve a combination of standing waves, runnirgsyav
surface effects, distorted modes and blending.
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Figure 8.2 Comparison of the H bisector variations between HR 3831 ancir. This figure

is essentially an overplot of Figures 7.10 and 6.2 exceptf® 3831 the measurements for,
andv, ; were averaged and, far Cir the Stromlo and La Silla data were combined. Additiopall
the amplitudes were normalised by dividing by an averagertdletween heights 0.40 and 0.45
(519ms! for HR 3831 and 267 ms for « Cir) and the phases were shifted.
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8.2 Rotational modulation in HR 3831

There are many examples of rotational modulation shown in Chapter 7 and in ApjgeRdix
The large variation in the shape of the modulation between different observedxesn
unexpected result. There are three possible explanations that we will desggbe he

() The observed frequency triplet is caused by three different modes.

(i) The oblique pulsator model is accurate and the variations are caused Bnsyat
errors’ in the measurements.

(ii) The oblique pulsator model is correct but needs to be modified to include gffect
due to spots or some other mechanism.

In the first case, the relative amplitude between different modes would beterde
vary for different observables. This is the natural explanation for the diftere between
v_; andv, of the metal-line velocity amplitudes and phases (Figures 7.6 and 7.7) and
of the Hr-width amplitudes and phases (Figure 7.11). However, it would require some
rotational phase-locking process to account for the frequency separations beingoequal t
the rotation frequency.

In the second case, no simple systematic error could explain the variatioe shape
of the rotational modulation. Any such error would need to be varying with the ootati
For instance, a variation in blending could possibly account for the rotational modula-
tion of the metal-line amplitudes and phases, but it could not account fordheigth
variations.

For the third case, we consider the Hine because it is the least affected by blending.
First, note that the intensity modulation, using a filter with a FWHM of abdyisfitted
well by the rotational modulation derived from the photometric triplet (FigudeRB. This
means that thiotal intensity variations below a height of about 0.62 are in agreement with
the oblique pulsator model. The bisector velocities are also in agreemenis $ast the
width variations below 0.62 that are not in agreement with the model. Perhap=tiid
be explained by hot spots in the upper atmosphere that cause temperature amplitude and
phase differences and, as the star rotates, the effect ontlpedfile varies; i.e., a spotted
oblique pulsator model.
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8.3 Future work

It is clear that the high-resolution study #20000) of different metal lines will be nec-
essary to improve the understanding of the pulsation and the structure of the atreosphe
in roAp stars, because of the problems associated with blending at lowérties (2 ~

5000 in this thesis). It will then be possible to compare the velocity amplituddgphases
between different atoms and ionization states. Theoretical work needsitmlego cal-
culate formation depths for individual lines, including the effects of diffusion dred t
magnetic field. The aim is to build up a coherent picture of the pulsation in the-atm
sphere.

Of the results on roAp stars in this thesis, the Hrofile measurements are least
affected by blending and cannot easily be improved using high-resolution spegyosc
The profile measurements require a good continuum fit acrossdthmél which is about
1004 wide in these A-stars. For this reason, a spectrum which is stable aatrtesst
40QA is preferable. This is harder to obtain with high-resolution spectroscopy dileto
blaze-pattern and the size of CCD detectors. Althoughimprovement could beométe
results using intermediate-resolution spectroscapy«5000), modelling the formation
of the Hx line is more important. Determining depth and surface effects on thprbffile
will complement high-resolution spectroscopic and theoretical studies of fimesl

Photometric oscillation spectra could be considerably improved from obgwrsaif
roAp stars using small space telescopes. Two such missions plan to inolydestars
as part of a project to measure oscillations in nearby stars (MONS, $¢s/B898; and
MOST, http://www.astro.ubc.ca/MOST/). If successful, it will result in the
detection of new modes and improved asteroseismology of the brightest roAp stars

The spectroscopic study of the pulsations in roAp stars has produced more questions
than answers, due to the complexity of the observed spectral changes. For the same
reason, the ‘amount of information’ obtainable is very large (e.g., variaticasplitudes
and phases) compared to other pulsating stars. Therefore, roAp starsraeegpeilar
objects for testing diffusion, magnetic field and pulsation theories. In thedfuttue study
of rapidly oscillating Ap stars may proceed rapidly, oscillating betwesoretical and
observational advances.



