Chapter 6

The bisector and equivalent-width of
the Ha line in the roAp star « Circini

The content of this chapter was published in paper Baldry et al. (1999), and is a continu-
ation of the analysis a# Cir from Chapter 5, in collaboration with the same co-authors.
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6.1 Introduction

Previous observations ef Cir in photometry have shown that it has one dominant pul-
sation mode with a period of 6.825mirf (= 2442 uHz; Kurtz et al. 1994b, hereafter
KSMT). Medupe & Kurtz (1998) observed that the amplitude decreased with incgeasi
wavelength, from2.71 + 0.18 mmag in Johnsoi/ (3670&) to 0.41 + 0.13mmag in/
(7970&). They proposed that the rapid decline of photometric amplitude with wavelength
could be explained by a decrease in the temperature amplitude of the pulsaticat-with
mospheric height.

In Chapter 5, we showed that the velocity amplitude and phase of the principal pul-
sation mode im Cir varied significantly from line to line. However, it was difficult
to interpret the data because of blending effects. In particular, there videnee for
a velocity node in the atmosphere ®fCir but it was uncertain whether the node was
horizontal or radial. In this chapter we look at thevHine in more detail using the
same set of observations, taken during two weeks in May 1996. These observatiens com
prise 6366 intermediate-resolution spectra taken using the 74-inch (1.88-ra¢djpdeat
Mt. Stromlo, Australia and the Danish 1.54-m Telescope at La Silla, Csele $ection 5.2
for further details).

We first examined how the ddprofile changed during the principal pulsation cycle,
in terms of the bisector at different heights in the line (preliminary resu#tre presented
by Baldry et al. 1998a). In this way, the effect of the velocity on the profile cbeld
analysed. To quantify the temperature effect, we measured the equivatiht{&\\)
amplitude of the principal mode in filters of varying width and measured pixel-kg}pi
intensity changes across thelregion of the spectrum. Finally, we defined an observable
quantity (related to the EW of &) which had a high signal-to-noise ratio for the principal
pulsation. Using this observable, some of the weaker mode<Jim were detected.

6.1.1 General properties ofx Cir

Before we discuss the pulsation®fCir, we will review the general properties in the light
of a recent spectral analysis (Kupka et al. 1996) and the Hipparcos parallax smeastr
(ESA 1997). The distance 0f.4 + 0.2 pc (parallax of61.0 + 0.6 mas), combined with
a bolometric correction of-0.12 + 0.02 (My,,» = 4.64, Schmidt-Kaler 1982), gives
My = 2.00 +0.04 (. = 11.4 + 0.41;). From this luminosity and the temperature of
Tor = 7900 £ 200 K (derived by Kupka et al.), we obtaik = 1.81 + 0.11 R, (angular
diameter of1.03 + 0.07 mas). Combining this radius witlag ¢ = 4.2 + 0.15 (Kupka et
al.) gives a mass oM/ = 1.9 + 0.6M. The rotation period of 4.48 days (derived by
KSMT) and the radius means that, = 20.4+1.2kms'. Usingvsini = 134+ 1kms™'
(Kupka et al.), the inclination of the rotation axis to the line of sight is therni0° + 5°.
This is an improvement on the estimate given by KSMT due to more recents.esul
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6.1.2 The oblique pulsator model

In some roAp stars, including Cir, the amplitude of the oscillations has been observed
to be modulated by the rotation period of the star. In particular, the amplitudeas
maximum when the observed magnetic field strength is also at a maximum. ethis |
to the oblique pulsator model (Kurtz 1982), in which an roAp star pulsates non-radially
with its pulsation axis aligned with the magnetic axis. The amplitude moduletiores
from the inclination of the pulsation axis with respect to the rotation axis. réfbee
different aspects of a non-radial mode are viewed as the star rotates. The qhligaior
model predicts that, in the Fourier domain, a frequency of modesplit into 2 +1
frequencies. The frequency splitting is exactly equal to the rotation frequandythe
relative amplitudes are determined by both the inclination of the rotatiort@xsr line
of sight () and the angle between the rotation axis and the pulsation@xiMpst of the
review papers mentioned in Section 5.1 discuss the oblique pulsator model, a retineme
of which is given by Shibahashi & Takata (1993).

The principal pulsation mode ia Cir is believed to be a pure oblique dipole mode
(¢ = 1). KSMT observed a 21 percent full-range variation of the amplitude during the
rotation period. This variation implies thaintan 5 = 0.21 + 0.01 (see Section 4.1
from KSMT). Using our new estimate of(see Section 6.1.1), we g6t = 14° + 3°.
This means that the inclination angle of the pulsation axis to the line of sightaties
between 26and 54 during the rotation cycle.

6.2 General data reductions

Extraction of spectra and continuum fitting were done using IRAF procedures (see Sec
tion 5.3.1). We made a number of types of measurements on the reduced spectra, in-
cluding bisector line-shift measurements which are described in Secfigh @he time

series analysis of these is explained in Section 6.2.3 and is also applicatitesr mea-
surements, which are described later in the paper. Since the continuum fitecrnimal

than for Chapter 5, we first describe this procedure in more detail.

6.2.1 Continuum fitting

The IRAF procedureontinuum was applied to each spectrum in our data, using the
following parameters: sample=@list, naverage=1, function=legendre /3#[de{2nd/3rd
order polynomial), lowrej=2, highrej=4, niterate=20/25, grow=0.

Initially, a sample of about 1400 points from each spectrum was used to make-a leas
squares polynomial fit — 3rd order for the Stromlo data and 2nd order for the La Silla
data. A higher order fit was used for the Stromlo data because the continuum shape was
less stable. Next, points below 2and above 4 from the fit were excluded from the
next fit. The lower cutoff was used to exclude some absorption lines and the upper cutoff
only excluded cosmic ray events. The fitting and excluding routine was repeated 20 t
25 times or in most cases until no more points were excluded. In the final fit, about 1000
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Figure 6.1 The Hx line in « Cir. The dotted lines divide the 22 contiguous sections.

points were included, with none being within A@f the core of the H line. Not all
absorption lines were excluded from the final fit since there is very litdegentinuum at

the resolution of our data(1.54). The real continuum level in each fitted spectrum was
around 1.005-1.010, depending on the wavelength. Therefore, we have scaled the spectra
so that the continuum level is1.00 in the Hv region of the spectrum. The level varied
slightly from spectrum to spectrum, with a standard deviation of about 0.001.

6.2.2 Bisector measurements of H

The Hx line in each spectrum was divided into 22 contiguous horizontal sections (see
Fig. 6.1 and Cols. 1-4 of Table 6.1) and two extra sections for checking. For eaicmsect
the average wavelength of each side of the absorption line was measured, aecta@r bis
line-shift (average position of the two sides) was calculated. We haveautsgidiric O,

band as a Doppler shift reference (see Section 5.3.3 for details).

An alternative method was also tried in which a least-squares fitmade to the
position of each side of the line. A template spectrum was used to define the shiape of
line and was shifted from side to side until a best fit was obtained. This method pbduc
similar results and noise levels to the method of calculating the averagelength, but
the computational time was longer.

6.2.3 Time-series analysis

For each section of thedline, the above analysis produced a time series of 6366 bisec-
tor line-shift measurements (4900 from Stromlo, 1466 from La Silla). Each semies
was high-pass filtered and then cleaned for bad data points by removing any paigts lyi
outside+6.5 times the median deviation. Typically, about 100 data points were removed.
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Next, a weighted least-squares sine-wave fitting routine was applied (osliogentric
time) to produce amplitude spectra.

For the analysis of the principal pulsation modeni€ir, we have measured the am-
plitude and phase of each time series at 2442H8 and estimated the rms-noise level
by averaging over surrounding frequencies, 1100—23@0 and 2600-4400Hz. The
phases are measured at a temporal phase reference fdwith the convention that a
phase of 0 represents maximum of the observalilewas chosen to coincide with max-
imum light using data supplied by Don Kurtz (private communication); see Table 5.2 for
details. For the phase error, we have used simple complex arithmetic tbdmetximum
change in phase that an rms-noise vector could induce, i.e., arcsin (rmgéanpsaide).

6.3 Bisector velocities

6.3.1 Results

We have assumed that the bisector line-shift measurements represeittegiothe star.
The velocity amplitudes and phases of the principal mode at different heights imthe H
line are shown in Fig. 6.2 and Table 6.1.  The results describe the oscillatidghs i
bisector about the mean position at each height (see Fig. 6.3 for the bisector $hape)
0.4 to 0.8 in the line, the amplitude decreases from 300'niszero and then increases
again, with a change in phase 6f140°. Note that there is good agreement between the
Stromlo and La Silla data sets, which were analysed separately fa8.RigThis gives us
confidence that the observed variations are intrinsic to the star.

In Chapter 5, the H velocity amplitude and phase were measured te-bg0 ms’'
and~ 330 using a cross-correlation method. This is compatible with our bisector welocit
results since the cross-correlation measurement would be dominated byepessteart
of the Hx profile, near the core.

To further illustrate the behaviour of thentbisector, in Fig. 6.4 we show the bisector
velocity as a function of time and height. The horizontal axis covers two cyélése
principal pulsation modeX{ = 6.825 min). Only sections 0-19 are shown (see Table 6.1),
since above a height of 0.8 the measurements are significantly affected biels (see
Section 6.3.2). The figure clearly illustrates that the higher sections aratipglsiearly
in anti-phase with the lower sections, and that the velocities of the miédiess are
close to zero. Since the bisector velocity reflects the velocity atrdifiteheights in the
atmosphere, these results support the hypothesis, suggested in Chapter 5, of a radial node
in the atmosphere of Cir.

6.3.2 Blending considerations

We attribute the velocity node (at0.65) and the phase jump between 0.4 and 0.84o0 H
line-formation effects, although there is some uncertainty as to how muctibeaffects
the results between heights 0.7 and 0.8. Above a height of 0.8, the results areaidiyific
affected by line blending. In order to identify any metal lines in the wings of e
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Table 6.1 Amplitudes and phases of the principal pulsation mode ferlttsector velocity at
different heights in the H line. The line was divided into 22 non-overlapping and twérax
horizontal sections. For the results in this table, the 18tooand the La Silla data sets were
combined.

section low high mean velocity velocity S/N velocity phase
no. cutoff cutoff* wid}h” ampl®  noisé¢ phase error
(A) (ms') (ms’) ) O
0 039 041 1.1 264 19 141 333 4
1 041 043 14 256 15 174 328 3
2 043 0.45 1.7 279 15 18.8 327 3
3 045 047 19 277 15 18.7 327 3
4 047 049 2.2 257 15 16.9 328 3
5 049 051 2.5 227 15 14.7 330 4
6 051 0.53 2.7 193 16 11.9 333 5
7 053 055 3.0 176 18 9.6 331 6
8 055 057 3.5 125 18 6.9 331 8
9 057 059 3.9 43 18 24 303 24
10 059 0.61 4.6 54 20 2.8 255 21
11 0.61 0.63 5.4 55 21 26 283 22
12 0.63 0.65 6.2 43 23 19 334 32
13 0.65 0.67 7.1 26 25 1.0 304 13
14 0.67 0.69 8.3 64 29 22 205 27
15 0.69 0.71 9.7 25 33 0.8 — -+
16 071 0.73 116 254 37 6.8 195 8
17 073 0.75 13.0 340 34 10.1 192 6
18 0.75 077 144 310 36 8.5 191 7
19 0.77 080 19.0 181 45 4.0 215 14
20 080 085 239 514 44 11.7 45 5
21 085 091 322 208 56 3.7 18 16
22 070 0.72 105 86 36 24 200 25
23 076 0.78 153 221 45 4.9 195 12

“Boundary of the section in relative intensity.

 Approximate mean width of the line at the height of the sectio

“Amplitude measured at 2442.081z.

Yrms-noise estimated from amplitude spectrum using th@nsgl 100-2300Hz and 2600—4400Hz.
“Phase measured at 244203z, with respect to a reference-poimngYat JD 2450215.07527, with the
convention that a phase of @epresents maximum of the observed variable.

FError in the phase is taken to be arcsin (rms-noise/amgjtud
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Figure 6.2 Amplitudes and phases of the principal pulsation mode ferltisector velocity at
different heights in the H line. Points with solid lines represent the Stromlo datapwidts with
dotted lines represent the La Silla data. For each measutete vertical line is an error-bar

while the horizontal line shows the extent of the sectiorhm i line.
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Figure 6.3 The Hx line in o Cir. The crosses show the mean position of the bisector. The
wavelength is measured with respect to the centre of the The dotted line shows the shape of
trapezium filter no. 2, which is used for the equivalent-Widteasurements. It is plotted using a
different vertical scale.

used a synthetic spectrum calculated by Friedrich Kupka (private communicatdn)
high-resolution spectra of Cir taken in 1997 March (coudé echelle, 74-inch Telescope,
Mt. Stromlo). From this, we determined that most of the lines blended with thprbifile
from 65404 to 6585A are telluric, including all those below a height of 0.7 in the the
(see Appendix A.1, Figure A.3 and Table A.1 for more details).

At height 0.82, the anomalously large velocity amplitude is probably caused by the
metal absorption line Sr 1655082 with the possibility that Fe | 6575/also contributes.
Since metal lines can have amplitudes as large as 1000 (Chapter 5), this can explain
the large bisector velocity seen at this height. At height 0.88, the amplitudailaisto
that between 0.72 and 0.79 but the phase is anomalous. This measurement igd bifecte
various metal and telluric lines, in particular a metal line blend includitagll 6546.08
and Fe | 6546 &

Below a height of 0.8, we expect any absorption features to have less impact on the
bisector velocity due to the increasing steepness of thepkdfile. However, there is
a metal line Fe | 65692 in addition to a few telluric lines that affect theaHprofile
between 0.7 and 0.8. This Fe | feature affects the bisector measurememteh&L 71
and 0.76. Therefore, it probably causes the jump in amplitude near height 0.72 shown
in Fig. 6.2. It cannot explain why all the bisector velocities from heights 0.67-0.88 hav
phases around 196200, but it does lower the significance of the phase jump between
the core and this part of the wings. We speculate that without this Fe | featurdnthe
bisector velocity amplitude would increase steadily from 0.70 to 0.77.

In summary, we believe features in Fig. 6.2 below height 0.7 reflect gendewtsein
the Hn profile, while those above 0.8 are dominated by metal and telluric lines.dggtw
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Figure 6.4 \elocity field diagram. The arrows represent bisector viiyoeectors, relative to
the mean velocity of the star, at different times througheut pulsation cycles of the principal
mode (P = 6.825min). The velocity vectors are calculated from the ampksidnd phases of
sections 0—19 given in Table 6.1.

0.7 and 0.8, a blend probably exaggerates the phase reversal by causing an indrease i
measured amplitude around height 0.73.

6.3.3 Simulations

Two sources of noise for the velocity measurements, especially at higk lavihe Hy

line, are errors in the continuum fit and changes in the total equivalent-width ¢EWe

line (which are expected due to temperature changes during the pulsation cyuése T
sources will affect the bisector velocity if the line is asymmetrigahat height. To in-
vestigate, we first simulated fluctuations in the EW of the line and measugedsulting
pseudo-velocity amplitude, and then simulated fluctuations in the continuum Meel.
concluded that, while there could be systematic changes in the velocity amgreater

than 150 ms' above a height of 0.65, the phase of the systematic change would be oppo-
site between height 0.72 and 0.76. This means that this effect cannot explain ¢nendiff
phase of heights 0.72-0.79 compared to heights 0.40-0.56. Perhaps, this systematic effect
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could explain the large difference in velocity amplitude between height 0.70 @&d 0.

We also considered the effect of a systematic change in the slope of the continuum
across the H line. This could arise because the continuum fit is not entirely independent
of the metal lines and, since there are significantly more metal lines on thediiside
of Ha, the slope of the continuum may vary during the pulsation cycle. We have simulated
the effect on the velocity amplitude of a continuum variation having a slope change of
0.001/10@. We found that such a large slope change could produce a systematic change
in the velocity amplitude greater than 300 m &bove a height of 0.75 and thus mimic a
velocity phase reversal. However, the simulation fails to reproduetogity node at 0.65
and other features of Fig. 6.2. Furthermore, from calculations of the intengigtioas
in various regions of the spectrum, we do not expect any systematic continuum slope
changes to be larger than 0.0001 / 200

Our simulations show that continuum level, continuum slope andBMV changes
cannot account for the observed features of Fig. 6.2. Therefore, we conclude that the
node and phase reversal are caused by the velocity field of the star. Notariatrr
variations in the continuum level and slope may be larger than tested for, buwithi
only effect the noise level in the amplitude spectra.

6.3.4 Discussion

Hatzes (1996) has simulated line-bisector variations for non-radial pulsaticsiewly
rotating stars. His simulations show that a bisector velocity phasesavesuld occur

in modes with/ = m > 3 (see Fig. 3 from Hatzes 1996). In fact, the Hkne-bisector
variations ina Cir could closely be described by his simulations with- m = 3 or 4.
However, he does not take into account any changes in pulsational amplitude with depth
and the simulations were done for much narrower metal lines. Given thatith&ireng
evidence for the = 1 oblique pulsation model (KSMT), we suggest that a change in
pulsational amplitude with depth is a more likely explanation for the bisectaatians.

It is interesting to note that similar behaviour to that seen i@ir has been seen in
the Sun. Deubner et al. (1996) have observed a phase discontinuity in the solar 3-min
oscillations using spectroscopy. In particular, they measured phase difésrbetween
the velocity of the core of the NaDine and various positions in the wing (called-V
phase spectra). They discovered a’180ase jump in the V'V spectra near a frequency
of 7000uHz. They also observed a phase discontinuity in thd {Line Intensity) spectra
at a similar frequency.

The 3-min oscillations are thought to be formed in an atmospheric (or chromospheric)
cavity. Deubner et al. (1996) suggested a model to explain the phase discontinuities,
involving running acoustic waves and atmospheric oscillation modes, one of whi¢h mus
have a velocity node in the observed range of heights in the atmosphere.

In the solar model, the eigenfunction opanode with/ = 1 andn» = 25 has a radial
node separation in the outer part of the Sun-@.3 percent of the radius (Christensen-
Dalsgaard 1998). Ia Cir, if we assume the oblique dipole pulsation modeH 1) for
the principal mode, with a large frequency separation, = 50 yHz (KSMT), then the
overtone value of the principal modesns= 4%, using the asymptotic theory of astero-
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seismology (e.g. Brown & Gilliland 1994). The radial node separation @ir is then
expected to be-0.15 percent of the radius of the star. This is equivalent to a distance
of about 1900 km, assuming the radiusco€ir is about twice the radius of the Sun (see
Section 6.1.1). This does not take in to account the difference in density as afuotti
radius betweem Cir and the Sun. Using model atmospheres (Friedrich Kupka, private
communication) to estimate the sound spegduyst above the photosphere, we obtain a
radial node separation of about 1500 kiiZf; see Appendix A.2 for details). This is in
good agreement with the estimate obtained by scaling from a solar model.

In the model of~ Cir used by Medupe & Kurtz (1998), the geometric height between
the formation of the/ band and thes band is 250 km. We speculate that the extent of
the line forming region is about 1000 km and that we are seeing one velocity node in the
atmosphere. Recently Gautschy et al. (1998) described pulsation models fortem&\p s
which suggest that radial nodes can be expected in the atmospheres of these stars.

6.4 Equivalent-width measurements of ki

Kjeldsen et al. (1995) developed a new technique for detecting stellar asaddhrough
their effect on the equivalent-width (EW) of Balmer lines. We expect to éimahges in
the Hv EW in o Cir due to temperature changes in the star.

6.4.1 Reductions

We measured the EW changes of the khe directly by looking at intensity changes in
regions of varying width acrossdd First of all, the spectra were linearly re-binned by
a factor of 40 and shifted so that the centre of the lihe was in the same wavelength
position for each spectrum. This was to reduce the noise caused by instrunhéfteaifs
the spectra. The value used to define the centre of thirté in each spectrum was taken
from the cross-correlation measurements used for Chapter 5. Next, the measities
in 11 trapezium-shaped filters (Cols. 1-2 of Table 6.2) were measured irspactium.
Each filter was centred ondHand the sloping part of the trapezium was two pixels wide
(~ 1A) at each end (see Fig. 6.3 for an example).

For each filter, we obtained a time series of intensity measurements wiais anal-
ysed in the same way as in Section 6.2.3 to yield the amplitudes shown in4=él®f
Table 6.2. From an intensity changd'}, we defined the fractional EW change as:

SWo —al
w o =1

(6.1)

wherelV is the equivalent-width;' is the continuum level (approx. 1.00 in our reduced
spectra) and is the mean intensity in the filter averaged over all the spectra (Cafl. 3
Table 6.2). Using this formula, we converted intensity amplitude specEsMamplitude
spectra. To test whether any bisector variations could affect thessunegaents, we
simulated shifts of-600ms' in the template spectrum. From this, we determined that
the effect of such a signal on the filter intensities would be less than theomss-evel.
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Table 6.2 Equivalent-width (EW) amplitudes and phases of the priaicipode for filters of
different width across H. The measured relative intensity amplitudés)(are converted to frac-
tional EW amplitudesdiV /W), using the formula given in Section 6.4.1. For the resuittis
table, the Stromlo and the La Silla data sets were combined.

filter filter mean intensity EW EW S/IN EW phase
no. widtht intensity ampl® nois¢ ampl: noise phase error
(A) (ppm) (ppm) (ppm) (ppm) 0O

0 1.0 0.378 1085 72 1743 116 15.1 354 4
1 2.0 0.402 996 42 1667 69 24.0 354 2
2 5.9 0.511 692 20 1415 40 354 357 2
3 137 0.616 441 20 1148 51 22.6 1 3
4 17.6 0.650 390 20 1114 56 19.7 3 3
5 245 0.694 301 20 982 65 15.0 1 4
6 319 0.730 246 20 913 76 12.1 7 5
7 451 0.779 201 21 909 95 9.6 9 6
8 66.6 0.829 156 21 911 122 7.5 13 8
9 818 0.853 147 21 995 141 7.1 12 8

10 110.7 0.882 122 20 1039 172 6.0 11 10

*Full-width half-maximum of filter centred ondd
PMean relative intensity in the filter averaged over all thectpa. The continuum level is1.00.
@de.f See Table 6.1.

6.4.2 Results

The results for the principal mode are shown in Cols. 6-10 of Table 6.2 and in Fig. 6.5.
The phases of all the measurements lie betwe®® and 15. Since our phase reference
point (¢,) coincides with maximum light (see Chapter 5), we conclude that the EW of
the Hy line is pulsating in phase with the luminosity. This is expected, since maximum
EW of the Hx line indicates maximum temperature in the stellar atmosphere. If the EW
amplitude were the same in all filters then the change in intensity at eacblemgth
would be to be proportional to the depth of the absorption at that wavelengtld,/i.e.,
(' — I. Such a profile variation is shown greatly exaggerated in Fig. 6.6. Our sasult
Fig. 6.5 suggest that this is nearly the case, with an amplitude of 1000 ppm, exdept tha
the core of the line is fluctuating in intensity by more than expected (see Apperilix A
for a related analysis concerning variations in the width of theliHe).

We must remember that the measurements were made on continuum-fitted, spectra
which means that the absolute ftux the core might be constant while the wings and
continuum are changing in flux. We do have information about the pulsation in continuum

IWe use the termintensity when referring to continuum-fitted spectra and the teérbux when
considering the true flux from the star.
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Figure 6.6 The Hv line with the dotted lines showing the profile with an increasd a decrease
of 10 percent in EW. A variation of this type, but with much dlmaamplitude (1000 ppm), was
used to generate the dashed line in Fig. 6.8; and would peodaonstant amplitude in Fig. 6.5.
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flux. Medupe & Kurtz (1998) measured the photometric amplitude in Johfig@entral
wavelength 638&) to be0.544-0.15 mmag 600+ 140 ppm). A continuum flux amplitude

of 500 ppm could only account for a 200 ppmHore relative intensity amplitude in
continuum fitted spectra. This value is significantly smaller than the meds@aiue of
~1000 ppm (filter 1). Therefore, we can say with some certainty that the continuxm fl
from the star is varying in anti-phase with the flux in the core of the line andahabme
point in the wings of K, the flux is constant. To investigate this, we have calculated the
intensity amplitude of the principal oscillation mode at each pixel in the spacias we
describe in Section 6.5.1.

6.4.3 The equivalent-width amplitude

Using the photometric amplitude farCir of ~1.7 mmag (JohnsoR) measured by Don
Kurtz (private communication) around the time of our observations, we can ca&culat
the expected EW amplitude of the principal pulsation mode. The photometric amplitude
convertsta 7./ L)L. = 1.5 x 10~ using the relation of Kjeldsen & Bedding (1995) with
Tor = 7900 K. In order to convert this to an EW amplitude, we use the scaling law from
Bedding et al. (1996) which can be written as;

5 161 5T,
W n v ( ) . (6.2)
bol

W 46InTug \ I

Model atmospheres can be used to estimate the change in EW of the Balmesslmes a
function of temperature. From Kurucz’'s models of the profile with logg = 4.0 (see
Table 8A from Kurucz 1979)¢In W/éInT" =~ 2.8 between 7500 K and 8000 K. Using
this value, we predict an EW amplitude &f//IWW = 1.0 x 10~ ".

The measured amplitude 600 + 140 ppm (filter 9, see Table 6.2) is in excellent
agreement with the prediction. However, to some extent the agreementugdostbe-
cause in reality, neithei§ 7./ I.)1,,; nor §1n W/ 1n T are particularly well known. In the
first case, since the photometric amplitudexd€ir varies with wavelength by more than
expected for a blackbody (Medupe & Kurtz 1998), this will affect the bolometric lumi-
nosity amplitude. In the second case, the value depends significantly on théveffect
temperature and the accuracy of the model, giving a possible rarde i/ In 7" of 2—

4. Additionally, there are uncertainties in the sensitivity of the EW amplitodéfferent
modes (Bedding et al. 1996). Finally, note that the velocity amplitude is predicteel
120ms"' using the same scaling laws (Kjeldsen & Bedding 1995), while the measured
amplitudes vary between 0 and 1000 §Chapter 5).
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6.5 Pixel-by-pixel intensity measurements

Another way of examining changes in thexvhprofile is to look at relative intensity
changes across thenHegion as a function of wavelength (pixel by pixel).

6.5.1 Reductions

We could apply the time series analysis, as described in Section 6.2.3,itdehsity of

each pixel in our spectrum. However, this is computationally intensive amtk we are

only interested in the amplitude of the principal mode, is unnecessary. Indieaectra

were phase-binned at the principal frequency. The phase-binning was done so that Fast
Fourier Transforms (FFTs) could be applied to the intensity variations terdfore save
calculation time for the measurement of the amplitude of the principal mode.

A sample of 4718 spectra from the Stromlo data set was used to produce the phase-
binned spectra. Spectra which produced bad data points from the EW measurements
(Section 6.4.1) were not included. Each spectrum was linearly re-binned btoad&d 0
and shifted so that the centre of the line was in the same wavelength position for each
spectrum (determined by cross-correlation). This was similar to the tiedua Sec-
tion 6.4.1. Additionally, the intensities in each spectrum were slightly &efjli$n order
to remove low-frequency variations of the mean intensity across theekjion (filter 9,
65224-6604A). This was necessary in order to avoid introducing noise at the principal
frequency due to the low-frequency intensity variations. Using this adjusimenob-
tained consistent results between the filter measurements on the individctahsped on
the phase-binned spectra. The spectra were phase-binned at the principal frecpilegcy
a weighted mean in each phase-bin (25 phase-bins were used but this number was not
critical). Finally, a FFT was applied to the phase-binned series of iniEsig0 measure
the amplitude and phase of the principal mode and its harmonics for each pixel.

6.5.2 Results

The intensity amplitudes of the principal mode and harmonics, as a function of wave-
length, are shown in Fig. 6.7. Note that a signal is expected in the first harmdahic w
an amplitude of about 8 percent of the principal mode (KSMT), with higher harmonics
containing negligible signal. Therefore, the harmonics give a good indication of the noise
level (the rms-noise is- 60 ppm). From Fig. 6.7, it is clear that the simple description of
the profile variation given in Section 6.4.2 is inadequate and that the megalliave an
impact on the intensity variations. For instance, the peak blueward afddld be caused
by the Sr16550.4 line, while the Fe | 65692 line may also have an effect (this is more
evident in the next figure). The signal from the core ef id strong while the signal from
the wings is much weaker.

To show the phase information, we have chosen to plot the cosine and sine components
of the principal mode separately (see Fig. 6.8). The phase of most pixels is°near 0
180 and therefore most of the information is contained within the cosine component,
which represents the relative intensity variations that are in phase antisphase with
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Figure 6.7 Relative intensity amplitude as a function of wavelengthe Bolid line represents
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Figure 6.8 Relative intensity component amplitudes of the principalle. The solid line rep-
resents the cosine amplitude which represents intensélygds in phase or in anti-phase with the
photometric pulsation. The dotted line represents theaimgitude. The dashed line is a theoreti-
cal amplitude withi7 = —10*(C' — T), and the dash-and-dotted line shas= —5 x 1047 /C
which represents approximately where the absolute flux imaa would be zero (see text for
details).
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the photometric pulsation. The amplitudes of this component are mostly negative which
means that at maximum light, the relative intensity is at a minimum i.eEWeof Ho is
at a maximum.

Two different simulations are also plotted:

(i) The dashed line represents the relative intensity amplitude assurhiag- A(C —
), whereA is the EW amplitude of 1000 ppm. This is the amplitude (cosine com-
ponent) expected from the profile variation described in Section 6.4.2.

(i) The dash-and-dotted line represefis= — A7/C where A is the continuum flux
amplitude of 500 ppm (Medupe & Kurtz 1998). This line shows how the relative
intensity amplitude (cosine component) would behave if the absolute flux in this
region were constant (65@0— 6605&), and the continuum flux outside this region
were pulsating at the measured value of 500 ppm. This is not a realistic Sionulat
but we use it to estimate how the absolute flux in this region behaves. Where the
solid line is above the dash-and-dotted line, the absolute flux is pulsating in phase
with the continuum. We see that the absolute flux of the inndrdfthe Ho line
is pulsating in anti-phase with the continuum.

6.5.3 Discussion

To evaluate these results, we have to consider systematic errors. tbnlitkee bisector
velocities, any systematic errors in the continuum level directlycaffee EW and relative
intensity measurements. The direction of any error would be the same ahadlengths,
equivalent to an offset in the cosine amplitude shown in Fig. 6.8. From lookingadpse
continuum regions outsidedd we estimate the intensity amplitude of the continuum level
to be 100 ppm in the continuum fitted spectra (cosine componentl6D ppm). This
slightly changes the details of thexHbrofile variation.

Other systematic errors may be caused by residual Doppler shift signalsdteahot
removed by the reduction process. It was not possible to remove such signaletsyn
because of the variation in velocity amplitude and phase between diffareatdnd be-
tween different heights in theddline. This could account for some of the sine component
of the amplitude.

Ronan et al. (1991) measured the oscillatory signal in the Sun as a function ot optica
wavelength. One of their wavelength regions included the Balmer liestd H. More
recently, Keller et al. (1998) looked at the3Hine region in the Sun, using a similar
technique. Both groups showed that the absolute flux oscillations in the Balmer lines
were reduced to about 70 percent of the continuum signal. This differs sharplyf@im
where the K core absolute flux is pulsating in anti-phase with the continuum. This may
be due to a pulsational temperature node in the atmospher€of as was indicated by
the results of Medupe & Kurtz (1998), and by the velocity node. The relationship between
the temperature node and the velocity node is unclear with the present data.
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Figure 6.9 Amplitude ¢ R...,) spectrum of the intensity ratio measurements

6.6 Detection of other frequencies

In order to detect weaker modesdrCir, we need an observable which has a high signal-
to-noise ratio in the amplitude spectrum. Of the observables discussedtbe fane with

the highest S/N for the principal mode is filter 2 from the EW measurements<{S/

see Col. 8 of Table 6.2). However, for the measurements of intensity inetitfélters
across kb, the noise level is approximately the same for filters 2—10 (20 ppm, see Col. 5
of Table 6.2). This means that the noise is caused by variations in the continudm leve
and not by photon noise. Therefore, we can improve the S/N for the principal mode by
dividing the intensity in one filter by another and thereby reducing errors caused by the
continuum fit. The highest S/INH 51) was obtained by dividing the intensity in filter 2
(FWHM ~ 6A) by filter 7 (FWHM ~ 45A). We call this observablé.,, (ratio of Ha

core to wing intensity). This is analogous to narrow / wide photometry.

We produced a time series of these, measurements which was analysed in the same
way as in Section 6.2.3. The amplitudg?(.,,) of the principal mode was measured to be
727 ppm, with an rms-noise level in the amplitude spectrum of 14 ppm (see Fig. 6.9). T
search for other frequencies which were detected by KSMT (the same numisearsagl),
the principal pulsation mode was then subtracted from the time series to proguee a
whitened amplitude spectrum (see Figs. 6.10—6.11). In this spectrum, we havedetec
the modesf,, f; and2f;, and the rotational splitting of the principal modg @ r),
with amplitudes greater thah3 xrms-noise. We have not measured the frequencies but
have used the values given by KSMT, except we have increased the frequengidgs of
fs by 0.03¢Hz for consistency with the change in the principal frequency, as measured
during our observations (see Chapter 5). The rotational splittisgtaken as 2.58Hz,
as measured by KSMT.

The amplitudes and phases of each mode are shown in Table 6.3, with the last two
columns showing the amplitude relative to that of the principal mode, both for our spec-
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Figure 6.10 Amplitude spectrum after subtracting the principal fregeoye The dotted lines
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Table 6.3 The amplitudesqZ..,) and phases of different modes measured using the intensity
ratio of filter 2 and filter 7 (see Table 6.2). Except for thengipal mode (), the measurements
are made after pre-whitening with the principal frequency.

mode freq¢ ampl. S/N phaseé phase relative amplitude

(«Hz)  (ppm) ¢) errof §R..° photometrié
I 2265.46 26 1.8 — — 0.036 0.055
fa 2341.82 20 14 — — 0.028 0.063

4 2366.97 35 24 272 24 0048  0.057
f, —r 243944 37 26 92 23 0050  0.095
7 244203 727 50.8 174 1 1.000  1.000
fi+r 244462 48 34 306 17 0.066  0.115
1 2566.52 34 24 16 25 0.047  0.046
9f, 488406 48 34 76 17 0066  0.077

*Frequencies taken from KSMT. See text for details.

*rms-noise estimated to be 14 ppm from the pre-whitened angjalispectrum in the region
1100—-440Q:Hz.

“Phase measured with respect to a reference-poina{ JD 2450215.07527, with the convention that a
phase of 0 represents maximum of the observed variable.

“Error in the phase is taken to be arcsin (rms-noise/amjtud

“Error of approximately 0.020 (rms-noise/amplitude of pipal mode).

f Stromgren; photometry (KSMT), with an error of approximately 0.007.

tral data and for KSMT's photometric data. A possible significant differenderighe
rotational side-lobes. Both side-lobes have a lower relative amplitude bg tnan 0.04

in our data. This rotational splitting is caused by a variation in the amplibfitiee prin-
cipal mode during the rotation cyclé’(; = 4.479 days). Our results therefore suggest
that the amplitudé R..,, of the principal mode varies by less during the rotational cycle
than the photometric amplitude.

To examine this, we divided the time series into 32 shorter time periods of about 4
hours each. In Fig. 6.12, we show the amplitade,, of the principal mode for each time
period. The solid line shows the amplitude variation expected from the measnieof
f1, fi—randf; +r inthe amplitude spectrum of the complete time series (Table 6.3). The
dotted line shows the expected amplitude variation based on the full rangeoraob21
percent and the ephemeris from the photometric results (KSMT). There is go@araggre
between the amplitude maximum of our fit and the ephemeris of KSMT, which supports
the accuracy of the rotation period derived by them. Both fits shown in Fig. pAcaa
to be consistent with the results of the analysis using the shorter time perioelefdre,
we cannot say with certainty that the percentage amplitude variationsisnesur data
than the variation measured by KSMT. Such a difference, if it existy,lmealue to limb-
darkening.
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Figure 6.13 Average intensity ratioR..,,) during separate time periods (each about 4 hours long).
The asterisks represent the Stromlo data. The diamondsseptrthe La Silla data, which have
been increased by 0.4 percent to match the Stromlo data. gtteddine shows a sine-wave with

a period equal to the rotation period of the star.
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The average value ak..,, itself in each time period varied slightly during the obser-
vation period and was slightly different between the Stromlo and La Sitia sits (see
Fig. 6.13). The difference in the value between the two data sets was aboutdeAtzerd
was due to the inexact matching of the filters. The variation with time se€ig. 6.13
is probably caused by the rotation of the star, which is slightly inhomogeneous in sur-
face brightness. This variation does not significantly affect the measurerhént,, at
pulsation frequencies.

Variation of Balmer line profiles with rotation is common in Ap stars. Erample,
Musielok & Madej (1988) investigated 22 Ap stars of which 17 showed variatighe
H3 index with a typical amplitude of 0.02 mag (19000 ppm). Our obsetvegd, ampli-
tude of about 1500 ppm at the rotation frequency i€ir corresponds to a much smaller
Balmer line variation than is typical of Ap stars, even if we allow $mme difference
between the H index andk.,,. To test this, we calculated an intensity ratio using fil-
ters across H of similar widths to those used for thesHndex (FWHMs~ 40A and
~ 150,&). The rotational amplitude of this intensity ratio was 1000—-1500 ppm, which is
more than a factor of ten smaller than the 0.02 mag found by Musielok & Madej in othe
Ap stars.

6.7 Conclusions

The existence of a radial standing wave node of the principal pulsation mode can explain
the velocity phase reversal in thexHine. However, there is only a 14@elocity phase

shift between the H core and higher in the line. If we were seeing a pure standing wave
in the atmosphere then we would expect a’j@iase shift. A travelling wave component,
blending or the systematic effects described in Section 6.3.3 may causedthepdincy.
Additionally, many of the metal lines studied in Chapter 5 show phases thaedher

in phase or in anti-phase with the majority of the lines. We proposed that some of the
phases were anomalous and did not represent velocity phases due to blending effects.
Therefore, in a time series of less blended (higher resolution) spectra,sheuld be a
clearer distinction between those lines that are formed above and bele@itivgty node

and fewer lines with anomalous phases.

Analysis of the K profile during the principal pulsation cycle, shows a large change
in relative intensity of the core of the line. This means that the absolute fluheafdre is
pulsating in anti-phase with the continuum, possibly indicating a pulsational tatnper
node in the atmosphere, as suggested by Medupe & Kurtz (1998) on the basis of multi-
colour photometry. However, Medupe et al. (1998) show that non-adiabatic effects ca
explain the photometric results without the need for a node. Perhaps, non-adialeats eff
have a significant effect on thenHorofile changes imv Cir.

The next stage in the analysis of the mode dynamics in the atmosphere could be the
use of high resolution (R50000) spectroscopy to study the velocities, bisectors and EW
changes of unblended metal lines, combined with model atmospheres to calculate the
formation height of the lines. This may allow us to decide whether there isllirmy
wave component, to relate the velocity changes to the temperature changessiaren
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any surface or vertical inhomogeneities in the distribution of certaimetds, and to test
non-adiabatic non-radial pulsation equations.

By defining an observable which detects the relative intensity changes iotheic
the Hr line, R.,,, we detected some of the weaker modesyiQir. This is probably
the first detection, in roAp stars, of modes with photometfi¢ &@mplitudes of less than
0.2 mmag, using a spectroscopic technique. The ratio between spectroscoptadespli
and photometric amplitudes can be used to identify/tialue of different oscillations
modes, as has been done recently by Viskum et al. (1998b, 1998c) forSbeti star
FG Vir. We do not have enough S/N to identify the modesyikir, but we show the
potential for using this mode identification technique.

« Cir offers one of the best chances for theoreticians to model a star where neagneti
fields are important both for its evolution and pulsation, because of the detaitechen
tion that can be gained from its oscillation modes using spectroscopy and photometry
Additionally, there is already a well determined luminosity using Hipparcas avhen
angular diameter measurements are made, there will also be direct sreasis of the
effective temperature and radius of the star.
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