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ABSTRACT

The rapidly o.cillgtiﬁg‘np (rodp) star HD 60435 has been monitored

in a programme of rapid Johnson B photometry during\vhich approximately
Vg

355 hours of observations were collected from the s Campanas Observa-
)
: s

tory, Cerro Tololo Inter-American Cbservatory, apd South African Astro-

nomical Observatory {n two coordinated campaigus from January 1984 to

March 1985. . , , .

FouthJbanalys!! of thesc data indtcate that the star undergoes

oscilllélons in & spectrum of nesr y equally spaced frequencies, corre-
-_,—\\

spondtng to a tange of petiods fgﬁu about 12° to»20 minutes. Typical
anplituaan are only a few niE}Ihagnitudas The dontnant oscillations
occur nei; a frequency‘of/i.a mHz (P =~ 12 min). "Fourier peaks at fre-
quencies ﬁ;ar 2:8 enﬂ 3.6 mHz have also been detected sporadically;
these may b9.2:}/and 3:1 resonances with the first oscillation, or Yar-
monics producgd Sy tﬁe.nonsinusoidal shape of the light curve.
Co;p,fiso; of the overall frequency ﬂ‘tCern to the asymptotic
theo;y’ﬁg nonradial acoustic pulaaﬁion has led to identification of the
//p(éillations as a series of hfﬁhiovertone (13 s n s 28) p-modes of
degree 1 and 2. The fundamental frequenc& spacing vy = 52‘sz is con-
si.p;nt vith a slightly evolved late A star vhose radius is 2.2 +.0.1
Rg. The location of-HD 60435 in S:ron#ren multi-colour diagrams, and

." -
* @lassifjcation #pectra of the star obfained at Las Campanas, are in

general agreement with that result. '
The a-ﬁliéhdcs of the dominant oscillations are modulated over a
long timescale near eight days, and also showv rapid modulation in only

¢ fow hours. The latter is primari{ly due to bogtlng among the many




*e

by the only direct magnetic measurements of this star available to

frequencies present in HD 6&&35, but there is evidence that actual
grovth and decay of modes occur in the star in less than s day, as pos-
tulated by Dolez and Gough (1984) for rapid pulsations in magnetic A
stars.

The rotation period of HD 60435, based on the star’s long-term
light curve, is 7.6662 t 0.0001 days. (HD 60435 also appears to be a
mild spectroscopic variable with a similar timescale ) Kurtz’' (1982)
oblique pulsator model for the roAp stars predicts that the oscillation
amplitude of the star should be modulated with the same period, as is
in fact ‘observed. Application of a dynamical version of this model
(Dziembowsk], and Goode 1985) to the fine splitting ;bserved in the
Fourler speétrun of the oscillmtions places constraints on the inclin-
ation of the star and obliquity of its (as yet unconfirmed) magnetic
field: predicts that an; observed field variations will hxﬁibit pola-
rity reversal, and suggests that HD 60435 may have a relatively weak
.

internal field compared to some of the other roAp stars.

These latter predictions are consistent with the uppér limits set

date, as well as the oblique rotator interpretatiéon of the long-term

light variations.

iv
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I. INTRODUCTION

The rapidly oscillating Ap stars

The rapidly oscillating Ap (roAp) stars are cool peculiar A-F
stars* which exhibit rapid varjations in broadband light. The oscil-
lations of these stars are characterized by (1) their short periods
(approximately 4 - 20 minutes), (2) low amplitudes (AB < 0®Q1S5;
tvpically only a few millimagnitudes), and (3) amplitude modﬁlation
which ‘occurs over timescales from days to weeks. (For stars whose
magoetic variations have been determined, the modulation period equals
the magnetic period &f/ the star. Max{mum oscillation amplitude is
observed during the phase of maximum magnetic field strength.) The
oscillations sometimes also show (4) splitting in the Foufier spectrum
of the dominant frequency into components spaced by the modulatioa
cycle frequency, and (in the case of at least one roAp star, HR 3831)
(5) 180° phase shifts in the domiqant oscillation occurring twice per
modul;tion cycie. * ’

The first roAp star, HD 101065 (Przybylski’'s Star), was discovered .
in 1978 by Kurtz (1978). Since then, mémbership in the class has grqwn
to 12, thanks mostly to the efforts of Kurtz and a few of his collabo-

rators (e.g. Kurtz 1983a.b; Kreidl 1985a). All of the known variables

are south of 10° in declination, which is probably only a selection

* The Ap stars are main sequence stars roughly between B8 and FO
(15000 > To¢g > 8000 K) whose spectra feature anomalous line strengths
which are interpreted as atmospheric oyer- and underabundances. The
coolest members are most overabundant in rare earths (?SrEuCr”); the
hottest, in silicon ("Si"). All are helium-deficient. Strong ordered
magnetic fields (up to 20 kG) are common - possibly ubiquitous - among
these stars. The brightness, spectrum, and magnetic field are observed
to vary with periods greater than one day. The properties of the Ap
class have been reviewed by Wolff (1983).

’

* —
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—-- -effect of the search observations being so far;conducted primarily at
Southern Healsphere observatories. Recent reviews of the roAp class
have been written by Kurtz (1986), Weiss (1986), and Shibahashi (1987).
All but three of the known roAp stars have persistent oscillatiovs
vith periods near 6 and/or 12 minutes. Several are observed to be
multiperiodic; 2:1 frequency ratios have been found in threg instances.-
. The cgaracteristlcs of the oscillations {(1) - (5)] summarized
above-are illustrated by Figures 1.1 - 1’3. Two typical light curves
- (obéained six days apart) of a well-studied roAp star, HD 24712, are
presented in Figure 1.1. Note the small amplitude which never exceeds
0®01. The doainant period is 6.14 minutes, but this i{s only one of siiﬂv
¢ .1dentifLed‘by Kurtz and Seeman (1983). The beating of those closely
.spacgd frequencies is responsible for the obvious amplitu;e modulacion.
of the net oscillation on each night. Neglecting this short-term
‘modulation, the difference in the mean amplitudes of the oscillations
on the’two ﬁightsuis quite apparent from the figure. The two sets of
observations, showing the oscillations at maximum and minimum ampli-
tude, are separated by about half of the ;agnecic period of this star
(12.5% days; Preston (1972)). Figure 1.2 plots the nightly B amplitude
of the net oscillation together with the magnetic curve for HD 2a7i2,
.de-on;trating the phase relationship between the oscillations af® field
strength.
Figure 1.3 shows the phase shifts detected in ths primary
v oscillation of HR 3831; the sharp changes occur during zero crossover
of the magnetic field. These phase shifts and the long-term modulation

typified by Figure 1.2 can be explained by the oblique pulsator model

(Kurtz 1982), which is described later in this chapter.

o . ’
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FIGURE 1.3 Phase shifts of the oscillations of the roAp star HR 3831
(HD 83368) (Kurtz, private commynication) relative to the’ magnetic phase
of the star (Thompson 1983) -




The oscillations themselves are thought to be nonradial pulsa-
tions: specifically, acoustic (p-) modes of lov.Qggree and high
overtone. (Sgc Appendix A for a brief introduction to the nomenclature
of‘nonradial pullntioni) The visibility of the oscillations .in inte-

© grated light.requires pﬁlsation p;tterns of low degree (! < 3); thelir
lhort_per;ods inpl}ihigh radial overtone;, since fundamental pulsatcion L\<‘
porio;a of a few hours are expected for A and F V stars. The most
co-poliing evidence for identifying the oscillations as p-mode waves
comes from two roAp stars which oscillate in pattegns of frequencies

-~ . o il 2

with roughly equal. spacing. This type of pattern is predicted by

asymptotic theory (Tassoul 1980) and has been observed in the Sun’'s
five-nfkute oscillations, which are now recognized to be the pfoduct of
ucogacic wvaves. The roAp stars which exhibit this behaviour are HD
24712 (Kurtz and Seeman 1983) and HD 60435. The discovery of such a
pattof; in HD 6043?, and the information about the star inferred froam

it, are major results of this thesis.

Empirical parameters
Some of the basic observed properties of the known roAp:st;rs are
summarized in Table 1.1. A complete set of observed Stromgren indices

is provided in Table 1.2. Several reddening-independent Stromgren

O

: < . a
indices ([u-b], (m]], and [c}]) were calculated from the photometric o
. , - :
values in that table and are listed in Table 1.3.
o - . s

The roAp stars appear to b; confined to the low tempersture end of
-© the Ap ringo; nonc have a (b-y) colour‘les- than about 0.08. As such,
o

chty may bo tutricccd to the § Scuti instability strip; whose blue

oo bordor ftlll noat (b- -y) = 0. 06 on«thc -.in sequence  (Bregar 1379). The
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TABLE 1.2
OBSERVED' STROMGREN INDICES OF THE roAp STARS®
2 .
HD b-y my cy <] scy Refs
E— —~
6532 0.084  0.237 °° 0.846 - -0.142 1,2
24712 0.183 0.212 0.634 2.744 -0.034 1,2
60435 0.132 0.234 0.843 2.79* +0.035 3
N 83368 0.146  0.203 ,,0.796 ‘2.827  -0.035 1.3
101065 0.448 . 0.36%8 -0.014 2.641 -0.368 4
128898 0.152  0.195 0.760 2.831 -0.077 1.3
134214 0.211 0.288 0.597 2.766 -0.115 6,7
137949 0.188 0.321 '0.584 2.833 -0.256 1.3
166473 0.223 " 0.311 0.517 <o -0.092 8
201601 0.147 0.238 + 0.760 2.819 -0.058 1,2
203932 0.169 0.196 0.736 2.814 -0.072° 3,5
217522 0.289 0.215 .0.487 2.701 -0.046 3.9
1. Hauck & Mermilliod (1980
2. Blanco et al. (1970)
3. Vogt & Faundez (1979)
4. Kurtz & Wegner (1979)
5. Weiss (private communication)
6. Olsen & Perry (1984)
7. Olsen (1983) S
8. Kurtz (1986)

+ Adapted from Table 1 of Kurtz (1986)
* Estimated from equivalent width of HS by author (Chapter V)




TABLE 1.3
REDDENING-FREE STROMGREN INDICES OF THE roAp STARS

"Golay”

HD (my] [e1] {u-b] a(my) spectral class
6532 0.252 0.829 1.333 _
26712 0.245 0.597 1.087 +0.062 FO
60435 0.258 0.817 1.333 +0.044 A8
83368 0.229 0.767 1.225 +0.022 A7
" 101065 0.449  -0.106  0.79 X
128898 0.222 0.730 1.174 +0.015 A6 - A7
1134214 0.326 0.555 1.207 +0.236 A8 - A9
137949 0.355 0.5646 1.256 +0.147 A7
166473 0.351 = 0.472 1.174
201601 0.264 0.731 1.259 +0.058 A7
203932 0.226 0.702 1.154 +0.020 A8?
217522 0 0.429 0.963 '~0.1 > FO

.267

(my] - = + 0.18(b-y)
- ([c1] = c1 - 0.20(b-y)
(u-b) = [e1] + 2[m]




question of whether all of the roAp stars occupy the lower instability \
strip cannot be answered definitely at.the moment, ;}ven the uncer- ¢
tainties of the derived Toff and M, values for the peculiar stars.
Furthermore, the observed coloul boundaries of the § Scuti strip may

not be entirely appropriate for comparison with the location of the

roAp stars in the HR diagram. SCepién and Muthsam (19863 have pointed

out systematic differences between the temperatures af peculiar and

normal A model atmospheres having the same (B-V) colour. The cooler Ap
stars appea; to have systematically higher effective temperatures than

one would derive for a normal star of the same colour. A similar ef-

fect is probably valid for (b-y).

In fact, the lower (b-y) boundary for the roAp phenomenon is not
itself well determined. Most of the surveys for new roAp stars have
concentrated on the cooler A-Fp stars, introducing a bias to the sample
.of variables. Even so, a number of apparently hotter stars with
smaller (b-y) have been carefully monitored with rapid photometry and
no_oscillacions were detec%gd; e.g., the AOp(Sii star HD 92664 (kurtz,

private communication) and the A2p (SrCrEu) star 53 Cam (Matthews and

Wehlau 1985; Kreidl 1985b).
The {u-b],8 values of the roAp stars (Tables 1.2 and 1.3) fall
;::hin or close to the main sequence band defined.by Gola& (1974a)
becweén ~A7 and FO. A notable exception 1s Przybylski’'s Star (HD
101065). The spectrai classes appropriate for "normal” stars with the
same values of [u-B],f In the Golay scheme are given in the last column
of Table 1.3. Allqof the roAp stars have [m)] values which exceed -

those of normal stars on Golay’'s main sequence and in Crawford’'s (1979)

m} vs. B relation‘for A-type stars. (This is true of most, if not all,




peculiar A stars, since [mj] is a metallicity indicaﬁsr,) All but one
_of the stars (HD 60435) have cj indices which also fall below
Crawford’s standard cy] vs. B relation (as shdwn by Sci in Table 1.2).
S}nce c1 is usually taken to be a luminosity indicator for A-F stars,
this might seem to suggest that these stars have sub-dwarf luminosi-
ties. However, the unusual™™lux distributions of the peculiar A stars
are likely responsible for the abnormally low cj values.

The reason can be found in the definition of the c; index:
c1 = (u-v) - (v-b) (1.1)

where the u bandpass mainly samples wavelengths just shortward of the
Balmer digscontinuity of A366}; the ; filter, several hundred A long-
ward (Agqff = 4100 X); and the b filéer. still further_totgrds the red
(Qgff = 4700 K).‘ Although the coolest-Ap stars do have man; absorption
lines in the near ultraviolet, they also have relatively little conti-
nuum in that region of the spectrum. Therefore, flux redistt™Nbution
from the UV {s not as important for these stars as it is for the hotter
Si Ap stars. However, Baschek and Ogg (i965) and Wolff (1967) found
that line blanketing in the visible secones significa for the coolest
(or most peculiar) of the Ap stars. The richness of the absorption
spectrum at wavelengths near 4100 A should result in an increase in
(;-b) due to blanketing. The increase in v magnitude should also more
than cancel the increase in (u-v) due to UV flux redistribution, caus-
ing a net drop in that colour. The end result is a decrease in‘cl com-

barcd to a "normal” star.

If abundance effacts were not important, a plot of c] vs. (b-w

would essentially be a luminosity - Toff diagram. Just such a plot of

12




the ¢ and (b-y) indices froam Table l.é is presented in Figure 1.4.
Also plotted are lines corresponding to models of main sequence stare
with solar composition and surface gravities of log g = 4.0 and 4.5
(Hauck and Mermilliod 1975). Observe that the roAp stars fall roughly
along a line of similar slope to the models, except for (again) HD
101065. It would appear that any abundance differences‘among the stars
are small enough so as not to destroy the general maln sequence beha-
viour; rather, the abundance peculiarity manifests itself as an appa-
rent shift of the curve to higher surface gravity. Therefore, c) (or

§¢1) may prove to be useful as an indicator of relative luminosity

L]
among the sample of rapid oscillators. (We will return to this point

in relation to HD 60435 in Chapter 1IV.)
The rapid oscillators all seem to belong to thg cooler SrCrEu
classes of Ap stars, with the possible exception of AD 101065.% They .-
are all expected to have the strong ordered mhgnetic fields nornnily
assoclated with peculiar stars. Seven of the 12 stars have been
searched for magnetic fields, resulting in positive detections forxsix
(see Table 1.1). The single null detection was obtained for HD 60435,
but this is based on only three measurements of relatively low preci-

sion (-~ *600 gauss). (The magnetic measurements of HD 60435 and their

significance will be discussed in Chapter VI.)

<D
Not all magnetic peculiar stars in the range of colours spanned

by the roaAp variables are found to be rapid oscillators. Promising

candidates which yielded no detectable oscillations after repeated
A Y

observations include 8 CrB (Uaisf and Kurtz, 1987) and HR 4330

* This star does exhibit enhanced rare earths, but the strengest

of these are holaium and dysprosium. The iron peak elements are very
weak in the spectrum, or perhaps missing altogether.
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(Matthews and Wehlau 1985) There is clearly some aissing parameter(s)

which distinguishes an roap star from other apparently sim{lar - but

constant - cool Ap stars.

The classical Oblique Pulsator Model (Kurtz 1982)

The most successful model in explaining the long-term varistions

-

observed in Ap stars has been the "oblique rotator”, in which the axis

of the stellar magnetic field (assumed to be dipoliior near-dipole) is

inclined to the rotation axis. As the star rotates, different aspects

1

of the field are presented to the observer, along with abundance and
surface brightness anomalies associated with ghé'field geometry. This

accounts for the equality of the maghetic, épgctfoscdbi;, and (long-

term) photometric periods of an Ap star, plus features such as polarity

réversal of the magnetic field, often observed in these stars:

[

. Kurtz's oblique pulsator model (OPM) extends ;h{s picture to the

N

rapid dscillatioqs By supposing_chat-nonfadiél.pulsations«ln an Ap star -’

ma} not be-aligned wigh the rotatbon axis - ‘as ts-normally assunqs -

but rather with the magnetic axis. Hence, different aspects of the

. 5

pulsation are observed as the star rotdtes. This readily explains the

observed modulation of ghe osci%lacion amplitude with the magnetic (-
rotation) period of the star. And the agsé;ved phasing (maximun oscil-
lation amplitude with magnetic ext{gnﬁn) arises nﬁturally if'éhd pulsa-
tion pattern is zonal (i.e. m = 0). L - The ‘phase shifts come about if the -

magnetic field undergoes polarity reversal; when the star passes

. \ ) .
through quadrature, different zones of the pulsatfon pattern (varying -

in anti-phase) alternately dominate the visible disc,3and 180° jumps in

phase are observed. These effects are {llusgrated schematically in

LY
~ . .
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Figure 1.5, which represents the rotation of an £ = 1, m = 0 oblique
~ pulsator with moderate inclination and obliquity (such that polarity
reversal of the field takes place).
The OPM can alsc be €§eated somewhat more quantitatively. Consti-
~der the nonradial pulsation pattern as a simple spherical harmonic.
The luninogity ;ariations at the sub-sola; point on the stellar disc

. may be represented by a Legendre polynomial Py . such that

é% -'?7{cq§g} cosfw(t-ty) + @) (1.2)

where a is the angle between the axis of symmetry of the pulsation and
the line of sight, u'is/gbé pulsation frequency, and'co and & are an
arbitrary epoeh 1ggg§%ase. The angle a is related to the star’s
inclination I”;;d the obliquity B8 of its pulsation axis by spherical

trigonometry:
cosa = cosicos8 + sinisinfScosA. ‘ (1.3

-'ff‘_ﬂuruf‘a is the longitude of the pulsation pole on the stellar surface,
measured such that the longi;ude.of the sub-solar point is 0°. For an
oblique pulsht&r. A = (It, where 2 {8 the anghlar rotation frequency of
the star, so0 cosa is a periodic function of ti;e. The angle 8 in equa-
tion (1.3 1is now the obliquity of tpe magnetic field, and the epoch ¢,

: iA equation (1.2) is chosen to coincide with maximum effective magnetic
f;;lds
If‘.w.c quun- 2 =1, Py(cosa) = ‘cosa. Equation (¥ 2) can then dbe

‘ dcco-pptgd {using trivial trigonometric identities and the time-

dependent version of equation (1.3)) into
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é—t - Ag cos{wt’ + 8] + Ay cos[(u-O)t" + 8] + cos[(wH)t’ + &) ] (1.4)

where t' = t-t,, Ag = cosicosf, and A] = usinising. In other words,

the oscillation is split into a frequency triplet whose central compo-

nent is at the oscillation frequency Iin the star’'s rest frame and whose '
sidelobes are spaced by the star’s rotation frequency. (Note that when

cosa changes sign, then -Pjcos(wt’ + @) = Picos(wt’ + & * x), which re- .
produces the observed phase shifts at magnetic quadrature.)

A similar expansion for £ = 2 shows that a frequency quintet is
produced with the same spacing. In geperal, the OPM predicts that a

" mode of degree f will be s;lit into (22 + 1) components, centred about
the oscillation frequency in the star’s rest frame and spaced by its
rotation frequency. This type of frequéncy splitting has been observed
in the Fouriler spectra of several roAp stars (Kurtz 1982).

’ Kurtz's OPM is a purely ph;nouenological nodel;'it does not
attempt to explain the underlying mechanism by which the magnetic field
controls the pulsation geometry. ‘Kh ° '

One difficulty with Kurtz’'s simple model is that Corioljs forces
on the obliquely rotating pulsation pat:er& should tend to make the
pulsation axis precess with respect to the magnetic axis (i.e., advec-
tion). Therefora: the peaks in oscillation amplitude should not remain
in phase with the magnetic maxima. However, several years of observa-
tion of ioAp stars such as HR 1217 (Kurtz et al. 1985) have shown that
the phase equality holds to high precision.

To avoid this apparent paradox, Dolez and Gough (1982) proposed

that the magnetic field might selectively excite modes which are

lllgﬁod with {t., They estimated the lifetimes of the excited modes to
«




<
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be short (hours) compared to a typical rotation period (days). Thus,
as the field is carried around by rotation, the modes which are no ‘
longer favourably oriented with that field die out quicLly. vhile new
modes dre in turn generated. ? picture is not without its problems -
as well. It is difficult to‘u derstand ho; individual pul§itions can
maintain phase cocherence .over long intervals of‘time Sas is observed)
.1f modes are being continually re-excited. ' Also, the rotation period .
Qf one of the roAé stars, HR 3831 - HD 83368, is under two days (Kurtz

and Marang 1987). modes must have very short lifetimes in this sta® for

the selective excit;tion process to be effective.

The "dynamical”™ Oblique Pulsator Model (Dziembowski and Goode 1985)

The complexityeof the Dolez and Gough scenario, and its incomplete
success in accounting for the observations, led Dziembowski and Goode
(1985) to return to Kurtz’'s "classfical® OPM and show how the amplitude
modulation is consistent with the perturbing effects of both a mdgnetic
field and rotation. -

Consider first a nfirotating, nonmagnetic pulsating star. The

_eigenfunctiéns éf its pulsation modes (£,m) may be expressed in terms
of the sphericgl harmonics §pp « Y“1(6,¢),7where the reference frame
for ¢ and ¢ is completely arbitrary. If a dipole magnetic field H is
then introduced, the lLorentz forces due. to the field lines can modify
the equilibrium configuration of the star, causing an asymmetry such
that the normal modes now satisfy £y, = Y®p(0y,.4H), vhere.the magnetic
axis is defined as OH.- 0.

The field also perturbs the eIgemfrequencies of the oscillations:

Vg - w(0) Ql,lnlnag (1.95)




N

vhere w(0) {s the frequency in the absence of a magnetic field, and

wl'l.l-‘g is the perturbation due to the field acting on a mode (f,m).

-~

Therefore, the eigenfunction becomes

§rm = YRp(0H.6n) exp[i(w(o) + "’l.lﬂlmg)t] + O(H) (1.6)

vhere m = -2, ---, I; and the last term represents thé effect of the
Y

field on the, equilibrium state of the star (of order HZ).

Adding the effects of rotation about an axis inclined by an angle

8 to the magnetic axis, and negiecting the equilibrium term of order H2:

$rm -.[Y‘;(GH.OH) +n$f3$é) Y“l(eﬂ,éu)] exp[i(u(o) + wlm|33§:+ mcncosﬁ)c]
) (netm) (1.7)y .

where the term mClicosf is the rotational splitting derived by Alzenman

et al. (1984), C 1s the Ledoux constant (see Appendix A), and

e
L

[Fd

k a(B) (8 ald)  (B) ca -~
. ald) - Qi-: nk mk , (1.8)
u,_|_|ﬂ88 - u,_|n|ﬂas

) .
This latter term contains the transformation from the reference frame
of the magnetic field to that of the rotation axis, by applying the
well-known Clebsch-Gordon coefficients d(l)nk(ﬁ) to the spherical

harmonics according to the following expansion,

~

Y™ (OH. $1) -nz 4D an(8) Y"ytog.dp) (1.9) .

vhere (#R,4R) are measured relative to the rotation axis.
For the case of a mode with (2,m) = (1,0), then the appropriate

matTix of Clebsch-Gordon coefficients can be written as (Kurtz and

Shibahashi 1986),




%(1 + cosf) ‘/;sin.s ;(1 - cosf)

a(8) = 2 sing cosp /2 sing (1.10)

2
%(l - cosBf) -J% sing %(1 + cospB)

and equation (1:7) can be solved for the relative variation in lumino-

~

sity using the sapproach of Dziembowski (1977)., giving. ..
) .

AL

I - Ao cos[(w(®) + woPd8)t + &) + A4 [Cos[(u(o) +:u0“35 + e + ¢]] .

‘+ A1 (cost(w(®) + wo™aB - )t + 9))

where Ag = cosicosf, and

A4) = hsinising [ 1l #+ ulmagcnuomag ].

~

(1.11)

Note that this result is very similar to that of the cla;sical OPM —
(equation 1.4), in that the dynamical model also predicts that an (2, m)
= (1,0) mode s‘ould be split into thrée components spaced by exactly
the rotation frequency of the star. However, the amplitudes of the
sidelobe coﬁponents are now governed by the relative perturbations from
the rotation (-CQ) and the magnetic field (w)™38 - wo™88). The use of
this in the interpretation of HD 60435 will be discu;sed in Chapter VI.

} A

“The Spotted Pulsator Model (Mathys 1985)

Whereas Dziembowski and Goode have argued that a global magnetic
field can force the pulsation pattern to corotate with the field axis,
Mathys (1985) has proposed an alternative model to explain the ampli-
tude modulation which does not require the pulsation mode to be symme-
tric about the magnetic axis. His spotted pulsator model can reproduce

the observed modulation by invoking inhomogeneous distributions of sur-
. )

face brightness F(8,8), as well as the amplitude ratio f(e..i\rwi phase

———




lag ¥(6,®) of the flux and radius oscillations.
Unfortunately, a given amplitude modulation curve for an roAp star
does not cortqapbhd to a unique combination of F, £ and ¥, so the model

is very difficulc to test against observation.

Cause of the variations

The mechanism which produces th; oscillatidhs Iin these variables
has noé yet been established. The two leading contenders are consi-
dered to be: an envelope ionization (or "kappa") mechanism, like that
wvhich governs the pulsa;ing § Scuti stars (Appendix A), and "overstable

. magnetic convection”,

The former is attractive because the position of the roAp stars on
the HR dlagrag appears to overlap a known region of pulsational insta-
bility, thtt ;f the § Scuti variables. However, there are several un-
anlvete; questions associated Uith‘thi;.interpretation. First, the
perlods of the roAp stars (minutes) are much shorter than those of the
§ Scuti Qtars (typically about two hours); the raﬁld oscillators are

] applreétly pulsating 1n.nuch higher overtones. Why? Does the magnetic
field play a role in damping all but the higher overtones? Second, if
diffusion 18 occurring in the qtnosphere; of Ap stars, then one would
expect that most - {f not all - of thé héliun will have setéled below
the Hell ionization zone (cge main source of the drlving 16‘8 Squci
stars). Surveys (e.g. Kreidl 1987) appear to 15d1cate that Ap stars
and & Scuti-timescale variability are -utuallyfexcius@ve. Perhaps the

reason for this exclusion is not the complete removal of He from the

fonization zone in Ap stars, but again the possible selective excita-.

-

tion/damping of certain overtones by the magnetic field.




An alternative mechanism for the excitation of rapid-oscillltiéns
in Ap stars has been proposed by Sh;bah:shi (1983): overstableliagnetic
convection. (See also a more qualitative treatment by Cox (1986:?.) ~
This overstability arises from the resistance of ‘the tension of the
magnetic field lines to the convective mo;ions in the dtmosphere. If
the convective motions occur in a supéradiabatic region, that region
would be convectively unstable if no field (or abundance gradient) is
preseﬁt. If a field is present, then the "restoring"” force applied to
a rising element of plasma will increase, and the result will be oscil-
lations of increasing amplitude. Cox (l98&f. uéing reasonable values
for the magnetic field and atmoépheric paraﬁeters, derives oscillation
periods of several hundred seconds, in c!\e same range as the :bserved
values. ~ ' ' i

Currently, there is no definitive observational test to choose one

of these mechanisms over the other. However, the discovery of a magne- -

tic roAp star far outside the instability strip would constitute strong
evidence in favour of overstable magnetic convgction.

~ \

HD 60435

4

»

This star is one of the more recent épditions to the class of roAp
variables. It is.che faintest (V = 9.00) of the known oscillators and
the second most southerly (1950 coordinates: a = o7h 30™ 01%8; § - -5;'
53’ 0379). Kurtz (1984) first detected periods near 12 and 6 minutes
in this star in 1983, His 16-night observing run also revealed drama-
tic amplitude modulation of both oscillations. The "6-minute” oscilla-

tion appeared to be transient, ;ppearlng only when the "12-minute”

oscillation was present at its largest amplitude. Unfortunacalr, the
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data were insufficient for a thorough stud}:of the frequency' spectrum
and ;ny characteristic amplitude modulation.

HD 60435 had not garnered much atgention prior to the discovery of
its rapid oscillations. Kutgg inclided it in his roAp search programme
at the South African Astronomical Observatory (SAAO) because of itf\
classification by Bidelman and MacConnell (1973) and Houk and Cowley
(1975) as Ap SrEu, and its relatively large (b-y) index of 0.132.

This study of HD 60435 was undertaken with the initial aims of

i) identifying the frequencies present in the star; .

i1) dgpermining a modulation period/timescale and a long-term
photometric period/timescale as a test_of the OPNM;
iii1) obtaining amplitude spectr;‘with sufficiently high resolution
and suppressed cycle/day alflsing, to investigate the fine-
splitting of frequencies in cﬁe context of the OPM; and
iv) using these data to infer sonenof the physical properties of
the star. . .
Although the initial lack of supporting data on the star (e.g.
rotation period, strength and variability of magnetic field (if any))
could be cofisidered a handicap to such a study, it also made HD 60435

an excellent proving ground for the role of oscillation observations

and the oblique pulsator model in studying Ap stars.




I1. OBSERVATIONS

Rapid photometry

Studying the short-term light variations of a star like HD 60435
presents several problems to the observer, the most serious of which
are the high time resolution required and the spectral aliases inherent
in the frequency analysis of astronomical time series.

Reliable detection of stellar oscillations with periods of on}y a
few minutes’ demands monitoring of the star with a sampling interval of
less than one minutet. One is left with two options: 1) differential
measurements using a "multi-star” photometer (or potentially, a calti-
brated imaging device such as a CCD detector), or ii) non-differential
photometry with a conventional single-channel instrument.

In principle, the first alternative is ideal; the necessary time
re§olution is achieved with continuous compensation for extinction .
changes through simultaneous readings of one or more nearby comper{’son

stars. In practice, however, the fact that no major southern hemi-

sphere observatory (from which HD 60435 could be observed) is ‘presently

equipped with a multi-star photometer and the difficulties associated
with bringing a visitor instrument to such an observatory, make this
option less viable.

Fortunately, non-differential photometry can be used to detect
oscillations with periods as long as 12 minutps from an observing site

of suitable quality, as was_previously demonstrated by Kurtz (e.g.

<

* It has been demonstrated theoretically (Beutler 1966) that a
period P can be extracted via Fourier techniques from data cont.ﬁfing a
periodic signal, even if the*average sampling interval is as long as

P/2. However, in practice, one rayely has a sufficiently large sample

and the high signal-to-noise ratio necessary to make this-possible.

~
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1982). The success of these observations hinges on the temporal inco-
.herencq and small amplitude of sky variations at short timescales on a

geod night.

Given a stable photometer system, the major sources of noise are
these s;y transparency (and background) fluctuations, and scintilla-
tion. Clarke (1980) has found that, even under the best conditions,
the féormer can have anpbitu&es of order O0M001 in a period range from
minutes to tens of minutes. Scintillation noise, on the other hand, is
primarily a function of telescope aperture. However, experiments by
Kurtz (1985) using a 0.5- and 1.9-m telkescope indicace that, for
perliods near five minutes and longer, scintillation i{s not the dominant
contributer to the limiting noise in rapid photométry.\ Therefore, the
only constraint on telescgpe aperture in this type of(ébserving is tﬁat
it be large enough to make the photon noise in a single integrat™®n
(where.the integration éime must be less than half éf the shortest
period of‘interest) smaller than the scintillation noise. For relati-
vely bright stars such as HD 60435, this can be attained with a tele-
scope in the 0.5- to l-m class. .

The otﬁ;r major d&fflcuICy is one common ta any search f;r period-
ﬁcicies,in data with large gaps; spectral aliasing. (This will be
discussed in greater detail in the next chapter.) The topic is intro-
duced here because alfhning is a product of the time sampling of the
observations, and it is most effectively dealt with at the observing

stage, if permitted by scheduling constraints. The most severe aliases

are those with spacings of 1 cycle/day, which arise from the natural

diurnrl pattern of nighttime astronomical observations. The ;iahlen is

'~

exacerbated in the case of the rlpidly'oscillating Ap stars by the pre-

s




sence of many closely spaced and/or rotationally-split frequencies in

N . ’
several of these variables. Identification of each true frequency from

its aliases (and those of other ne{ghbouring frequencies) is not always

a simple matter, particularly if the intrinsic frequency spacing is

~

close to an integer mulctiple of 1 cyéle/d;y.

By reducing or eliminating the large gaps between sets cf obser-
vations, one can in turn reduce or eliminate the corresponding aliases
in_the frequenfy spectrum. Strategles for continuousguonitoring of a
star from a single site involve the use of a near-polar ssftion or a
" satellite in a suitable orbit. Suitable facilities for'rapid stellar
photometry do not currently exist to realize either of these options.
A more practical approach is to make contiguous sets of qbservations
from several grohnd-based sites spaced widely in longitude. ‘féha value
of an observing programme like this was aptly demonstrated by the his-
tory of the frequency analysis of the fapid oscillator HR 1217. Kurtz
(1982), on the basis of hii_SAAO observations alone, identified only
two frequencies in this star: each finely-split into a triplet. Con-
temporaneous observations made later from both South Africa and Chile
(Kurtz and Seeman 1983) showed that allasing in the earlier data set
had masked the true pattern of six equally spaced frequencies.) In
principle, given clear weather and an appropriately:place9 star, a
minimum of only three observatories located at 8-hour intervals in
longitude could oéfer complete daf{ly coverage of the star and the
elimination of the cfcle/day aliases in the frequency.lnalysll of the
data. (Feasibility and site-testing studies carried dut for prbpo.od
global monitoring of the Sun (e.g. Global Oscillation Network Group

1985) recommend a minimum of six stations to ach{eve a -92% duty cycle.)
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For this investigation of HD 60?}5, rapid phgtonetry was carried
out in two campaigns from th;ee locations* (observers are indicated in_
boldface):

a) the Las Campanas Observatory (LCO), Chile, using the University
of Toront? 0.6-m telescope and 1P21 (S-4) photometer (the suthor);

b) the ‘hrro Tololo Inter-American 6bservatory (CTIO), also in
Chile, using its 04?;- telescope and phetometer, with an FW-130 (S5-20)

phototube (the suthor); and  ..-- |

L
X

\.'5 :
*e) the Sutherland statidﬁ“9£/SAAO using its 0.5-m telescope (and

on three nights, the 0.75-m telescope) and The People’s Photoneter.
wvith an §-20 tube (Dr. Donald Kurtz and his assistant, Fred Marang).
The observing campaigns, conducted primarily in the early months
of 1986.und 1985, resulted in a t&nl of 64 nights of data.of vhich 11
vere contiguous or overlapping betveen SAAO and one of the Chilean
sites. Since ;nly two longitudes were availahble, daily gaps in the

~

relultané,data were unavoidable; the longest "continuous" run lasted .
nbout‘lb hours. However, the mere shortening of some of the daily gaps
in the record .etvel‘CO reduce the amplitudes of the.cycle/day side-
" lobes in the Fourier spectra and thus to clar%iv the identification ofs
the 'l:ruo' frequencies. \\ -~

The observing routines at all three observatories were essentislly
the same. Measurements consisted of continuous 20-second integrntions
of HD 60435 tLrough a Johnson B filter. (A broad ban&pasl was neces-
sary &o ensure sufficiently high photon count rates. White light

measurements would gharantee good rates, but would have made extinction

C
+ An observer had been recruited to monitor the star fron a fourth
obssrvatory in New Zsaland during the 1985 campaign, but no results
were obtained from there.

, -
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corrections aﬁa coaparisons to the results of other observers more
Aifficult. The Johmson system had already been employed by previéus
observers in the field, the B filter was chosen since eaflier multi-
’colour observations of roAp stars (e.g. Kurtz 1980) indicated that
oébiilation amplitudes are puch smaller in V.) A large (~30-40 arcsec)
diaphéagn was used to minimize edge effects.and guiding errors. Star

c_obsgfvgtions were éccasionally interrupted for sky baciground measure -
ments and telescope guiding. (At CTIO, however, an offset gulder was
eﬁployeg.) Sky readings were made as often as once an hour wheg the
moon was above the horizon, but spaced aperiodically to avoid intro-
ducing additional aliases COIChe dgcta.

Typical stellar counting rages ;t the LCO telescope wereg -12000
counts s-1; at CTIO, ~23000 couﬁii s 1. The sky background varied
between about 15% (during full aé@n Q;d at) large zenith distances) down
to 0.2% (during "dark time®") of ¢ lar photon flux.

Numbers of counts and starting times of integration were automati-

cally recorded by compﬁter on various media, depending on the observa-

tory and year (e.g. LCO 1984 - thermal printer tape; LCO 1985 - floppy

disk; CTIO - magnetic tape). The times were obtained from the compu-
ters’ intermal clocks, synchronized at the beginning of each night with
WWV standard time signals to within 0.5 second or better. (The Jrift
of each of the clocks was less than 1 second in 24 hours.)

A complete log of observations is provided in Table 2.1, listing
calendar and“iulian date.'obler;atory and observer, length (in hours)
and nunser of {ntegrations per night, and the standard deviatiom, ¢ (in

mmag), of one 20-sec imtegration relative to the nightly mean. (The

A\

te o contains contributions from the Pqisson noise of the measure-

.
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TABLE 7 1
LOC OF PHOTOMETRIC OBSERVATIONS
HJD observatory/ t e Aot
Date {2440000+) observer (ho)t N (mmag)> (mmag)
‘._ ) First campaign

1984 Jan 19/20 - 5719 LCO/IMM 7 33 1186 s 1 17
20421 5728 LCO/IMM 6 89 1110 § 4 1.8

- 21422 5721 LCO/JIMM 719 1128 11 7 25
©22/23 5722 LCO/IMM 7.46 1273 § S 1 8
23/2¢ 5723 ‘LCO/JMH 7.5 1280 S 11

’ x

25/26, 5729§L\\; SAAO/DWK . 6 48 1105~ 3 8 0 8
LCO/IMM 7.47 (13.43)° 1281 6 1 1.2

"26/27 5726 *° SAAQ/DWK 4. 64 -~ 789 36 0.9
LCO/JMM 7.38 (12.02) 1260 12 1 2.4

28/29% 5728 SAAO/DWK,  6.63 1110 41 0.9
LCO/JIMM 6.74 (13.53) 1149 7.5 1.6

29/30 5729 SAAO/DUK  4.70 829 1.5 0.9

. LCO/JMM 7.46 (14.58) 1279 17 0 3.4

30/31 5730 S&AC,/DWK 6.2Q s~ .. 1099 3.2 0.7

. LCO/IHM 7.65 (13.59)\1316 ua 2.2

Jan 31/Feb 1 5731 SAAO/DWK 5.71 . 1007 0.7
LCO/IMM 7.62 (13.61) 1318 9.6 1.9

Feb 1/2 5732 SAAO/DUK  3.76 1024 4.0 0.9
2/3 5733 SAAO/DWK 5.61 993 2.9 0.6

3/4 5734 SAAQ/DWK 5.66 1004 3.2 0.7

4/5 5735 SAAO/DVWK 5.42 962 3.8 0.9

5/6 5736, SAAQ/DWK 5.96 1057 3.4 0.7

6/7 5737 - 'SAAO/DWK 1.89 328 28 1.1

Second campaign

1984 Nov 13/14 . 6019 SAAO/DWK  1.32 ~ 217 6.5 2.0
. 15/16 6021 SAAO/DWK -* 1.20 204 4.9 2.2
16/17 6022 SAAQ/DUK 2.82 477 &7 1.4

17/18 6023 SAAO/DWK 2.65 - 452 4.8 1.5

18/19 6024 SAAO/DVK 2.76 485 8.3 2.5

(continued)




- TABLEf? 1 concd

HJD Observatory s t IS Agor
Date (264600004 obsertsr (ho)! N (mmag) (mmag)
1985 Jan &/9 - 6074 SAAD,/FM 2 2% 371 e 3 15 w
9/10 6075 SAAC/FM 0.48 ° 77 S 9 318 .
. LCO/JMM 6.49 (10 40) 1029 4 4 10 .
‘ 10/11 6076 SAAQ/FM 2.02 315 4 8 1 8 4
. 11/12 6077 * Lco/mM 722 1169 4 8 18
Lo 12/13 6078; Lco/aMM | 7.20 1181 Séa 10
._j. 13/14 6039 LCO/JIMM 7.20 1144 S 3 11 «
: > . . . .
w 16/17 6082  SAAO/FM 2.00 326 6 9 1.9 « -
* To17/18 6083 SAAQ/FM 0.47 80 47 3 g.‘g
21/22 6087 SAAO/FM 1 78 280 50 - N
26/27 6092 SAAQ/DWK 2.93 466 8 7 27
27/28 6093 SAAQ,/DWK 1.99 - 340 12 2 TARA
28/29 6094 SAAO/DWK 1.95 336 71 25
LCO/IMM 6.59 (12.82) 1027 13 9 3.0
> 29/30 6095 SAAO/DWK 5.63 947 9 7 2.2
. LCO/JMM 4.85 (10.81) 775 59 1.5
30/31 6096 SAAO,/DWK 1.19 - s 182 4 7 22
LCO/JMM 4.56 ( 7.54) 722 111 2.8
Jan 31/Feb 1 ° 6097 SAAOQ/DWK 0.91 148 5 4 2.8
. ’ LCO/JMM 4.88 ( 6.51) 757 8 3 21
Feb 172 6098 LCO/IMM 4.89 828 7.2 1.7
2/3 6099 SAAO/DWK 1.76 289 7.2 2.8
3/ 6100 . SAAOQ/DUK 5.38 909 8.8 2.0
4/5 6101 SAAO/DWK 5.67 950 £.6 1.9
CT10/JMM 6.40 (12.77) 1051 4 9 0.9
5/6 6102 CTI0/IMM 7.41 : 1235 5.0 1.0
. 6/7 6103 SAAO/DWK 1.61 231 6.6 2.8
I : CTIO/IMM" 7.51 (13.36) 1253 6.0 1.2
- 7/8 6104 CTIO/IMM  7.47 1265 3.6 N W
© 879 6105 CTIO/JMM 7.32 . 1211 4.4 7
9/10 6106 . CTIO0/JMM 6.70 1139 3.7 0.8
10/11 6107 SAAQ/DWK 5.52 3 | 6.5 1.5
. CTIO/JMM 6.48 (12.79) 1103 6.1 0.9
11/12 °. 6108 SAAO/DWK 4.33 648 5.2 1.4
CTIQ/JIMM 6.31 (12.54) 1084 3.2 0.7 *
¢ 12713 6109 CTIO/JMM §.61 1144 3.1 0.6
, 13/14 6110 CTIO/JMM 5.22 894 2.5 0.6 «
14/15 6111 . CTI0/JMM 6.43 ‘ 1091 3.3 0.6
15/16 6112 CTIO0/IMM 6.61 1164 °5.2 1.1
Mar 19/20 6144 SAAO/DWK 1.29 222 5.2 2.2 o

! The numbers in parentheses represent the total coverage (in hours)
from two sites when contiguous sets of observations were obtained.

JHM - Jaymie Matthews; DUK = Donald Kurtz; FM = Fred Marang

it
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-entsf-iﬁy transparency variations during the niéht. and any intrinsic

variability of the star itself).

The final column of Table 2.1 of£grs an estimate of the minimum

anplitudc.rAggg (again in omag), ofrjp;oscillation which should be
detectable with 998 confidence in a Fourler periodogram of each night
of dat;. _This parameter is based on Scargle’s (1982) ~false alarm
probability” for properly ngrmalized spectra of unequally-spaced time
series. (This is also discussed in greater detail in the next chapter.)

*

Data reduction .

~

Tﬁe‘rav LCO and CTIO photometric measurements were reduced by the
author at UWO. (The SAAOQ observations were p}ovided by Dr. Kurtz in
the form of instrumental magnitudes already normalized to a mean of
zero.) The reduction proce;ure involved:

1) Linearly interpolated sky subtraction.

11) Coincident pulse (or "dead time") cbrrection, by a simple
coaﬁonll-uscd formula (e.g. Harris ec al. 1;81) valid for counting

al.v‘
rates less than 0.5 MHz (Fernie 1976)
E Nen[l + rn] . . (2.1)

where N = actual photon arrival rate at the detector, n = number of
pulsés generated, and r = the "dead time" of the tube/predmplifier
combination éiie. the short;-t time between two photon arrivals in
which two distinguishable pulses will be produced). The quoted values

of r for the systems used all fall near 10-? geconds. 1In any event,

for the maximum counting rates encountered in this programme, the coin- =

cidence correction is not very important.
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iii) Correctton for atmospheric extinction. For ‘the in{g}c%\geduc-
tions, a mean first-order extinction coefficient, kg, for each sit;\:;s -
employed. (The coefficient kp_represents the amgunt of light (in mag-
nitudes) absorbed by one air mass (i.e. the thickness of atmosphere in
the direction of th; zenith) as measured through the B bandpass. 1t is
usually estimated by measuring the brightness of a star known to be
intrinsically constant at several zenith angles and plotting those mag-
nitudes vs. air mass. On a stable night, and if the zenith angles are
less than about 60-70°, the points should fall a}ong a straight line

_whose slope is kp.)
~ .
When the rapid and long-term photometric behaviour of HD 60435 was

better understood, kg was calculated using the programme star itself.

The star's mean intrinsic variability is considerably less than -0%0l

in B over a 7-8 hour interval. Once this was recognized, observations
of HD 60435 were averaged in bins of 20-minute duratjion to remove the
eff;cts of the rapid oscillations. These averages were then used to
‘construct a plot of instrumental nagniéude vs. air mass. A léast W
squares straight-line fit to the points yielded an eatinaée of kh. The
extinctiorf coefficlents so derived are recorded in Table 2.2. \

iv) Conversion:of recorded times to heliocentric Julian dates,
centred on the actual intervals of integration.

An4exanp1e of}; light curve of HD 60435, i{n which the “12-minute”

oscillations first found by Kurtz (1984) are easily seen above the

; noise, is presented in Figure 2.1.

Mean photometry

A rapidXy o.cillutfng Ap star also may be expected to exhibit the

RS
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longer-term photometric variations, associated with rotation, found in
many magnetic peculiar stars. Such Qariations typically have periods

of a fev days.

In order to determine {f this type of variability.exists in HD

60435, a comparison star was observed ac-;he beginning and end of most

ngghts.- Théweasurements of the programme star (HD 60435) at the start

' -
and end of each run were later.averaged over the longest period of

_‘oscillation detected. The difference between the respective programme

and comparison values, corrected for mean extinction, provided instru-
mental magnitudes twice each night per site. . .
The comparison star used was HD 59994AB, which has a visual magni-
étde of 8.5 and spectral classifications by several authors of A2m, AS,
and A7 SHouk and Cowley 1975). 1Its (1950) cooréinates are: a = 7h 28®
26%2, ; = -55° 12’ 0"2, placing the star about 2° 40’ from HD 60435.
It was selected by Kurtz (1984) for his first observations of JD 60435,
as cpi c;o:cnt star of comparasble spectral type and suitable brightness
vhich showed no evidence of variability.
In general, these comparison measurements were made on each night
that rapid photometry took place. On some nights, though, measurements
wvere missed for a variety of reasons (e.g. power failur; near the end

of the night). Those nights are indicated in Table 2.1 by an asterisk.

The.actual differential measurements are presented in Table 2.3.

Spectroscopy
Many Ap stars show spcctrq-;opic variability as well, with the

same period as the mean photo-.tric'variations.. Changes in the line

strength of HD 60435 may be correlated with its rapid oscillations.

te




TABLE 2 1
. MEAN PHOTOMETRY OF HD 60435

HID : HID ’
(24640000+) AB  Observatory (2440000+) AB ~  Observatory

~ -

.

First campaign

NS .
5385.299 0.528 SAAO 5724 .559 0 527 LCO
5385.499 0.527 SAAO $725.552 0.533 Lco- :
5386 .286 0.523 SAAO 5725.567 0.526 SAAO
5387.285 0.535 SAAO - 5725.860 0 523 LCo
$387.495 0.531 SAAO : 5726.340,, - 0.520 SAAC
5409 .260 0.526 SAAOQ . 5726.526 ° 0.518 SAAO
5409.425 0.526 SAAQ 5726.556 0.528 Lco
54610.260 0.535 SAAO 5728.305 0.532 SAAO
54610.460 0.537 SAAO 5728.553 0.535 1co
5412%261 0.525 SAAOQ 5728.560  * 0~535 SAAO .
5412.425 0.520 SAAQ T2 5728.862 0.539_ . Lco
S413.260 0.534 SAAO ' ' 5729.302 0.549 7' SAAO
5413.450 0.535 SAAO . 5729.553 0.547 LCO
5415.258 0.540 SAAD s 5729.902 0.53a LCO
S41%.426 0.536 °  SAAO 5730.303 0.534 SAAO
5423.251 0.525 SAAO ot 5730.505 ° 0.536 Lco
5426 .249 0.518 SAAO - ) $730.554 0.529 SAAO
5427 .249 0.525 SAAO ‘5731.30) Q.518 SAAO
S427.326 0.523 SAAO 5731.9%33 0.519 SAAO
S428.247  0.530 SAAO ot 5731.550 0.521 Lco
5429.372 0.531 SAAO . 5731.865 0.506 Lco
5719.545 0.521 Lco < 5737.303 0.520 SAAQ
5719.847 0.513 Lco $732.535 0.526 SAAO
5720.568 0.528 LCO 5733.301 '0.530 . SAAO
$720.852 0.543 LCO 5733.527 0.528 - SAAO®
5721.567 0.539 LCo §734.301 0.520 SAAO
5721.861 QW8 LCo 5734.529 0.517 SAAO
5722.550 0.535 LCo 5735.300 0.527 SAAO
5722.857 . 0.522 LCO 5335.518 0.521  SAAO
5723.532 0.514 . Lco , 5736.298 0.542 SAAO
5723.863 0.514 » Lco ‘ .~ * 5736.539 0.535 SAAO
'$737.300 0.544 SAAO
. . - 3
Note - AB = B(HD 60435) - B(HD 39994); . ‘
LCO magnitudes normalized to SAAO values; .
<AB(SAAO)> = <AB(LCO)> + 0.019.
: . (continaed)




TABLE 2.3 (corgpr’d)

. WID HJD
(2640000+) AB Observatory (24640000+) aB Observatory
) Second campaign
6019.479 0.514 SAAO 6097.5546  .0.540 Lco -
6021.541 0.538 SAAO 6097.757 0.540 Lco
6022.468 0.525 SAAO 6098.552 0.527 Lco
.$022.578 0.525 SAAO 6099 .440 0.522 SAAO
6023.476 0.517 SAAO 6100.296-° 0.516 SAAO
1 6023.579 0.520 SAAO 6101.29S 0.522 SAAO
- <6024 .468 0.525 SAAQ - 6101.551 0.512 CTIO
. 6024.576 0.528 SAAO 6102.542 0.511 CT10
6077.545 0.50% LCO - ~£103.301 0.512 SAAO
N 6078.554 0.518 Lco 6163.540 0.510 CTI10
6092 .342 013 sAA0 (0%795) 6106.538 0.531 CTIO"
6093 .303 0.529  SAAO (0.75) 6105.544 0.544 CTIO
) 6094 .300 0.524  SAAO (0.75) 6106.535 ' 0.536 CTIO
6094.552 0.520 LCco 6107 .286 0.519 SAAQ -
6095.305 0.516 SAAO 6107.507 0.524 SAAO
6095. 548 0.521 LCO , 6107 .544 0.515 CTIO
6095.753 0.523 Lco 6108.290 f-0.523 SAAO
| 6096 432 0.520 SAAO 6108541 0.509 CTIO
6096.553  0.519 1Lco 6109.539 0.526 CTIO
6097 .489 0.539 SAAO 6111.546 0.518 CTI1O
6112.538 0.537 cTtio 7

Note - Magnitudes obtained at SAAO 0.75-m telescope normalized with
respect to other measurements;
<AB(LCO,CTIO,SAAC 0.5m)> = <AB(SAAO 0.75m)> - 0.006.




During the second observing campaign (January/?eb;uary 1985), a dozen
photographic spectra of HD 60435 were obtained by the author and Robert
Slawson, using the Garrison specfrogtapﬁ of .the U of T telescope at
LCO. (Rapid photometric observations were also cgllected on the same
nights, eltﬂer simultaneously or contiguously.) The spectra wvere
recorded on 1la-0 Plates (both baked and unbaked) at a dispersion of 67
A/mm. Wavelengch coverage was ~-3800 - 4900 Aﬁ with S/N ratios of ~30 -
40. Exposure times were generally under two hours for the baked
p&gtes. A spectrum ;f a neon-argon comparison lamp was exposed for
about 40-60 seconds before and after each stellar exposure and adjacent
to it on the plate. Table 2.4 is a log of the spectral expoédg:s.

The photégrépbic,spe;tra were later digitized using the PDS micro-
densitometer of tpe David Dunlap Observatory for quantitative analysis
-~ of apy line s%ﬁength variations. . Continuum flattening, wavelength

3

calibration (using the Ne-Ar comparison spectra), and-normalization of

the scans were performed at the same time.
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III. FREQUENCY ANALYSIS

1]
v

Many techniques exist.for the detection of perivdicities in data.
Those applied to the analysis of astronomical photonecr& include:

v Methods which seek to minimize some period-dependent quantity,
such as the 'string length’ of a set of phase-ordered poiﬁts (Lafler and
Kinman 1965), or the magnitude dispers;on in pre-select;d phase bins
(Stellingwerf 1978), for a set of trial perieds.

v Maximum Entropy Spectra Analysis (MESA), which attempts to
"optimize” the information about the original £ime series contained in
its power spectrum (e.g. Burg 1975). -

~-V Least squares fitting to a small number of sinusoids who;e
periods, amplitudes, and phases are treated as free parameters (e.g.
Bevington 1969). .

8
— ¢ Fourier periodogram analysis (e.g. Wehlau and Leung 1964).

~

The first two types of analysis, and thbir kin, nak; no assump -
tions about the form of the periocdicity in the dafa; the remainder*
attempt to represent the light curve by one or more sine waves. If the
actual periodicity is markedly nonsinusoidal, then thesé techniques
introduce harmonic terms (at integer multiples of the true frequency)
into the solution.

Still, of these approaches, the Fourier periodogram has several
deancages. It does not suffer from aliasing in gapped data quite as

severely as the first two methods. (Fahlman and Ulrych (1982) have

tried to "fill the gaps”™ in trial data sets by applying a predictive
\

+ Scargle (1982) showed that Fourler periodogran anxlysls and
least-squares fitging of sihe waves are essentially equivyalent~




L . 6‘

‘A filier to the observed data segments, to counter this drawback in MESA |
. ]
‘. - -~
‘ analysis. However, such techniques have so far only been used for

short gaps and tho‘ir reliability for extended ones is 'quosciom‘éle.)
The structure of the Fourier "window function” (which‘decgrnines the
+ sizds and spacing of slias peaks in the periodogram) can be well sp?ci-
. fied. Also, the statistical nature of the Fourier periodog;iI'TE-EF' -
: ably' the best undefstood of the various types of frequancy spectra, -

particularly .in the wake ‘of work by Deeming (1975) and Scargle (1982).

The Fourier transform and periodogram . . ..

_Thcrébare Bany éo-préhensive reviews of Fourier_analysis available
to the interested reader (e.g. the texts by Blackman and Tukey (1958),
Jenkins and Watts (1968), and Papoulis (1977)). A very brief introduc-
tion to the 3ubject ig provided below.
For a continucus functbon of a single variab{e, f(t): the Fourier

transform is g{ven by . -

- F(v) = | £(r) e(i27vt) g ©- 3.1)

T . te=-w

'
wvhere t usually represents time and v, frequency. When ‘dealing with
. . *e .

real data, sampled at a finite number of times t; (i - 1,...,N), one

) | o | e - -
. . ' . Fy(v) = ﬁlfm) e(i2zvty) . (3.2)
N - .

. “
S L 'y

can define ag&iscreté Fourier éransfom, ’ -

-

(A particular case of the discrete transform, where At = ty - ty_j

=,.constant, can be calculated using an algorithm known as the Fast

Fourier Transform or FFT. It is so named because it makes very




S o ‘ ) “ P

efficient use of machine ci-e: Unfortunately, the large gaps batween

nights of data make use of an FFT impractical for analysis of wore than

a single night's’ v;rth of HD 60435 data at a time. Sinc;-;hh computing

time needed for ome night of data using the general form of the trans-

, form-is quite small, no s}gnificant deantage is gained by switching to
the FFT method for this analysis.)-

For equal data spacing. the transform need be evaluated only up to

an upper limiting frequency known as the Nyquist frequency,
. vNyq = 14(28¢). ERN

Above this limit, the spectrum is a reflected image of the power pre-

sent at v < vNyq. No additional information ®bout the Fourier compo-

sition of the time series is available in this fegiié. When the g¢ata

is not equally spaced, the Nyquist frequency i{s not rigourcusly
defined. Scargle (1982) suggests the use of a "generalized" Nygquist

frequency, using the-mean data spacing as At in equation (3.3).

" For the purposes of qqpérical evalgstioﬁ. équation (3.2) can be

. expanded into‘its‘i::i.and {maginary parts, . .
‘ Fn(v) -iglf(:i) [cos(stti) + 1-sin(2wvt1)] ] (3.2a)

el .
. and the periodogram - an estimate of Fourier amplitude as a function of

€5p§uency - becomes .

\ . .o

I Pa(v) - % {[iz;f(ti)cos(2;y;13]2 + [121f(t1)31n(2nvt1)]i}. 3y

* 1
R

3

Deeming (1975) has described ths ’'pathology’ of periodogram

analysis of unequally-spaced time series. His algorithm has found‘

’ ' ) ’

-




widespread use in the astronomical applications of Fourier analysis.
Scargle (1982) later -odified‘;hqt classical periodogram to recover the
simple statistical behaviouf of thé equally-spaced case. He developed
an expression.for the “false alarm probability”™. Since power at a
given frequency is expone:cially distributed about that frequemncy, the
probability n chat a peak of heigﬁt z (in power) occurs in a periodo- |,

gram of a sample of pure white noise is

&

ne=1-( -e®N : (3.5)
vhere N is the number of indeéenden: frequencies which are searched and

the power z has be d with respect to the standard deviation

of the sample. (Horne and BaJiunas (1986).provide an empirical formula
for the number of independent\frequencies which are'available from a
"given g;nber of data, based for the most part on samples of even
spacing.) One'can then set some limiting ptabability,-;qy n - 0.0f, to
calculate a minimum peak height above which there is only a 1% proba-
bility of observing a peak arising solely due to noise.

© apply the Scargle criterion to an amplitude rathef than a power

spectrum, 2 (actually a power "signal-to-noise" ratio) is expressed as

.

z = Ng [{;‘]2 (3.6)

~

vhere N, = the number of points in the time series, X =~ the amplitude
of the peak, and o = the standard deviation of the data.

Values of the 4-p11€ua.. corresponding to n = 0.01 (i.e. 99
confidence) and N < 2000” for the nightly data samples of HD 60435 were
intluded in Table 2.1. These ii-iclng amplitudes. represent fairly
conl;tthlv‘ estimates for the 99% confidence level. The Scargle

criterion is strictly valid for a data set which cbntains only a single

£
x
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)
- N
frequency and white noise. The results contained in this work demon-

strate that HD 60435 can undergo multiple oscillations at one time.
The presence of two or ;ore oscillations siuult;;eouslf vill raise the
calculated value of ¢, which in turn results in an overestimate of
Agog- Also, the noise speétrun for non-differential photometry is not
white; there is a significant frequency dependence in that the sky
noise is greater at low frequencies (see Figure 4.1). Since only a

single value of o is calculated for each night of data, ¢ (and again,

Ag9g) is likely overestimated for the frequency range of interest.

‘Aliasiqg and the Fourier spectral window

The sampling rate of observations, l/At, during a nightly run is
fairly easy to control. It is selected to ensure that the Nyquist
frequenc& for the sample is greater than the highest frequency of

tnterest. Therefore, Nyquist aliasing does not present a problem in

#

the analysis of these data. However, with observations from only two
longitudes, daily gaps in the data record - and the resultant 1 a-1

aliasing in the Fourler spectrum - cannot be entirely eliminated.

Fortunately, the alias signature or spectral window can be determined

J
for any given time series.

-

The observing record might be thought of as an infinite lequenca
of discoete équally-spaceé_igf:-n&lciplied by a series of "box® f:né-
tions of unit height, whose separations aﬁd widths reproduce the seg-
ments of time during which data vere actually collected. Lst us refer

to this as the observing window, which has a unique transforam in the

Fourler regime.

Figure 3.1 outlines how a simplified version of a typical astro-

-
N

\
/
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nomical observing window may be represented in both the time and fre-
quency donai;s.‘ (Qé;assune'that. while observations are being made,
the sampling rate ;s high enough so that VNyq 1s much greater than 6 ¢
d-l (the highest frequency represented in the transforms in Figure

3.1).- On the left, a Shah comb of delta functions [a] spaced by 1 day

(thg nightly observing cycle) is convolved with a box [b] of width 8

hosrs - 1/3 day (the length of each night’'s run), and then multiplied
by another box [c] of width 7 days (the span of the entire run) teo
produce the completed window {d].

The Fourier transform of each contributor to the observing window
is shown onAthe right of Figure 3.1. Note that convolution (multipli-
cation) in the time domain corresponds to multiplicatién (convolution)
in the frequency do;ain. To the left in panel (d] is the tranform of
the final window. The actual spectral window (in terms of absolute’
amplitude) for the sample is given in panel [e] of the figure. It -
shows how a single sinugoid sampled in this way spawns a number of 1
d'l,aliases of nen~negligib1e amplitude. |

*For comparison, Figure 3.2a is the actual distribution of the HD
60435 observations during the first campaign, and Figure 3.2b is the
amplitude window for that sample. The paftial 'firling-in'.of some of
the daily gaps has reduced the amplitudes of the alias sidelobes.
Inequalities in tﬂe lengths ané spacings of the nightly observing
"boxes” account for the asymmetry of:the ;pectral window.

The regular pattern of the spectral window helps to pick out true

oscillatians in a spectrum from random noise peaks. It can also be
- " 7 .
used to 1d¢nt1fy’the frequencies present in the dats by successively

removing the power assoclated with candidate frcqhoncie-. Rather than

/ .
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FIGURE 3.2 (a) The actualuclne-dogain window for the 1984 observations
of HD 60435. (b) The spectral (amplitude) window corresponding to (a).
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doing this in the time domain by prewhitening the data (i.e. subtrac-
ting from the light curve a sinusof& of the selected frequency, ampli-
tude, and phase), tée Yemoval can be carried out in the Fourier domain
using the technique of Gray and Desikachary (1973). The spectral’
window pattern is centred on the chosen.frequency in the periodogram,
scaled to the amplitude of the peak there, and subtracted from it. The
process is repeated unti]l no further alias patterns can be recognized

above the noise level of the spectrum.

Analysis of the HD 60435 observations

All of the rapid photometric data of HD 604?5. including the SAAO
observations provided by Kurtz, was analysed by the author at UWO. A
roltine similar to that of Deeming (1975) vas employed. The FORTRAN
programme was originally written by Dr. William Wehlau and later modi-
£1 the author. (See Appendix B for a complete listing.) There
are two major differences between this programme‘and the Deeming
approach:

1) Since the .periodograms are always generated with a grid of
constant frequency spacing, the number of explicit sine and cosine

calculations required are reduced through the use ®f recursion rela-

tions which exploit the simple trigonometric identities

sin(x + Ax) = sin(x)cqs(Ax) + cos(x)sin(Ax) (3.7a)
cos{x + Ax) = cos(x)cos(Ax) - sin(x)sin(ax). (3.7b)

Thése are substituted into equation (3.4), where x = 2rc1v1, Ax =

>

o

2xty{Av, and Av = vy - vy.1.

ii) Given a get of observations collected over many nights, there

"

are advantages to treating the data in different segments. A periodo-




gram of :h:_entire set will provide the best frequency regolution,
while one b:.sed on a single night’'s data will be free of cycle/Mayt
aliases. If the data contain a modulated oscillation, then a subset of
those daéa selected at times around maximum amplitude will enhance the
signal and minimize the effects of strong beat frequencies. )

Thereforﬁ, the Fourier periodogram programme is divided into two
part;. in the first part, ché sums of the sine and cosine terms
enclosed in square brackets in equation (3.4) are calculated and stored
as intermediate files. 1In the second, the sum files can be coadded
wvith similar files from other nights of data and normalized to produce
periodograms for various conbinations'of data without expensive recal-
culation. New data acquired later can also be ?troduced h\-,rith relati-
vely little effort. ‘

Tests of this programme by the author using real and simulated
data ;3?3 (and independent tests by Kurtz (private communication) with
a similar period;gran goutine) demonstrate tpat it yields the ‘same
results as the Scargle algorithm.

For every night of data, 'a periodogram was genera&ed over a range
of frequencies from zero to the Nyquist frequency (vNyq - 35 nHz).- At
this st;ge, amplitudes and phases for 2500 frequencies in this range -
were calculated. The constant frequency spacing of 10 uHz represented
a typical oversampling factor of about 3 - 4 X, simply to ensure ade-

quate resolution of any spectral features.

Bach amplitude spectrum vat;exanined for significant peaks above

the noise level. Significance criteria were twofold: i) The mmplitude

of the peak must exceed Aggy, the minimum above which a peak has a

false alarm probahtlitﬁ'loss‘thnn ls, énd 11) the peak must occur at a

S0




frequency uncontaminated by sky variations. In general, the latter
requirement set a lower frequencl limit of approximately 0.5 aHz °
(pe;iod - 5 hour). In none of the spectra were:stgnificant peaks
detected éF frequencies above 4.5 mHz. Thergfofe, to m;re clearly
display the\frequency region of interest for HD 60435, the periodogranms
in this work™are plotted only to a maximum of 4.5 mHz.

The data provided b; Kurtz had already.been filtered ta remove
much of the low-frequency power due to transparency/background varia-
tions. This was done by successively subtracting sine waves at fre-
quencies corresporfiding to the low-frequency peaks.

Such filtering was avoided if possible in the author’'s data. 1In
those cases where long-term variations might introduce harmonic power
in the frequency range of interest for this study, the trends were
removed by a cubic spline filter fit Ssée Appendix C) to averages of

_points separated by no less than 45 minutes. 'Before; and "after”
spectra were examin;d to ensure‘that the filter added no spurious power

in the relevant frequency range. The Fourier spectrum of each spline

filter, such as the example in Figure 3.3, was also checked for any

‘undesired peaks.

After potential oscillation peaks were single&'ouc, high- Lol
resolution (Av = 0.1 uHz) amplitude spectra were generated from many
nights o% data, in order to deteruing frequency values to greater
precision and to study any fine structure present. These petiodbgtaﬁs

suffer from 1 d-1 aliases; in some cases, the spectral window filtering

techniquc described above was used to distinguish individual frequen-

- .

cies wifere several aliasing patterns overlapped.
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®
IV. THE OSCILLATIONS OF HD 60435

The oscillation specdtrum of this star is the most complicated yet
studied aﬁong the roAp stars. Even after two extensive joint observing .
S
campaigns, the frequency behaviour of HD 60435 is not completely under-
stoed. The findings of the two campaigns are outlined separately below

to establish for the reader how the frequency identificagions were

arrived upon. . -

Results of the first campaign

The amplitude spectrum of the data from the entire joint runm (JD
2445719 - 737), covering frequencies from 0.5 to 4.5 mHz (i.e. periods"
from just over half an hour to less than four minutess, is shown {n
Figure 4.1. (At f:;quencies le;s than O.S'mﬂz; the sﬁectrum is domi-
nated by éestdual sky variations. The upper limit of 4.5 mHz Is close
to the 'generali;ed“ Nyquist frequency for the complete sample.) Peaks
are evident at frequencies near 1.1, 1.4, and 4.2 mHz (periods near 153,
12, and 4 minutes, respeccively).‘ Note the trend of.hihhe; noise with
decreasing frequency. Algo note that there is no evidence in the com-
bined data of a 2.8 mHz ("6-minute”) variation, as seen by Kurtz (1984)°

in his discovery observations.

a) Frequencies near }.4 miz (P = 11.9 mln).

Although the 1.1-mHz peak is the largest in Figure 4.1, the ones
near 1.4 nHi - also q;xdkt;a by Kurtz in his earlier observations -
appear more often 1A/the spectra of individual nights. Two such
spectra are shown in Figure 4.2. The presence of multiple oscillations

here is revealed by the width and pronounced asymmetry of the peak in

- “
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Figure 4.22, and by wvhat appears- to be another resolved peak just

" shortward of the largest one in Figure 4.2b.

Modulation ¢f the amplitude of the "12-minute” oscillations over

the 18 nighﬁs of the jé%nt run is quite obvious in the variation:of the
1.4-miiz peak in the nightly power spectra (Figure 4.3). Although no
definitive perl&d can be assigned to the -odul%fion fgon these data
‘alone, its timescale apgutg co‘ be around eight days. On:two n{ghts
(JD 26§5728 and -729), the LCO and SAAO amplitudes seem discrepfnt.

This may be an indication of more rapid modulation occurring over seve-

ral ‘hours. Ce- .
) : 7

) Figure 4.4 is an uplitude spectrym of the entite’jofﬁt-run. this
time sampling only fraquencics between 1.24 and 1 56 mHz. This shows
l:ho fine structure luggelced by Figure 4.2, but the situation is com-
plicated by the aliasing. An smplitude spectrum. of t.he contiguous
i};hc curve of SAAO and'LCO data from JD 2445728, with higher resolu-
tion than the specttﬁ-‘§f~Figure 4.2a but still no 1-4-1 aligses, is
rcptoduc:d in Figure 4.5. At least three near‘ly eQuaAlly spa‘:.ed peaks
are pattially resolved;  the spacing is approximately 26.3 puHz. (The
resolution of this part{cular spectx;m is Ay - ¥/13.53 hr-l « 20.5 |
pHz. 1t is unllkoly__ that the equ;l 'lpaclng‘ of the three peaks is

/merely an a't\tlfncc of cita resolwtion limit for the ciau-sa-pla. -The
other smaller peaks in Figure 4.5 are separated from their mi;hbous
by vatiou-' Ml‘l lntomll ranging from sbout 21 - 36 aHa.)

) The two hl‘hclt sets of peaks in Figure-4.4, vhich covers roughly ~
l:ho _same frequency un;c as Pigun 4.5 but\mcludu the entire data

u: colaeldc vith tvo of the proairient peaks described. above. A third
]
set of_poaks- matches the' remaining frequency. The other peaks are pre-




57

‘una K7aySju Yows 103 ueew oy3 s} pe3dold qr eyl

‘am1309ds 8yl Jo 19a9] asjou 9yl Aq peujwieisp 3jwi] i19ddn ue @IPOJpul sSmolay ‘e3wp
(su23s snyd) ovvs pue (siop) 0D1 oul jo v132eds 197Inogd 8yl ®wOl] PpeIVWIISe 91V¥ SOpN]

-j1dwe 9yl ‘e3eg UBIIN[ 'SA ZHW % '] I¥3U UOTIPI[]I§0 eyl jo sepnajlduy ¢ v FYNOIJ
. ./
4
+004L6vv2 Ar .
Gt 0} G2 0¢
T T T T T T T T T T T T T T T T T T T 1 O
+ .
. N »
+ o+ ° <
+ + + \ e
| : ) —Hl =
+ + -]
+ . . N . < MW
. ® [
+ ® o m
- ‘. . <42 3
° 3
W
7o)
. g
1 L1 1 { 1 1 1 1 | 1 | | 1 | 1 1 ) SN £
o

NOLYNIOSO




~

58
o

. . "ZHw #°1 aeveu sxeed uojjey
-139s0 aya Lquo Buymoys 195 vIBP ygel @XJIUD BYI JO una3deds spnajiduy 9% JYNOIJ

A}
e

»~ (ZHY) AON3INDIY
25 1 8y 1 -1 0b°1 91 2e*1 g2 1 - 21
. | _ : | _ | _ _o.o

.

Gewwy 3IQNLI 1dWY

L)
b 2
(e )

“ . 4 . ) . ,.w..o - M
m LANEND SN T T T LA S TY T I T T T T T T I T T T .O . ﬂ.
: €1 (21 €21 611 S11 111 01 K
(V)

h .




@
0
‘wm139eds Syl uj S9SPI(? {.P 2 1 ou 1% 91943 .‘uo:oﬁ L1qeaepjsuod s uojIniosex ’
” oya ydnoyaty vy eandpy sv eduei Aousnbeaj suws oy Bujieaod 'gz.CynT Ar uUC QVVS .
pue o)1 W01} PeUTEIqO GEweg QH Jo °AaInd IYFTY eyl Jo whijdeds epnajrdwv  §°w IWNOLL .
(ZH¥) AONIND3YS | ,
' 8" 1 22 01 © 9€°1 mm_;.. mm; : -
1 ) ! | ) . 1 ; 1 .
\ Lo 00
V -
. = |
o
—
[o—]
—
-
-
3 LY
- _ |
3 .
" 3
- D— '
0O,
T 1 T — T T T d 1 L T — T T T — | 1 1 W J N
0€1 9¢1 4! gil. 128! 0Ll




sumed to be the results of individual and co-added aliases.

There is a single frequency at 1.30371 mHz in Figure 4.4 which
roughly fits into the spacing patterm recognized in Figure 4.5.
Furcthermore, in another part of Kurtz's earlier photometry of HD 60435
(JD 2445383 - 387), one observes a frequency at 1.35210 mHz which also
falls into this patte?n. However, this latter frequency is notably
absent from the data set of the first campaign

The entire set of frequencies detected near 1.4 mHz in the first
campaign (and including the additional frequency from Kurtz's da@a) is
shown schematically in Figure 4.6.

The fine structure evident in Figure 4.4 has a characteristic
equal spacing of 1.4 * 0.2 yHz. There appears to be at least one tri-
plet present, although the most obvious candidate near 1.42 mHz is"a
byproduct of the aliases of the components of frequencies at 1.4075 and

1.4336 mHz.

b) Other frequencies
In the first six nights of LCO photogetry, osc@llationslyith

k2

periods near 15.2 and 4 ninutes were observed. These osclllatiéﬁ;'f‘

. declined in amplitude until, by-the time monitoring. had begun st saan

) __ciuy h;gt disappeared into the ,nqiae. Both frequency penks are vi.sible- ‘

'Ln tha petiodogran.ahovn in Figure 6. 7 :

Ptgﬂxe & 6 is an anplitude 1p¢cc:a# of tha gnt&ra dhta aet ;f‘
shovtng only fmuoncln betveén 0 SAfd 1. 22 nHz ‘!‘he -peutrun hexa
h;l a con‘;ﬁ;t unusual scfuctuxa Oris £r¢4uanpy‘is -vtdechd By :he e
‘ axp.ccqc 1Ia 1 Allat lidelobea Hovover‘ tvo o;hpr frtqﬁﬁnclco.saﬁm to

’;polhou aif,anoﬁn},qus 411.‘:1&13 patccm vtr)v{, wncing of -ligh:iy

gtmu: t:han A d -1 (apptoxlutoly 1. QZ d’l n Qctétnihod Erml t:hc-
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maxima of the peaks). The two patterns can be seen to merge into the

peaks of the first with increasing frequency. (The three aliasing

_patterns can be most easily distinguished using the composite peak near

1.10 mHz in Figure 4.8. The tight-hand peak [c] belongs to the 1-a-1
aliasing pattern; the remaining two [a&.b] are part of patterns with
1.02 d-1 spacings. In the peak near 1.125 mHz, for example, two of the
peaks have merged completely.)

Such an effect can be produced by the addition of two unresolved
aliasing patterns with central peaks of different amplitudes spaced by
slightly more than 1 d-1, but the frequency shift would be ﬁuch smaller
than that observed, given the resolution of this speitrun.

Frequency modulation of the oscillations (e.g. an increase in
frequency by 0.02 d-2) could reproduce such an anomalous pattern.
However, it is difficult to understand how only two of the many
frequencies present - all thought to arise from global variations in
the star - would be independently modulated. Moreover, the only known
mechanisa for frequency modulation of pulsation is stellar evolutiocn,
cert;inly neither a rapid nor a selective process. (This argument
assumes that the observed variations in HD 60435 are due to pulsa-
tion.) It seems most likely that the usual aliasing pattern arises
ffon the interference of more than three rormal al#esing patterns
superimposed upon one another.

Using th; window filtering technique described in Chapter 3, it is
possible to select a frequency triplet centred at 1.10077 mHz with a
spacing of 1.39 t 0.24 uHz (the same as the spacing observed in the
spectrum of Figure 3.4, within the uncertainties) and a fourth single

frequency at 1.11327 mHz to reproduce the observed spectrum. (The



fourth frequency is offset by 1.08 d-l from the ;entral frequency of
the triplet; its proximity to a spacing of exactly 1 da-1 may account
for the apparently "anomalous” aliasing pattern.) Even so, the reality
of this identification is unc;}tain, since the data sample clearly does
not span a single moﬁulacion period (if there 1s one) for these oscil-
lations.

Note: A significant feature of the spectrum in Figure 4.8 is the

-

resolution of any fine structure at all If the oscillations near 1.1
mHz were only';resent in the first six nights of# these LCO data, then
additional structure (beyond what is contained in a spectrum of the
first six nights) should not be resolvable. But there is indeed moge
fine structure present. Clearly, some power must be present at these
‘frequencies in subseqﬁent data - albeit at very low amplitudes - to
account for this.

The reglon of the spectrum near 4.2 mHz (P = 4 min), shown in
Figure 4.9, provides little information about fine structure, given the
low amplitudes of the peaks relative to the nolse. Whereas the noise
"continua” in the amplitude spectra of Figures 4.4 and 4.8 are rela-
tively flat, the noise level_}n Figure 4.9 appears raised between the
peaks of chf one definite aliasing pattern. There may be so many
interwoven aliasing patterns that the "continuum” noise level of the
spectrum is artificially raised by the co-addition of the bases of the
peaks.

Only one frequency is readily identifiable: 4.17307 t 0.00012

mHz. In light of the aliasing and. low amplitudes, it is. premature to

attempt any other analysis based on this spectrum by itself.

There is 1#:t1e, if any, evidence for the presence of the "six-

65




66

-119s0 aya A{uo 3ujmoys 13s BILP

(“HY)

A,

"zqw 7'% 1eau sjead uojley
nge1 2173u8 ayy jo umioads spn3jlduy  6°% FUNOIL

AON3NO I 32

93¢+ cC 8l ¥ AN 01"+ 30"+
] 1 | ! | 1 . | i | 1 |
_ 00
| >
| | =<
.IG
| | c0
—
: —I
; C
. | 50
[ N m}
'3°0 3
VI e
T T T _ T T T I T T T | T T T I * T T m.o
0LE 99¢ ¢9¢ 8GE 12519 0S¢
(d/9J) /
8




~

minute” oscillation rqﬁbr}ed\by Kurtz (1984) in any of the data from

this initial campaign.

——

Results of the second campaign

Figure 4.10 is a sample of ten periodograms selected from the set J(,
of 35 nights in this campaign. Across each is a dashed line which )
represents the value of A4 for that night, as given in Table 2.1.

The peaks evident at frequencies less than about 0.5 mHz reflect
residual power which remains after the filtering process described in
Chapter II1. Peaks which rise above Aggq are tagged with letters,;
these have been kewbd to the list of frequenciés in Table 4.1.

The differences in frequency resolution and noise level in the
spectra come about primarily from the respective differences in nightly
coverage and observing conditions for the corresponding data sets. The
CTIO observations, for example, consist of runs of roughly equal h
(6-7 hr) on nights of exceptional sky quality. Therefore the res’
tioffand the values of Aggy are comparable from spectrum to spectrum
over these nights. :

The periodograms of Figure 4.10 were chosen to illustrate a few of
the noteworthy features of HD 60435's oscillations which came to light
during the second campalign:

1. Frequencies near 1.4 mHz continue to dominate; these oscilla-
tions are the most persistent and reach the largest amplitudes.

2. The modulation timescale of 7-8 days for those oscillations is
evident. JD 2446022, -082, -098, -105, and -112 are nights during

which the "12-min" oscillacionq.{gfched maximum - or near maximum -

amplitude.
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FIGURE 4.10 Amplitude spectra of ten representative nights of rapid photo-
metry of HD 60435 from the 1985 campaign. Peaks at frequencies less than
about 0.5 mHz are the residuals of sky transparency variations which have
been filtered from the data. The dotted lines indicate amplitudes above
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which peaks are copsidered statistically significant at the 99% level (see
discussion in Chapter III). The letterns above the peaks are keyed to the
list of frequencies {n Table 4.1. (Figures 4 .10 and 4.11 are taken from
Macchews, Kurtz and Wehlau (1987).)

89
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' )  TABLE 4 1
~ FREQUENCIES OBSERVED IN HD 60439 . i
Frequencies in xtalics are values derived from the first canmpaign
v (ﬂ; {:*3:] Possible.node‘ Tentative Dates ©detected
+ 0 Tf 2% .8 uHz (w rt vq) tMentrfication «JD 2445000 +»
a 617090 29 00 - 29 [::i:], 221 CRURE 1077, 1097
. T P a
b 0 7614 26 BJ =27 [“'1“}_ 141 n-13.1 100"
. ) o . n-13 . .
’ (n-12.2] -
c 0 8428 23.81 - % n-12 , 1 . . 1098
. N \ [n-ll,OJ' -
N .
- d 0 9397 20 06 « 20 n-10 , 2 (n-10,2] 1082
~ L
A 0 9906 18 09«8 n-9 2 (n-9.2} 1101
£ 1 0433 16 04" = *SF n-8 . 2 (n-8,21 1078
7~ P . L] T ,
¢ - 10990 13.88 ~ 14 n-7 .2 [(n-7.2] 1022, 1078
1 1008
s 113l 719723
- h 1.1482 11 98 = 12 n-é6 , 2 (n-6,2) 1077 1079
t© 117 fre0 - 11 ::g] 23 (n-5,1) 1101
= ) 1 2250 9.00 = 9 ::Z] . 2l [n-4,1) 1022
& 1 2848 6.68? e - 1105, 1112
. -
. " ko 1.3037 $.95 « 6 ::: 2 [n-3.2] " 1984 Combined’
. r .
1 1.3281 5.00 =5 ::;] , 121 fn-2.1] 1102, 1105
. L ‘
, _ _ ) . 1019, 1021-23
- 1.3525 4.06 =4 n2 ¢ (n 2,2} 1079, 1095-96
1.3521% , 1105, 1107
- - : .
n - 1.3810  2.95 =3, [:3] . 121 SNTRRY a2 1108
' . 1.)809 _ Py ; '
) v -
;e 1.4073 19«2 . a1 1! [n-1.2] * 1074, 1105-06
A 1.4073 i .
: 1 : r 1975, 1082
P -1.433% 0.92.«. 1 [" ] , 121 U (1) b
. j.ou ‘ n -1?97 98, 1106
A ' 1.4872 ‘0 "n, & © (n,2) 2985 Combined’ ’
. ' . . .
| J
XY . P
-4, z . ' ] .
' *




1 According to equation (4 1), such ¢hat (n-1), (2-3J) 2 0
~
2 up = [(7 x 25.8) - 8 2] uwHz

3 Detected in the amplitude spectra of several nights combined.
]

S
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3. There exists a series of peaks across a range from about 0.7

to 1.5 mHz (1.e. periods from about 20 to 12 min). The low-frequency
limit of this range is rather i{ll-defined, since real oscillations
below 0.7 mHz are more likely to be masked by sky noise, or conversely,
peaks due to sky noise at these lower frequencies can masquerade as
stellar osclllations. In any event, the filter applied to the data —
invajjdates an analysis at frequencies less than about 0.5 mHz.
4. On two of the nights listed in point 2 (JD 2446022 and -103),
peaks - indicated by arrows in F}gure 4.10 - occur near a frequency of
2.8 mHz (P = 6 min). In these spectra, they have amplitudes just below

the 99% confidence level; however, this level has‘'been calculated for.

the detection of a peak at any frequency in the spectrum. The Scargle
false-alarm probability of finding a random noise peak at a particular
freqﬁency.(in this case, at a 2:1 ratio with one of the 1.4 mHz peaks)
is different. The values of Aggy for a specific frequency in each of
the two data sets are approximately 0.9 and 0.5 mmag, respectively.
The peaks observed near 2.8 mHz are above these revised confidence
llnits;

5. Certain peaks can grow to (or decay from) observable ampli-
tudes in less than a day; e.g. the de;;lopnent of peak 'n’ Tin Figure

»

4.10 between JD 2446111 and -112.

.-

On the basis of spectra like those in Figure 4.10, from both
campaigns, a list of observed frequencies in HD 60435 was compiled in
Table 4.1. The frequencies were dgtermined to the quoted accuracy

using higher resolution spectra of many nights of data (e.g. Figure

»

4.11b).

An examination of the frequancies of Table 4.1 fcvoaied that
s
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almost all of the values fell into a pattefn bf.nepfiy-qdugiiqpﬁckqg .

vhich extended the comb of frequencies from the fi{it:c 2 infﬁ;hOUn

.
x

in Figure 4.6). The entire pattern is depicted a&ﬂﬁﬁﬁtic}iiﬁ 1njf;geée
4.1la, where the dashed lines mark the expected po;itiﬁn; ¢f"fréguanl A
cies which have exactly constant spacing. This'figuxo’lﬁd kﬂc'sé;ond
column of Table 4.1 demonstrates that the best ;verage ﬁalgelfnt th; ‘

spacing is about 25.8 uHz.

The p-mode oscillation spectrum
’ s

B L
The nearly equal spacing of frequencies observed in HD 60435 1is
reminiscent of the pattern seen in the solar oscillations, which are
attributed to p-mode pulsatiomns. Tassoul (1980) has shown that the
3

frequencies of such pulsations, if the radial overtone n is much lar-

ger than the degree ! (where ! = 1), are roughly given by

L 4

"n,l“"o[n"’é*’ c] (6.1

vhere ¢ is a small term which depends on the structure of the star and

only weakly on £ and n, and

vo = [ ZIgc(E}'ldr ]'1. (6.2) N

-

Here, c(r) is the sound speed of the gas at a distance r from the

star’'s centre and R is tHe total radius of the star.:
Note that, according to equation (4.1): if a star vibrates in -

consecutive overtones (n, n+l, n+2, ...) of a single mode of degree 2,

L) -

" then the observed frequency spacing will be v,; if the star vibrates in

several modes of exclusively even or odd degree (£, 2+2, 244, ...), the

\




t
spacing will again be v,; but if modes of both even and odd degree (!,

I1+1, 2+2, ...) are present, then the freaguency spacing will be only
1y/2. The observed spdcing in HD 68435 is‘apprcxi-ately 26 ulz, th&s,
for this star, v, should be either ~26 or ;2 “Nz .
Evolutionary status of KD 60435

Gabriel et al (}985) have calculated the eigenfrequency spectra
of main sequence models between 1.5 and 2 #g. Combining their results

with observations af the solar oscilletion spectrum, they conclude that

for MS stars between 1 gnd72;R@-

vo = {0 205 * 0.11) { ~ (4.3)

where M {s the star’'s mass and G is the gravitational constant. It is
relatively easy to show that, based on the above equation, lines of
constant v, are approximately straight lines in a log(luminosity)
log(effecdtive temperature) diagram. Given that a star’s luminosity L

is reiated to ity temperature T,¢f and radius R by

!
i

L - aT‘e‘ff X lfu\tl;l2 . (lo.lcas

and to its mass by an empirical mass-luminosity relation for main
sequence stars only a few times brighter than the Sun (Harris et al.

1963) )
\

p L M, (4.4B)

L
then it follows that v°2 « Tgff/LS/“, or

log L = Z% log Taff - 2 log vy + constant. (4.5)




Shibahashi and Saio (1985) have calculated these v, contours
nnalyticnily based on the interior sound speeds of stellar models with
masses near 2 M, A few such contours, along with some evelutionary
tracks for several models in the same initial mass range” are plotted
in Figure 4.12. The lower ends of the tracks mark the zero-age main
sequen;e (ZANMS) .

It can be seen from this figure that a value of vy = 26 uHz
(contour D in Pigu;e 4.12) would place HD 60435 well above the ZAMS
(close to contour A), beyond the point at which core hydrogen exhaus-
tion occurs in the model stars. It is unlikely that any observed Ap
stars have evolved this far off of the na{n sequence. For example,
peculiar stars are found in the young associations of Scorpio-Centaurus
kHill 1986) and Orion (Joncas and Borra 198l), whose ages are incon-’
sistent with having members which are highly-evolved A stars. There-
fore, a value of v, > 52 uHz (conto;r C) is more likely, suggesting
that HD 60435 is somewhat evolved but still close to the ZAMS band.
(The only other roAp star for which a similar pattern of near-equal
froguancy lpacing‘has been discovered is HR 1217 (Kurtz and Seeman
1983). For this star, the observed spacing is ~38.5 uHz; -by a similar
argument . to cﬁut used above, tBe itferred value of v, is about 67 uHz.

r

~ Therefore, examining the contours of Figure 4.12, HD 60435 appe;ru
slightly more evolved than HR 1217.) - .

Ulin; squation (4.4a) and the vy = 52 uHz contour in Figure 4.12,
and ‘assuming that this rodp star falls somewhere within the § Scuti in-
stability strip, the radius of HD 60435 can be estimated:

R=~2.21%0.3 Rel

76




LY

D ~26 uHz "

FIGURE 4.12 A theoretical H-R diagram of -the evolutionary tracks of stars-
near 2 Mg with chemical composition (X,5.Z4) = (0.70,0.03) and a2 T-r rela-
tion from Kurucz's (1979) standard model atmosphere (Shibahashi and Saio
1985). The solid straight lines labelled A-D are contours of constant v,.
The dashed lines are the boundaries of the observed § Scuti instabilicy
strip (Breger 1979) converted to log L vs. log Teff. o
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which is roughly 1.4 x the radius of a main sequence star in the spect-
ral range AS - FO which is most likely to encompass an rodp star.

The portrayal of HD 60435 as a star which has evolved furthetrbff
of the main sequence than some of the other cool Ap stars is boldgered o

L ]

by the interpretation of its Stromgren indices (Chapter I). HD 60435
is the only one of the roAp stars which falls at the upper bound of
Golay's (1974a) [u-b],B nain:sequence zone. It Mso has the only
positive value of éc), placing it above Crawford's (1979) cl,(:-f) main

sequence curve. Although some scatter in cj is to be expected due to

differences in atmospheric abundance, this s still highly suggestive

that HD 60435 is' the most luminous of the roAp stars.

Mode idenCificacfon

A value of vy = 52 uHz in turn eignifies that adjacent frequencies

in the pattern depicted in Figure 4.11 represent overtones of alternat-

ing even and odd degree. The third column of Table 4.1 shows the combi-

jnntionn allow;d by a limited £unber of degrees fy, where the frequency
vq has been arbitrarily designated as (n,!).

When examined in detail, the frequency spacing between adjacent
modes i{s not oxpo?ted to be preciaelz uniform, and the observed
inequalities can further restrict the possibilities for specific mode
identifications. Shibahashi and Saio’'s (1985) calculations of theoret-
fcal oigonft-quencio{ for their A‘stnr models indicate that these in-

equalities will be systematic, such that

v(n,1) - »(n,0) < v(n+l,0) - »(n,1) ~ (4.6a)
v(n,1) - v(n-1,2) > v(n,2) - v(n,1) (4.6b)




in agreement with the findings of Shibahashi ecr al. (1983) for the
solar case.

For HD 60435, frequencies vy to vq represent a part of the
overall pattern in which there are no gaps. These frequencies can be
used to test the above relations by equating the observed values with a
self-consistent set of (n,#) and substituting them into equations (4.6)
where appropriate. One finds that equation (4.6a) cannot be gatisfied
by the observed frequencies, and that equation (4.6b) is satisfied only

a mode with £ = 1, and so on. This

if vq {s a mode with 2 = 2, vp

added constraint restrigts the mode identifications to those provided
in the fourth column of Table 4.1 and at the top of Figure 4. lla.

The frequené? vk presents something of a problem in this scheme.
It clearly does not fit the pattern of l.- 1 and 2 modes that is
proposed for the other frequencies. By combining Shibahashi and Saio’s
numerical results for £ = 0, 1, and 2 modes, it can be shown that no
mode with £ < 3 should occur at frequencies beétweert a given £ - 1 mode

and the next higher £ = 2 mode. I offer no explanation for this fre-

quency at present, although it does not seem to be‘spurious. (Note:
One of the frequencles observed iﬁ the first campaign, vg' also does
not fit the pattern of Figure 4.11a. However, it is compatible with
either an £ -~ O or 3 mode in the Shibahashi and ?aio eigenfrequency
set. In addition, that particular peak in the amplitude spectrum
appears to have no sidelobes, which is expected of an £ = 0 mode in an

oblique pulsator.)

The overtones njy of the modes in Table 4.1 cannot be dctcrnin;d

with precision, but equation (4.1) can be used to estimate their
!

range. The frequency ratio of consecutive overtones of like degree may




' be approximated by reexpressing that equation as

Yokl 2 o+ (£/2) + 1 )
) o (4.8)

Taking the frequencies and proposed ! values from Table 4.1, one finds
that the O&vertones ertend from ~26 - 28 for the highest frequencies

o

down to ~ 13 - 15 for the lowest.

an

The higher frequencies: Resonances or harmonics?

The peaks Iin the Fourier spectra at frequencies near 2.8 and 4.2
mHz have been detected only intermittently. These frequencies occur at
~2:1 and 3:1 ratios with the dominant osc{llations near 1.4 mHz. They
might be the first two harmonics of the Fourier composition of the non-
sinusoidal shape of the 1.4-mHz light curve on different nights.

The behaviour of the 2.8-mHz peak is congistent with the harmonic
interpretation. Ome would expecﬁ the amplitudes of the harmonics ‘to be
mo?ulated in tandem with that of the fundamental frequency, and this is
indeed observed at 2.8 mHz. However, the 4.2-mHz péak'was large at
times when the 1.4-mHz oscillation was weak or ;ndetected. It is pos-
sible that this may be an oscillation arising from a nonlinear resonant
coupling. By inference, both the 2.8- and 4.2-mHz peaks may represent

\

such resonant modes. .

§0
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V. THE SPECTRUM OF HD 60435

The spectroscopic observations described in Chapter 11 were
obtained in conjunction with simultaneous or contiguous rapid
photometry to refine the spectral classification, and to determine:

i) 1f the star is indeed a spectrum variable, and if s¢o, to what
degree;

and, in the event of sufficiently strong variations
ii) a réugh estimate of the variation period (or timescale) for
comparison with values derived from the oscillation data and the mean
photometry; and
i11) any correlations between the line strength variations and the
modulatign of the oscillation amplitude (i.e phase of maximum/minimum
line strength relative to the modulation cycle).

A tfacing of the. average of the twelve exposures, covering
vavelengths from 3800 - 4600 A, is shown in Figure 5.1. “& few of the
i}rongest lines have been labelled. Many lines which are apparent upon
visual inspection of the photographic plates appear as "noise" {n the

continuum of the tracing.

Spectral classification

The strengths of the Sr and Cr lines are consistent with a late Ap
or FOp (SrCr) classification for HD 60435. The equivalent width of the
Hy line, W(Hy) = 7.5 + 0.5 A, is normal for an FO V or II1 star, based
on the correlation between Sinfnerstad’s (1961, cf. Golay 1974b) mea-
sured widths and spectral type. The equivdlent width of HS determined
from these spectra is approximately 11 + 0.5 1, vhich matches.a class

of A7 II1 according to the Sinnerstad relation. (Crawford’'s (1958)

! . -

-
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. ‘ .
calibration of W(HS) and the photometric index B leads to the value of-

B = 2.79 given in Table 1.2. The resultant position of HD 68435 in a
{u-b] .8 diagram (see Chapter 1) yields a rough spectral class of A8 V

or II11.)

W s

The Ca II lines also seem te indicate a somewhat“earlier spectral.
type. Thered are some concerns about the linearity of the plate at the
short wavelength end, but they are not serious enough to disqualify the
Ca II lines as classifying parameters. In an FO V star, Ca K and {Ca H
+ He] should have roughl‘ equal equivaglent widths, but Ca K is clearly
weaker in this spectrum.' The Ca K equivalent width isrwgughly 5 + 0.5
A, which matches A6-A8 (III-V) on Floquet‘s (1981) plot of W(Ca K) vs.
spe:tral type for normal stars between BS and FO. However, Adelman
(1985) cautions that the Ca II K line may not be a reliable temperature

®
indicator for the Ap stars, citing differences between the temperatures

¥ 4
he derives from the UV energy distributions of peculiar stars and the
results of Floquet. Also, Ca {s variable in some Ap stars; for exam-

ple, 53 Cam appears to have an inhomogeneous distribution of Ca on {ts:

surface (Landstreet, private communication).

Spectroscopic variability
¢

To dlsplay variations in line strengths, each individual spectrum
wag divided by the averaged spec;run of Figure 5.1. In tﬁ; divided (or
"ratioed”) spectra, lines weaker than average will appear as bumps in
the continuum, while stronger lines are seen ;q dep::qslons. Changes
in line width will result in 'doublc-hﬁnped' features. The divided
spectra, showing only the range 4050 - 4550 A, are plotted in Figyre -

5.2. On at¥least one exposure (3 Feb), there are signs that thc'photb-

metric properties of the plate are non-nnifori. and hence, line infor-
& "
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during the 1985 campaign (also tabul‘ted in Table 2.3). The light
curves show clear evidence of a secondary minimum in brightness. Both

sets of data have been plotted according to the ephemeris
JD(Bpipn) = 2445729.791 + (7.6662 * 0. 0C01)E. (6.3)

The period was determined by a "string length minimum" analysis of
all of the data, similar to the technique of Lafler and Kinman (1965).

(See Apperrdix B for a listing of the actual programme used and a brief

description of the algorithm.) 1If the oblique rotator model applies to-

HD 60435, then 7.6662 d represents the rotation period of the star.
The apparent double-wave shape of the light curve suggests that, 1if
this star possesses a measureable dipole magnetic field, the observed
effective field wilI'quergo polarity reversal. This argument assumes
that a dark photospheric patch is associated with each magnetic pole;
hence, magnetig extrema would coincide with light minima. )

A survey of magnetic and light curves of Ap stars available in the
litefature (Table 6.1) shéws this to be a reasonablefassumpcion. of
the sample of 19 stars, i7'reach minimuF B magnitude during an extremum
in m;agnetic fievld‘ strength, and 13 of those at the abséluce maximud in

“the magnetic curve. JFurthermore, note that light minimum in HD 60435

. coincides with oscillation amplitude maximum (Figures 6.1 and 6.2).

R

Recall from Chapte%-v that the spectroscopic observations of this star

suggest that peak Sr Il line strength also occurs at the same phase.

Another literature survey - this time of the magnetic and spectroscopic

~

variations of 18 Ap stars - by Flaquet (1979) indicates that the SrEuCr

Y . <

stars always have their rare earths, and elements such as Sr, concen-

—

trated at the longitudes of the magnetic poles. This tends to corrobo-

——

-
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line shows no marked deviations from average on any other night. o

[
iv) Variations of the 14481 line reveal no obvious correlation with \

. \
the photometric modulation, nor any indications of periodicity during .

the span of observation. <
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VI. HD 60435 AND THE OBLIQUE PULSATOR MODEL

The. oblique pulsator model (OPM) makes several specific predic-
tions about the observed b;haviour of an roAp star:

i) Amplitude modulation of the oscillations implies the presence
of a dipolé or near-dipole ﬁagnetic field whose axis is 1Aclined to the
_star's rot;ci;n axis. The overall field strengtﬁ must be sufficiently
intense to override - at least 15 pirf - the influence of rotation on
the star’s pulsations. (See éiso (v)-below.)

ii) The period of that modulation is identical to the magnetic/

rotation period. - /
L J

-

iii) Maximum oscillation amplitude occurs at the phase of primary

magnetic rextremum.

-

iv) If the modulgtion curve shows a "double wave"” (i.e. a primary

and secondary maximum during each cycld), then the star must pdssess a
. L )
polarity revef&ing magnetic field. In this case, the oscillations:

should also undergo 180° phasg shifts twice per cycle, coinciding with
phases of minimum amplitude oY the oscillations and zero crossover in

the nagt:etic field. \' .

v) In the Fourier spectrum, a_Pulsation mode- of degree £ will be

-

split into (2£ + 1) components. For £ = 1, the relative amplitudes of
the central and sidelobe components supply constraints on the geometry
and intensity of the S;ax's magnetic field (based on the Dziembowski

and Goode (1985) treatment:; cf. Chapter 1). From equation (1.11):

¢

-

Avi * A1 L cant tang (6.1)
-.‘0 ‘

Avi - AL ca

Ay + Al w™EAB | woRBE )

(6.2)
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vhere Ag = the amplitude of the central peak inwthe frequency triplet,
Ay1. A1 = the amplitudes of the respeétiée components lqngvard.and
short;;rd in frequency,
i = the inclination of the stellar sotation axis,
- B = the obliquity of the magnetic field..- '
C = the Ledoux rotational splitting cénstant,

wy™28 =« the magnetic perturbation of the frequemcy of an

“ - . (4,d) = (1,0) mode, and

® : ,

ulﬂaﬁ - the corresponding perturbation for (£,m) = (1,*1).

‘.(Note: 1f Ay1 = A1, these equations reduce to Kurtz’s "classi-
- - - . ‘ -

‘ cal” oblique ﬁu}éﬁto;anQel. wvhere the magnetic field totally dominates

- [P ¢

i ?zdvacgionl)

_.Let us examine how well these predictions match the observations

of HD 60435, and vhat in turn they may tell us about this star.

Existence of an cblique magnetjs field (1)
Rotation period of HD 60435

’

R [ %
All‘d!ailable evidence for the presence of an ordered magnetic

o v

field in HD-604}§ is lndirect. Its spectrum (see Chapter V) is. fairly
typical of a nagn;tic Ap(SrCrEu) star, and tlfat spectrum shows line
* L

strength variations similar to those seen in other stars Known to have

strong dfpole-like fields. The star also exhibits long-term photo-

. metric variability whose amplitude and period is consistent with that

ob-e;vod in almpost all magnetic Ap stars. A pﬁase diagram of the mean
Johnson B measurements of (HD 60435 - HD 59994) from Table 2.3, span- .
‘ning the 18- nights of the first q;npaignf fs presented in Figure 6.1s.

Figure 6.2a is a phase diagram of cogpparable photometry collected

Y
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during the 1985 campaign (also taburqted in Table 2.3). The light
curves show clear evidence of a secondary minimum in brightness. Both

sets of data have been plotted according to the ephemeris

-

JD(Bgin) = 26&5729.%91 + (7.6662 * 070001)E. (6.3)

The period was determined by a "string length minimum" analysis of
all of the data, similar to the technique of Lafler and Kinman (1965).
(See Apperrdix B for a listing of the actual programme used and a brief
description of the algorithm.) 1If the oblique rotator model appllies to-
HD 60435, then 7.6662 d represents the rotation period of the star.
The apparent double-wave shape of the light curve suggests that, 1if
this star possesses a measureable dipole magnetic f%eld. the observed
effective field wilI'quergo polarity reversal. This argument assumes

that a dark photospheric patch is associated with each magnetic pole;

i
L

hence, magnetig extrema would coincide with light minima.
A survey of magnetic and light curves of Ap stars available in the
literature (Table 6.1) shéws this to be a reasonable assumption. Of
the sample of 19 stars, i7'reach minimu? B magnitude during an extremum
in m;agnetic ‘fie'ld' strength, and 13 of those at the absolute maximud® in

“the magnetic curve. JFurthermore, note that light minimum in HD 60435

. coincides with oscillation amplitude maximum (Figures 6.1 and 6.2).

Recall from Chaptei-v that the spectroscopic observations of this star

suggest that peak Sr II line strength also occurs at the same phase.

Another literature survey - this time of the magnetic and spectroscopic

~

variations of 18 Ap stars - by Flaquet (1979) indicates that the SrEuCr

Y . <

stars always have their rare earths, and elements such as Sr, concen-

——

trated at the longitudes of the magnetic poles. This tends to corrobo-

——
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PHASE RELATIONS BETWEEN MAGNETIC AND LIGHT CURVES OF Ap STARS

-

HOOVRNAOAWULVE WN -

H, extrema

maximum

(+1000)
+2000 *

(+ 300)
B(mIn) at +ve

+1200 */

+3000
B(min) at -ve

+3500
+2000 */
+ 200 »/
(+ 700)*/
+ 400

- 300 /
+1500 =/
- 300 /
+ 750 %/
+2800 »/
+4000 */
+ 750 *
+2500 *

“'l
TABLE 6.1
L 3
Star
HD ref. » Name .
9996 12
10783 V.1
&
,;983zf*~
24712 2.8 . HR 1217
32633 17 .
65339 10 53 Cam
71866 5.8.,14
78316 13,15 x Cnc
83368 6.16 HR 3831
108662 V.13 17 Com A
111133 22
112413 5 a CVn
118022 7.13 78 Vir
124224 3.8 CU Vir
125248 3,19 CS Vir
133029 1.9 )
137909 20,21 B CrB
153882 5
196502 18,19 73 Dra

+ 700 */

. * « absolute maximum field
¢ J = minimum in B light

. Babcock (1958)
. Bonsack (1979) .
. Borra and Landstreet (1980)

Hardie and Schroeder (1963)

. Jarzebowski (1960)

. Kurtz (1982)

. Preston (1969)

. Preston and Pyper (1965)

Preston and Stepien (1968a)
Preston and Stepien (1968D)

. Preston and Stepien (1968¢)

)

minimum

(-1500)*/
(- 500) /7

(- 300)
crossover

(+ 400)

-5000 *
crossover?

-4800 */
-1700

- 200 *
(- 700)*
-1000 */
-1400 *
-1300
-1100 *
- 400
-2500
+2500

- 500 /
-2500 */
(- 550)

12. Preston and Wolff (1970)

13. Preston et al.

(1969)

14. Rakos (1962)
15. Stepien (1968)
16. Thompson (1983)
17. Trasco (1972),

18~ Winzer (1974)7
19T\bbl££,gpd Bonsack (1972)
20. Wolff and Wolff (1970)

21. Wolff and Wolff (1971)
22. Wolff and Wolff (1972)
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rate the assertion that B light ainipum and magnetic extremum in HD '
60435 coincide.

If timés of minim;m_brightness_aré also times of maximum ;ffective
field strength, then the secendary ninin;n in the HD' 60435 light curve
would correspond to a secondary magnetic extremum. Any ;;gnetic vari -
ation detected should also match the 7.6662 d period. -

r

Nevertheless, thesé are only aircumstantial signs of a dipole
field associated with the star. At the'author's fe;Lest J.D.
LanAstreet and D.A. Bohlender (private co;municacion) obtaiqu two
field measuremen;s of HD 60435 1in 1986 March using the uwo photo-

electric Pockel’s cell polarimeter, attached to the 2.5-m telescope of

the Las Campanas Observatory. Their results vere: o, .
] .
-HJD 2446513.582 (1.8 hr) He = -250 * 560 Gauss :
' + 680

15.522 (1.6 hr) ; - 70
where th; values in pa;en;heses indicate ;he exposure times. The
observations were ﬁade at phases relative to éhe ephem:ris of equation
(6.3) of 0.240 + 0.001 and 0.493 + 0.001, respectively. In 1987
February, 'Landstreet and B. Ventrudo (private communication) provided a
third measurement using the same telescope and instrument:

HID 2446833.669 (2.0 hr) . Hg = -770 % 570 Gauss
;t a phase of 0.990 * 0.001 on the above ephemeris. These three parti-
cular phases are marked in Figure 6.2a with ;rrows.

Given the estimated observational errvrs, the measurements are

comp?tlble with either a near-zero magnetic field, or with a field as

intense as -1300 G. If one continues to assume that primary light
minimum occurs during primary magnetiﬁrexCrenun. then the phases of the
first two magnetic observations (spaced by almost exact1§ % cycle) fall,

very close to zero crossover and secondary extremus in a polarity

(3



N reversing field. The sh;llov secondary dip in the mean iight curve
suggests only a wefk secondary extremum in the field. This is consis-
tent with the relatively low upper limits to the field-;trengths at
those phases, established by Landstreet and Bohlender’s measurements.
The most recent measurement should h;ve sampled the strongest apparent

- field in the magnetic cycle of HD 6043S5. This is the only reading
which differs from,;ero by more than the observational uncertainty;
however; like the previous two measures, it is also consistent with a
null field (at the 20 level).

Despite the inconclusive results of direct observatisn in this

.case, there are still a few indirect methods we may use to infer some
useful information about the magnetic field of HD 60435. For example,
Cramer and Maeder (1980) have developed a photometric paraﬁecer, Hg,

which appears to be influenced by the mean surface field in Ap stars: ¢«

A

Hg = -0.15 + (0.02Z - 0.0042)Z x Tefge(X) Gauss (6.4)

where log Teff(X) = 4.496 - 0.453X + 0.086X2, and X and Z are linear
combinations (defined. by Cramer and Maeder (1979)) of the Geneva
colours q, By, By, V;, and G. Cramer and Haeder.éuggest that :; is
approximately equal to the surface field of the star, and that this
dependence is an effect of the 5200 A depletion found in the energy
distributions of Ap and Bp stars.

The Ceneva colours of HD 60435 (Hauck arid North 1982), and the
resulting values of X and Z, are provided in TableA6.2. Substituting
these into equation (6.4) gives Hy = 1.9 kG. This implies - at first
glance - that HD 60435 possesses a mean surface field near two kG.

However, Thompson ef al. (1986) have argued that Hg 'is influenced by

?é-_"z, n \ R - . o . -



TABLE 6.2
GENEVA PHOTOMETRY OF HD 60435

U - 1,542 By = 1.402
V - 0.670 vy - 1.381
By - 0.985 G - 1.800

X - 1,4182

Z - -0.039%

Teff(X) =-10,630 K
——
4
.
#

‘V
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both the -:;netic field of a star and its abundance peculiarities.
When they apply the Hg criterion to a homogeneous sample of stars
(vhose effective fields have been measured at least three times using a
Balmer liqe Zeeman analyser), they find that there is no simple rela-
tionship between observed H.ff and photometrically-derived Hg. The few
stars in the sample with an observed Hoff greater than -2-3 kG do in-
deed also have large values of Hg. “On the other hand, a smaller value
of Hg does not seem to be so correlated; many stars predicted on the
basis of their geneva photometry to have fields as large as 2 kG are
observed to have much weaker or undetected ones. Also, the calibration
of the Geneva determinations appears to be in‘rrect. A predicted Hg
of 2 kG corresponds to a measured value of the effective field B < 2
kG. Thus, the Hg; parameter is useful for Mdentifying candidates likely
to be strongly magnetic Ap stars, but it 1;’of limited effectiveness
({f any) in picking out stars with fields of about 2-3 kG or less.
Consequently, the Hg value for HD 60435 probably represents a
rough upper limit to that star’s effective magnetic field; i.e. HD
60435 is unlikely to have a field above about 2-3 kG, but little ‘more
can b; gleaned from the Geneva photometry. Of course, given an appro-
priate inclln;tton i for the star, and obliquity S8 of the field axis, a

surface field strength of 2 kG or more could result in a measured

effeccive field of only 1300 G or less.

Amplitude modulation and phase shifts (if, {ii, iv)

All of the oscillations in HD 60435 appear to be modulated. Many
are sufficiently transient (appearing on only one or a few nights) that

no modulation period is apparent. Omnly the oscillations near 1.4 mHz



are persistent enough to exhibit a cleaf modulacion cycle.

A 7-8 day.tycle was recognized in the 1984 data and was seen again
in the 1985 observations. This characteristic timescale is evident in
Figure 4.3 and in the sample of amplitude spectra shown in Figure 4.10;
those nights when the peaks near 1.4 mHz are highest are separated by
6-8 days, or some integer multiple thereof. In fact, if the amplitudes
of oscillations near 1.4 mHz (estimated from spectra like those iR that
figure) are plotted in phase according to the 7.6662 d period derived
from the photometry, there is a clear correlation (Figures 6.1; and
6.2b). Maximum oscillation ;;plitude occurs during or close to primary’
B minimum, which may also coincide with primary magnetic extremum.

This is in\glcord with the prediction of the OPM. However( there is no
hint of.a second rise in amplitude at the phase-of secondary B minimum
(secondary magnetic extremum?), as is also predicted by the ;odel. If
such a rise is indeed present, it may be so small as to be masked by
the noise.

The OPM also ptedléts that a 180° shift in osgillation phase
should occur at phases of 0.25 and 0.75 cycles in the mean light curve
(i.e. times of magnetic quadrature using the magnetic phasing adopted
above). Figure 6.3 is a plot of oscillation phase for the 1.4-mHz
oscillations vs. the phase of mean light. The oscillation phases wege
determined by measuring the times of maxima of the dominant oscillation
in the nightly light curves, relative to an arbitrary epoch. Only
those nights ghen the oscillation is easily distimguished above the

noise in the light curve have been used to construct this figure.

Unfortunately, on any individual night, the oseillation phase

covers a wide range, probably because of beating among the several fre-
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quencies present in the star at one time (see below). The resultant
scatter in Figure 6.4, and the paucity of oscillations of sufficiently

large amplitude between mean iight phases 0.25 and 0.75, obscures any

phase shifts which may be taking place due to oblique pulsator effects.

Observe in Figure 6.2b that the amplitudes of oscillation at zero
phase are not constant; the "maximum" amplitude tanges.betveen almost 6
down ;o 1% mmag. This secular variation is not predicted by the OéH.
It is symptomatic of still another modulation, yet one which preserves
the 7.7-day modulation period. Beaﬁing between adjacent and/or nearby
frequencids may be partly responsible for this effect.

There are many obvious signs of amplitude modulation which occurs
over timescales 1es§ than a day. Since the separation of adjacent
frequencies in the overall pattern of HD 60435 (-26 uHz) corresponds to
a beat period of about 11 hours, this is not surprising. 1In %act. the
nightly variatio;s in phase shown in Figure 6.4 have ; characteristic
timescale near 11 hours.

One of the most dramatic ekxamples of:rapid modulation is found.ig
the observations of JD 2446111 and 112 (the last two panels of Figure
4.10b). Figure 6.4 is a set of anylitqde spectra of tgos; two conSe-
cutive nights of rapid phoggnetry, each divided into three equal seg-

9
ments. (The first third of JD 2446111 is omitted since it is little ’
B . :
different from the two segments ¢f that n@ghi shown.) The oscillation
amplitude rises from axlevel below the noise on the first night to

almost 6 ;nag in 'less than a day. The modulation observed on ¢he night

of JD 2446112 alone can be explained by the beating of frequencies

10¢

spad®d by 26 pHz. .However, the beat period should be approximately 11 °

hours or less. Therefore, another maximum in the beat cycle should

¢

c
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q
occur during.the observing intgrval on the previous nfﬁht. but none is
observed. . M .
¢ . » . pe

The presence of more than ~two frequencies‘dbes not aile;iaée the

discrepency. A comb of equally-spaced frequencies separated by awr

o
~

results in a modulation curve which repeats with period av-l.  As the

number of components 1h the pattern {s increased, the interval during
v

‘which the net oscillation has a large amplitude belBmes proportionally

shorter. Beating of any coﬁbin;tion of the 1dencified freguencies,
[a} . - . -
even coupled with the modulation of the OPM, does not seem to be able
. _ r :
to account for the pronouriced "change in amplitude between the two

nights. This may be the bdtst evidence far actual growth and decay of
pulsation modes in an roAp star. Dclgi and Goukh (1984) have shown

: N . -
that in a simple model.of>a magnétic star. pulsation modes with periods

-

- :
around 10 minutes may have growth and decay times of only a few hours.
- N ‘ ‘ i

) N A ~

/“ * N .
Splicting of frequenficieg in the Fouriervspectrum (v) -

’ Tog

. 7 ) . - .
Accordiﬁ§§t07§£e OPM, each mode with £ = 1 should be split into

three equ‘ff},spégzdgdomponents, and each with £ - 2 into five. Since
- "'.' -~ - . \ -~

. s ' R R \
.tentgche,ﬁbde identifications were made in Chaptef IV, these may be

e

~-

ised to check whether frequencies linked with (n,1) ahd (n,2) modes
o

. e . .
* have fine structure which is cofisistent with the model. Unfortunately,

only the oscillaéionh fedr T.4 mHz recur often enough to cleardy show
]
»
rotational modulation and the assdciated frequency splitting; the

Q

G : °

others are too transient. °
Q -

Also, the very richness of HD 60435's oscillation spectrua limits
one’s ability to unambiguously resolve any fine structure. Adjacent
[

frequencies in the overall pattern are spaced bybapproxinateli 26 uHz.

0
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One.d°1 aliases of'n;real frequency in the spectrum ogcur on elther
side at frequancy intervals of n x 11.57 uHz, where n = 1,2,3,...; the
second alias sidelobes are therefore spaced by about 23 uHZ from the

Itrud oscillation frequencies. As a result, one oscillation peak is

only 3 uHz from the 2 d¢-1 aliases of its nearest neighbours. The

- frequency splitting predicted by the OPM, assuming Pyor = 7:6662 :L\}s

about 1.5.qu. Therefore, the outlying sidelobes of an £ = 2 quiIn-

tuplet would overlap with these alias pgaks, altering the apparent . S
. o <

amplitydes and perhaps the measured fregqbencies as well. Altermti-

vely, an £ = 1 triplet could be mistaken for an I = 2 quintuplet

because of the coinciden:al spacing of the nearby alias peaks The
potential for confusion is dramatized by Figure 4.4, an anplitude

spectrum of the 1984 rapid photometry showing ogly those frequencies

[~} 3
near 1.4 mHz. The aliases of adjacent oscillation peaks and their

‘actual’sidelobes have combined to create an apparent frequency triplet

at 1.42 mHz. ‘ ' : -
F - 3
The ane structure of the peaks near 1.4 pHz in Figures 4.4 and .

&

4.1la is seriously conplicated by the aliasing., A periodogram (Figure
6.5) of a smaller sample, whigh covers only twelve sequential nigﬁts of
CTIO and SAAO photo-etty (JD, 2446101-112), should be less affected'py

the alia:el. while -eill exténding over more than lk nodulatioﬂ

cycles. As g result,’ tho fraquency sidolobes may be resolved more
clearliy. The positions o£ frequonciol identifted from. the earlier’

analysis (vq, - Vq) at; Jabcllod in Figure 6.5. Ome d-1l aliases of some
: o

of these fraquencies (and nstociaé;d sidelobes) arecalso indicated on . -

° 0 . )
the figure. . ) ” °

At frequencies less than about 1.40 mHz, the presence .of so many

° - k]
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closely spaced peaks makes an identification of sidelobe structure
unconvincing. Hoonet, since frequency vq'is not present at any
appreciable amplitude in this sample, the adjacent frequency vp does
not appear to suffer from interference by overlapping aliases as
sevenely. It is the most suitable candidate in which to study sidelobe
structure. The peak; labelled p; and p; in Figure 6.5 are spaced from
vp by 1.7 £ 0.2 anq 1.6 + 0.2 uHz respectively. (The peak just above

p2 in frequency is spaced from it by another 1.7 pHz; however, the peak

before p; has a 2.4 puHz spacing. All five peaks cannot be part of a

pattern of equal frequ¢ncy splitting within the errors. The peak
before py 1s qp;t likely a +2-d-1 alias of vo-) The average spacing
corresponds to a rotation perigd of 7 £ 1 days. The best 1ncer§reta-
tion is chat‘u; is an 2 = 1 mode, having two sidelobes. This is also
consistent wigh-the prediction of equation (4.6b).

“The sidelo%: amplitudes of vp are distinctly asymmetric. The
skevmess i3 much greater than would b; expected solely due to noise and o
coaddition‘;f weak aliases from nearby frequencies. The amplitudes

estinated from Figure 6.3 (and consistent with Figure 4.4) are:

. . A(py) ~ 0.50 £ 0.03°
A(pg) = 0.52 + 0.03
A(pp) = 0.35 + 0.03

’

These -ayJﬁe substituted into equations (6.1) and (6.2), where A(py) =
A1, A(pg) T Ag.tand A(py) = Ayl
Tho‘rolulting values of tanitan8 and CQ/(w, (£)mag _ ., (f)mag) are
given in f%bla 6.3, Also included are estiaac;s of these p}tameters
for three other roAp .c;rs vhose osgillntion ;pectra show frequency
criplot;'consiltent with the OPM: HD 6532 (Kurtz and Cropper 1987), HR
—

r

1217 (%urtz et al. 1985), and HR 3831 (Kurtz and Shibahashi 1986).

-
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For two of these stars (HR 1217 and HR 3831), periodic magnetic

variations have been detected. The oblique rotator model (ORM) pre-

I

dicts that the ratio of magnetic field extrema, r = Hgo(min)/Hg(max), is

related to the stellar geometry by

l-r :
1+ ¢ — tani tang. . (6.5)

Therefore, the magnetic observations can act as a test of the self-
consistency of the ORM and OPM. in both cases, the two approaches
produce values of‘canitanﬂ which agree within their respective uncer-
tainties, although the precision of the HR 3831 mag;etic curve
"(Thompson 1983) is 1nadequatei;o set a rigourous test.
Using equation (6.5) and the value of tanitanﬁ.for HD 60435 from
.Table 6.3, one finds: r = -0.35 * 0.10. Therefore, the OPM also
predicts a polarity-reve;sing uaghetlc field, as was already inferred
from the mean.light curve. The maximum field consistent with the
dit;ct magnetic measurements described earlier is -1300 G at phase 0.99
(Figure 6.2). The derived value of r then leads éo a.maximum allowed
secondary extremunm of +455 * 130 G near phase 0.50. The difect

measurement at phase 0.49 permits a maximum field of +610 G (within 1

o), which is certainly compatible with this result.

Inclination and obliquity of HD 60435

The value 4f tanitang = 2.1 * 0.2 for HD 60435 constrains the
allowved values of inclination and obliquity of the star. These are
plotted in Figure 6.6.\\9n es:lnace‘of vsini, combined with the radius
estimate in Chapter 1V a;é the proposed rotation period derived from.

»the mean photometry, wouldinarrow the range of (i,8) values even
i
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FIGURE 6.6 The values of inclination i and obliquity 8 for HD 60435 al-

" lowed by the oblique pulsator model, when applied to the triplec splitting
observed in Figure 6.5. )
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further.

Ap stars ars characteristically slow rotators. A sample of 24
SrEuCr stars examined by Abt et al. (1972) was found to have a mean
vsini of 30 km s-l; -the later types within this class had preferen-
tially smaller projected velocities. Unfortunately, the classification
dispersion (67 A mm- 1) spectroscopy of HD 60435 described in Chapters
\II and V is not well suited to the measurement of such small veloci-
ties. The wavelength resolution of these spectra is 1.0 A (30 km s- b
at 5000 A). scill, these are the only spectra availablé at present for
a vsini determination of this star.

!

Slettebak et al. (1975) have provided a system of standard stars
: .
(covering the main sequence range 09 - F8) for_ysspi determinations

using direct measurements of the half-intensity widths of lines on

photographic spectra. The resolution of their spectra is 0.25 A. They

also .provide a theoretical Mg II 24481 line profif;\for their FOV model
convolved with the 0.25 A instrumental profile. By adjusting for the
extra width of the igstrumental profile of the HD 60435 spectra, the
observed half-widths of lines can be relat%y’?b the Slettebak stan-
dards. The half-widths of the Mg II line profile were measured from
microdensitometer tracings and corrected for the different resolution.
The resulting values of vsini are in Table 6.4. -

Blending and systematic measurement errors probably make the
derived mean value, vsini = 10 +.3 km 3'1, a slight overestimate. The
quoted error is simply the standard deviation of tﬁe numbers in the
last cslunn of Table 6.4. Given the wavelength resolution of the spec-

tra, the actual uncertainty in vsini is probably more like 0 - 30 km

s 1. Since each spectral exposure extended through 8 - 11 oscillation

108




TABLE 6 4

ROTATION VELOCITY ESTIMATES FROM Mg II 4481 LINE

Line width

&)

.39
.13
.26
.13
.19
.19
.13
.09
.09
.26
.19
.13

I R B e R R N o I i

Corrected widrth vsini
&) (km s~ 1)
0.64 18
0.38 10 .
0.51 12
0.3 10
0.44 11
0.44 11
0.38 . 8
0.34 7
0.34 7
0.51 12
0.44 11

© 0.38 8

"~

<vsini> = 10

I+
w

110



'
cycles, the star’'s pulsation would also contribute to the line width.
Th; detection of RV oscillations in HR 1217 by Matthews ec al. (1987a)
yields a velocity-to-light amplitude ratioc of 2K/Amg = 59 * 12 km s-!
-45‘1. For HD 60435, this implies pulsation-induced broadening of only
—O.S.kn s 1, which is unlikely to be a significant f;;tor in the vsinu

determinaction.

Given the equatorial rotation velocity v of a star, its radius is

e+
<

3l

R = (6.6)

w
(=]
o

where R 18 in solar radii, and P {s the rotation period ié days. The
argusents in Chapter IV led to a radius for HD 60435 of R = 2.2 * 0.3
Rg- Substituting this value of R, and P = 7.6662 + 0.0001 d, gives an
equatorial velocity of 14.5 % 2.0 k= s 1. 1f vs}ni'- 10 + 3 km s-1,

then the combined uncertaintiqs permit a range in inclination:

-~
LY

_ 25" 5 | < éb'. S
‘)*—”’ﬂ\:Tﬁts in {ndicated by the'shaded porgion.of Figure 6.6. Coude
spectra of Hb 60435 Yich better .resolution -would improve the accuracy
of these relplés.‘:For exahple, a precisjon in vsi;i of 1 km s~}
translates into a range in i of only ~15°.

The restrictions on i and p illustrated by Figure 6.6 also result
in'a limited Tange ;f ap and ag, the line-of-sight angles of the
-agnotlé (= pulsation) axis at primary and secondary magnetic extrema,
respectively. These are plotted in Figure 6.7. However, the OPM alsq
relates the angle a to the observed amplitude of pulsation through
oquatlbn (1.1). Assuming £ = 1 (consistent with the frequency triplet
' un;d'for thas determination of tani tang in Table 6.3), then that equa-

tion states that the ratio of primary to secondary maximum amplitude of

111
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FIGURE 6.7 A plot of the line-zf~sight angles of the pulsation QPagnetic)
axis at primary (aprjp) and secondary (agec) extréma of the observed field
strength and maxima of the oscillation amplitude. The thin lines are the
curves predicted by the oblique pulsator model based on the ratio (ranging
from 1 to 6) of the primary-to-secondary maximum in oscillation amplitude
(equation (6.7)). The thick line is the curve predicced by the dynamical
OPM based on the triplet splitting in the frequency spectrum. T
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the oscillations is

COS
Ah _ S5 2 (6.7)

s COs ag’

The curves corresponding to amplitude rati;s of 1, 1.5, 2, 3, and 6 are
shown in Figure 6.7. Since no secondary maximum in oscillation ampli-
tude has been actually detected in the ligh£ curves of HD 60435, only
upper limits to Ag - and hence, a lower limit to Ap/Ag - can be set.

In addition, this observed ratio reflects the net amplitude modulation
of the ma;;‘;:;:;bipnal modes present near 1.4 mHz in HD 60435, whereas
the curves .of Figure 6.7.assume only a single mode of £ = 1. There-
fore, any conpeigson must be made with caution. The lower limit to the
observed razio’Ap/As derived from nightly amplitude spectra of the
oscitTations 1is approximately 3. The ag vs. 6p curve for that ratio

falls just above the curve obtained indirectly from the amplitudes of—

the vy triplet in Figure 6.5. Any argument claiming significance for

_ such a correspondence may seem circular. After all, both curves are

based on predictions of the OPM, and use aspects of the observed oscil-
lations wvhich are not iﬁdependent from one another (l.e. amplitude
modulation, and frequency splitting related to that modulation). How-

ever, this does serve as a rough check on the internal consistency of

tHe model.

The global magnecic field of HD 60435
Dziembowski and Goode (1984) have shown that, if the :tar has a

dipole-like field,.the frequency perturbation should be of the form

~

, _Xe+ 1) - 3aZ 6.6
I Y N RV (6.6)

113
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where X®38 {s a coefficient based on a |Y?y|Z-wveighted integration over

the perturbation of the gas by the magnetic field. K™28 {sg an indica-

. tor of the magnetic field strength throughout the oscillating region of

the star, not merely at the surface. For p-modes of high overtore

(Dziembowski and Goode 1984),
Kmag pmag

- < > (6.7
wvo - Pgas .

where P®8E and P8AS are the magnetic and gas pressares, wg is the un-

perturbed frequency, and < > denotes an gverage through the éscillating

W

portion of the star.

For the stars in Table 6.3, rotation frequencies I are inferred
from available magnetic and/or photometric variation periods. ;f one .‘
assumes both (the presence of a dfpole field, a pulsation geometry with
(2£,m) = (1,0), and a Ledoux constant C = 0.0l (an upper limit based on
the long-term synchronism of magnetic and oscillation émplithde ma;ima
in HR 1217 (Kurtz et al. 1985)), then values. of KR88 can be calculated
by substituting equation (6.6) into (6.2). The results are included in .
the last colum; of the table.

The values should reflect the relative strengths- of the global

.magnetlc fields. The results suggest that HD 60435 has the weakest
internal field of the four stars. The direct fleld measurements do not
contradict this finding (although a weak surface field doe; not neces-
sarilf imply a weak one in the interior). However, it %l interesting
to observe that - according to Table 6.3 - the field strength of HR

3831 should be twice that of HR 1217, whereas direct magnetic measure-

ments of the longitudinal fields (Table 1.1) show that the ratio of .

1 4




extrema {s Hgay(3831) / Hgay(1217) = 0.6. But ngte that the wvalue of
tanitanS is much larger for the former star. This means that, if the
inclination of HR 3831 is small, then the obliquity is large; énd vice
versa. 'In either case, the measured longitudinal field would be consf{-
derably smaller than the true strength. This geometric projection
effect alone is sufficient to reconcile the measured field streng‘?s

and the predictions of the OPM.

I3




VII. SUMMARY )

Before this study was undertaken, the list of properties known for

HD 60435 was a ratherfort one . .. N ) v

+

apparent brlgh:ness V=90

photometric indices: measurements in the Johnson, Stromgren and
' Geneva-systems '

+ spectral tvpe Ap (SrEu) ?

. Analysis of the star’s rapid oscillations, and of itg slow light

and spectrum variations, has refined and extended the list to-include. ..

spectral type: A7-9p (SrCrEu)
luminosity class: IV?, slightly evolved off of main sequence
radius: 2.2 * 0.3 Rg
vsini: =< 13 km s°1

magnetic field: =< 1.3 kG, probably weaker than the global
fields of HR 1217, HR 3831; evidence of
polarity reversal .

rotation berrod: ~7.67 days

-
‘The rapid variability of HD 60435 is certainly one of'the most

cohpliéated of the cl;ss of roAp stars, and now, one of the best stu-
died to date. This star has been observed to oscillate in a number of
frequencies, extending across at least 0.8 mHz, which belong to a pat-
tern of roughly equal spacing 8w = 26 uHz. The best interpretation is
that these frequencies correspond to a sernies of p-modes of alternating
degree (£ = 1 and 2) with high radial overtones (13 s n < 28), such
that consecutive overtones of a given ;egree—are in fact spaced by Vv, =

2 x Av = 52 uHz, This spacing is consistent with HD 60435 being a

slightly evolved A star with a radius of R = 2.2 + 0.3 Rg.
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0f the many oscillation frequencies detected in the star, those

close to 1.4 mHz (P = 12 min) are by far the most persistent. The net
Smplitude of. these oscillations undergo long-term modulation with a
period which closely coincides with the mean photometric perio;~(7.6662
+ 0.0001 d). According to the oblique rotator model for Ap Etarst this
is the rotation period of HD 60435. ,

" There i% also short-term amplitude modulation over timescales of
hours which is consistént with the expected beating among the many

'

frequencies spaced by 26 gHz (beat period = 11 hr). However, at least
one instance of a rapid amplétude increase from one night to the next
is difficult to explain by beating of the identified frqugncieg
alone. This may be the best evidence for actual growth (and, by infer-
ence, decay) of some modes in HD 60435 with timescales of only a few
hours; It agrees with the predictions of Dolez and Gough (1982), who
calculated growth and decay times of the order of hours for certain
raﬁga nonradial pulsations in a magnetic A star.

ar

HD 60435 as a test of the (Oblique Pulsator Model

The long-term amplitude modulation can be used to test the vali-
dity of the oblique pulsator model for the roAp stars (Kurtz 1982).
The OPM predicés that the émplltude of the rapid oscillatgons will be
modulated with the magnetic period of the star, and that the phases of
maximum ﬁnplitude qu maximum effective magnetic field ére‘identical.
Unfortunately, there are no field measurements of sufficient accuracy )
and quantity to test this aire;tly in the case of HD 60435.

However, the first prediction is satisfied by the equality of the

periods of modulation and mean light, since in Ap stars for which there
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are magnetic and photometric data, the mean light period is equivalent
to the magnetic period. Also, in this SpAT. maximum oscillation ampli-
tude occurs roughly at the same phase a;Ai light minimum; there are
indiea:ions that this is also the phase of Sr II line strength maximum
in the:spectrum of the star. Literature surveys of photometry, spec-
troscdpy and magnetic measurements of Ap stars suggest that B light
minimum and Sr II maximum are usually ass;cia:ed with magnetic ;axi- ,
mum:« Hence, the avail le‘data on HD 60435 are also consistent with
the second prediction above.

The OPM further predicts that a mode of. degree £ in an roAp star
should be split into a set ;f (22 + 1) components spaced by the rota-
tion frequency of the star, as given by the observed fréquency of the
mean light or magnetic curves. Thus, for HD 60435, this spacing is
(7.6662)°1 d-1 .= 1,509 uHz. The recognition of this type of frequengy
splitting in this star is complicated by the aliases of the many indi-A
vidual modes present. However, a high-resolution amplitude spectrum of
the oscillations does reveal one frequency identified with a mode of ?
= 1 which does appear to have been split into a triplet,with a spacing
of 1:6 * 0.2 pHz. (The spacing is characteristic of the fine strul®-
ture seen in other high-resolution periodograms of the HD 60435 oscil-
lations.) Again, this is in agreement with the prediction of the OPM,
within the unéertélnties of the frequency resolution of the data.

Application of the dynamical OPM (Dziembowski and Goode 1985) to
the frequency triplet described.above predicts that the ratio of the*
magnetic field extrema of HD 60435 to be r = -0.35 * 0.10. The nega-

tive sign signifies polarity reversal. Once more, the lack of suitable

magnetic data prevents ‘confirmation of this agsertion, but as before,




\
the mean light curve provides some indirect observational support.
That curve has a primary and a seco#dary minimum; in other Ap staxs,
this has ‘been associated with a polarity-reversing fiéld.

Another test of the polarity-reversal hypothesis would be the
search for a secondary maximum in the oscillation amplitude, and deter-
minations of the ;hases of ‘the oscillation throughout the rotation
cycle of the star. An oblique pulsator with a polarity-reversing field
is ;xpected to exhibit such a secondary maximum and 180° phase shifts
in the dominarnt ?scillation, as depicted in Figure 1.5. This test is
inconclusive for HD 60435, since (i) the amplitudes are so low that é
secondary maximum may easily be hidden in' the noise, and (ii) the beat-
ing of the multiple frequencies present introduces apparent phase
shifts which obscure any genuine oblique pulsator effects.

) Essentially, the case for HD 60435 as an oblique pulsator is one
of consistency among the different types of observations of the star

currently available and the various approaches to the analysis of those

" data.

Recommendations for future observations

-

Clearly, most of the pr;diccions of the OPM can be tested most
simply by the detetmination of an accurate magnetic curve for HD
60435. However, &ue to this star’'s relative faintness, measurements
with a 1 o precision as poor as 600 gauss still require exposure times
of about two hours on a telescope of 2.5 m"aberture. An eight-hour
exposure would only reduce the scandgrd'ée;iation to about 300 G. Even

{f the maximum field of HD 60435 were -1300 ¢, and the ratio of the ex-

trema matched that predicted by the OPM at r = -0.35, meagnetic readings

>
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of such precision would only 8arrow the value of r to between roughly
-0.1 and -0.76. Hardly ag "acid test" for the model. .

Observations qf even 300 G precision would be of value in perhaps
establishing the presence of a magnetic field in HD 60435, or at least
setting a more stringent upper limit. However, if future magnetic
observations of HD 60435 are to be attempted using photoelectric polar-
imetry, a telescope of at least 4 m aperture seems to be the only prac-
tical option.

Tests of the OPM alsoc hinge d? reliable determinations of the
rotation period from methods independent of the oscilla;ion data. The
mean photometry of HD 60435 has provided one estimate, but a more accu-
rate mean light curve far the star would both refirf® and lend further
weight to that estimate. The Johnson B bandpass used for the differ-
ential photometry in this programme was not selected to optimize the
detection of long-term light variability; it was prescribed by factors
related to the r&pid oscillations of roAp stars (see Chapter II).

Jones and Wolff (1973) have shown thét the Stromgren v filter i{s much
more sensitive to changes in’ the mean brightness of many Ap stars.
Future studies of the mean light' curve of HD 60435 should incorporate

‘
Stromgren photometry. Also, it will be important to monitor one or two
check stars in addition to the comparison HD 59994 to ensure éhat no
low-level light variations are present in that star which could conta-
minate the HD 60435 curve.‘

Spectroscopic observations are another means of estimating the
J
period. Clearly, spectra of much higher signal-to-noise and in greater
quantity than those obtained in this study are required. Although mod-

erate wavelength resolution should prove adequate for the purpose of



period determination, a few high-resolution sﬁectra would be desireable
to accurately measure vsini.

Better spectroscopy of HD 60435 gﬁh its fellow roAp stars may also
be of value in finding an empirical parameter which could be used in
photometric or low-resolution spectroscopir searches for new members of
the class. For the most part, the spectra of individual rodp stars are
not well studied, and the spectroscopic properties of the entire group
have not been investigated at all.

One region of the spectrum that may deserve particular attention
is the 15200 depression which is characteristic of peculiar A stars.
This feature appears to change with effective temperature. Pyper and
Adelman (1986) have observed that - for the cooler Ap(SrCrEu) stars of
interest here - Fhe shape of the red side of this broad feature is
fairly uniform from star to star, but there are absorption ;inima near
5000 A which occur for only some of the same group. The Stromgren

- »
(b-y) index would not be sensitive to such changes in the blueward pro-

- <

file of the A5200 feature. This is an example of the type of discrimi-
nant of the roAp phenomenon which may be present in the spectrum but
might not manifest itself in photometric surveys.

The author, in collaboration wicth Drs. T.J. Kreidl (Lowell Obser-
vatory) and W.H. Wehlau, has alreadf‘scarted planning a spectroscopic
and Strongred photometric survey of the roAp stars which would include
obsorvaéions of HD 60435 as described above.

The oscillation behaviour of HD 60435 is so complicated that addi-
tional rapid p;otonetry is essential if that behaviour is to be specff

fied. 1If practical, multi-colour measurements would be a useful exten-

sion of the observing programme. The phase lags between the brightness
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variations in different colours may help to independently identify the
modes of pulsation present in HD 60435-—malthough this approach has met
with limited success in other roAp stars (Kurtz 1982, Weiss 1986).

One of the most important aspects of the oscillation spectrum in
both testing and applying th& OPM is the fine-scale splitting of fre-

. ’

quencies. Identification of the number of components for a given mode
and accuracéimeasurement of their amplitudes are easiest using ampli-
tuée spectra which have low noise levels and high frequency resolution,
and are not confused by strong cycle/day aliases. These in turn can
only be produced by long runs of accurate rapid photometry of which >
major portions are not interrupted by large daily gaps. A more ambi-
tious multi-site observing campaign is called for, involving at least
four or five observatories. Such a campaign, organized by Dr. D.W.
Kurtz to monitor the roAp star HR 1217, was recently completed. The
success of this programme, in which data were collected from seven

sites during October-December 1986, proves that coordinated observa-

tions of this type are also feasible for HD 60435.

The importance of HD 60435 to stellar astrophysics
The recomm;ndations above éntail a considerable expendituxe of
observing time on many telescopes. Do the anticipated returns justify
the investment? )
The roAp variables represent the only main sequence stars other
than the Sun in which rapid oscillations have been convincingly de-
tected to date. .As such, they ar; the only candidates on the main

sequence to which the techniques of, "asteroseismology"” may be applied. -

Comparison of the observed oscillation frequencies and thelr spacings

P




to the eigenfrequency spectra of decailed stellar models which include
such features as a differentiated atmosphere and magnetic field can be
a powerful probe of the physical properties of these stars. This type
of forward analysis is only practical when several frequencies are pre-
sent in the stap. : ]

HR 1217'15 ;\cagg}date for such modelling, but it has only six
identified frequencies. On the other hand, 19 frequencies have been
recognized in the p-mode oscillation spectrud of HD 60435. The many
frequencles present in this star make it more likely that a unique

‘model solution for at least a restricted range of solutions) may be

found for this star. v > -

Therein lies the primary importance of<$D 60435. The data on its .

rapid oscillations are-already of sufficlient quantity and accuracy for

forward analysis. At present, however, the theoretical foundation is
lacking. As new and more realistic models of peculiar A stars are
developed, HD 60435 will be the best proving ground available to ad-

vance theoretical understandjng of this interesting region of the HR

diagram. :
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APPENDIX A
NO&RADIAL PULSATIONS IN STARS
Nonradial pulsations in a star may be treated as waves propagating
and reflected within one or more natural resonant cavities in the inte-
rior. A pulsation mode is observed when a standing wave is established
between the two boundaries- of such a cavity: The normal modes are in

general characterized by eigenfunctions of the Serm:

Engm(T.8.8,8) = Ap(r) YMg(s,¢) e 2mive (A.1)
where ymg is a spherical harmonic for which £ = 0,1,2,-- andywm = 0.%1,
#2,---,2; and 2xv is the eigenfrequency (w). The eigenfrequencies for

these modes depend on £ but in the absence of rotation or perturbations
by the magnetic field are (2f + 1)-fold degenerate in m. Each mode
also has a series of harmonics expressed by the radial amplitude term
Ap(r). All three "quantum numbers” £,m,n represent numbers of nodes in
the pulsation pattern: the degree £ is the total number of nodes on
tﬂe surface of the star; the azimuthal number m, the numb;r of those’
nodes which pass through latitude ¥4 -‘O° on the star (relative to some
physical axis of symmetry, such as the rotation-axis); and the radial
order or overtone n, the number of nodes in radial displacement counted
from the stellar centre. A few representative examples of (2 ,m) sur-.
face pulsation patterns are depicted in Figure A.1l.

~

The aforementioned degeneracy in m may be resolved by rotation of
the pulsating star. Ledoux (1951) demonstrated that a frequency vy 5
in a star rotating with angular frequency Q*.would be perturbed by

*+ The star should be rotating sufficiently slowly that centrifugal
effecsf may be safely neglected.
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Coriolis effects and transformation from its retating frame to an ob-

server’'s inertial frame such that

9
vim®=ve o - m(l - C“-Z)—E; (A 2)

where vy g is the frequency of a mode with m - 0 (which is identical to

the frequencies of all modes (£.m) in the non-rotating star), m is

defined to be positive for a wave travelling in the same sense as the
rotation (i.e. prograde). Cp gy is the "Ledoux constant” which depends
on the structure of the star as well as the degree and overtone of the
pulsation, and :«(§.4) in equation (A.l) are reéerred to the rotation
axis of the star. Aizenman et al. (198& hfbe further shown that, if

the axis of pulsation is inclined to thg rotation axis by an angle 8,

\

then the above equation becomes . >

~

v

. 1]
Ygm = ¥g,0 - m(l - Cn'l)—i;'c 8. (A.2a)
Cn, 2 is typically less than 1. In fact, as 2 and/or n gréw large,
Cn, ¢ approaches zero. For the Sun’s five-minute pulsations of high
overtone and low degree, Cp j =~ 0.01 (Dolez and Gough 1982).

Pulsation modes

Two types of waves are thought to be responsible for tge globe
puisations observed in a variety of stars. They are distinguished by
the restoring forges which maintain the respective oscillations. Sound
. Qazps are a side-effect of the coqpressibility of a gas; henée, these
vibrations are known as pressiire or p-modes. Waves driven by buoyfncy

3

set up pulsations which have been dubbed gravity or g-ubde:.
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Pressure (p-) modes ‘ -

A p-mode is produced by a standing wave i{n an acoustic cavity in
the star. Th; cavity’s upper boundary accurs where the gas density
drops off so rapidly that the wave can no longer propagate and is to-
tally reflected. This poirt is equivalent to the surface of the star.
A wave penetrating deeper into the star encéunfe:s gas of increasing

- L
temperature. Since the local sound speed ¢ increases with teuperature

such that
. ’ " )
c '\[ EI ] (A.3)
] m
Y R

(where k = Bé?*inagn's constant and m = the average mass of a particle
in the gas), then the vertical anelengc; of the wave alsco increases .
The wave is eventually refracted ;uch that it is heading back towards
the surface. The "rgflecti&n' point corresponds to the depth where ﬁhe
sound spe‘ed equals the horizontal phase speed’ of thave. That ;peed
depends on the frequency » and horizontal wavenumber k,,

_ 2xv _ [2(e41)h )

Vx D - (A.4)

(Because v and ky can be-determined from disc-resolved observations of
the solar p-que oscillations, equation (A.4) is the key to helio-
seismological estimates of the run of sound speed - and, through equa-
tion (A.3), temperature - with depth in the Sun.) |

The vertical wavenumber kz-of the oscillation is also constrained
by -the requirement for a ltfndlng wave that an integral number of half-
vavelengths must fit exactly between the upper and lower boundaries of

the cavity (at radii r, and.r)):
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I ky dz = (n + %) « (A S)
r)

where n is again the number of nodes of zero radial displacement in the

standing wave (i.e.., the #adial overtone)
Equations (A 3), (A.4) and (A.5) lead to an approximate dispersion

relation for modes where £ >> n. In this limit. waves dc not penetrate

-
»

very deeply imto the star: the acoustic cavity is relasively shallow.
- ' Tad
Therefore. one can safely approximate the temperature at a given depth

within this rrow range as ' o S R‘
g(r)
Tir) = dT (R-r) = (R-1) (A 6)
dz|, Cp
dT }
. where az is the adiabatic temperature gradient, gir) is the local
a

gravity at radius r, Cp is the heat capacity at comstant pressure, and
R is the radius of the star. Substituting equation (A 6) into.(A.3)

eventually yields

c(r) = [(v-1)g(R-r) )" (A7)

where vy = Cp/Cv.

Thus, at the depth of the lower boundary of the acoustic cavity,
w = 2ry = kx[(7~1)g(R-r1)IH. (A.8)

Introducing equations (A.7) and (A.8) into the solution of (A.5), where
the thinness of the cavity permits the approximation Ikzpz - kz(R-ry),

finally gives the approximate dispersion relation:

vl « (n + ) gky - (A.9)

(V)
@

P



The derivation for f << n is similar but more involved since seve-
ral of the above simplifications are no longer valid given the greater
extent of the acoustic cavity in this case. 7The result is a dispersion
relation of the same form as that derived ¥BY Tassoul, (1980):

vt = vo(n + é + €) (A.10) [4.1]

*-1
where v, = [2IR gé]. Therefore, modes of low degree and high overtone

.
are characterized by consecutive overtones which are uniformly spaced

a
- -

in frequency.

Gravity (g-) modes

The resonant cavity for gravity waves is defined by the region in
the star where the oscillation_ frequency is less than the Brunt-Vaisala

(or buoyancy) frequency

g dt1

fav - [ T (2 ) ﬂ& (A.11)

a dz

For these modes, the dispersion relation is of the form (Toomre

1984):

1 - 1 n+ M2 + ¢ (A.12)

’

val VYo' [2(2+1)]M

, ,
vhere v’ = A [I v EE! dr], such that r,; i{s just below the convective
222 Uo 7T
zone of the star (within which gravity waves are evanescent) and ¢’ is
<
another small constant which depends on the stellar structure.

Note that consecutive overtones of a g-no&e of given degre%_are
equally lpacedlin period, not frequency. These modes also have longer

periods than the p-modes that would be found i{n the same star. Both -

!
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the longer periods and the equal period spacing are incompatible with
the observations of roAp stars, so the rapid oscillations of those

stars have been attributed to p-mode pulsation.

Pulsational driving

Most stars are stable to pulsation. 1If a star is., say, comp}essed
from its equilibrium configuration (perhaps by some turbulent process

in the atmosphere), the resulting overall decrease in opacity and in-
LY
crease in density gradient both allow the excess luminosity to escape -

more easily. When the star ther slightly overshoots its equilibrium

state, the opposite occurs. In this way. any oscillation is effecti-

vely damped after only a few cycles.
‘

However, at certain levels in the atmosphere, this sjtuation does
not neces;arily hold. Consider the He II ionization zone, which is
located at a temperature near 4 X 104 K. Uheﬁ the star is most highly
compressed, much of the excess luminosity is absorbed in the lonization
of He I1 to He II1. The large opacity of He 11 dfms the outflow of
radiation and increases the local temperature gradienc.‘ The excess
: pressure drives the guter layers of the star to expand more than its
nogmal relaxation response. Conversely, at maximum expansion, recomb{ -
nation takes place in the He III region. Not only is He II1I almost h
transparent to the UV flux that was blocked before by He II, but the
recombination alsd cools the gas more efficiently. Both the teﬁpera-

ture and pressure fall, as do the outer layers of the star, and the

pulsation cycle repeats. This is an oversimplified picture, but it

.

-

does describe the fumdamental mechanism at work.

All stars have He II ifonization zones, but not all pulsate. If



the He 11 zone is tooc deep in the atmosphere (as in a smaller, cooler
star), there is insufficienc driving to move the weight of the over-
lying gas. 1f the zone is too high (larger, hotter star), there is
insufficient mass in the upper laye}s to recompress the star effec-
tively. Also, the region which contains the.ionization z®me will be
nonadiabatic, so, the density and temperature adjust themselves to keep
the luminosity gradient fﬁgn becoming steep enough to drive puisation.
The narrow range of effective temperature over which this envelope
ionization uecbanism will drive ;ulsétion in stellar models corresponds
-closely to that observed for the Cepleid 1nstability.strip. Where the
=
lower portion of this stéip crosses the main sequence are found the §

Scuti pulsators. This is also the vicinity of the roAp stars, so the

He TI ionization mechanism may be relevant to these stars, even with

their anomalous atmospheric compositions,
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APPENDIX B

-FORTRAN V Listings of: .

1. Fourier Periodogram Routines PRGRM1 and PRGRMZ.

2. "Lafler and Kinman" Periodogram Routine FAZCURV

™
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