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SUMMARY

During the past few years the literature has contained several
reports concerniﬁg rapid line profile variations of some Be, Ap, Wolf-
Rayet and other early-type stars. In some cases the time-scales of the
variations have been reported to be as short as minutes or even seconds

" . : 7
and clearly, if such variations are intrinsic to the stars, the ?rocesses

giving rise to them must be accounted for by any future theories regard-

ing the stellar structures and afmospheresﬁ'

However, some of the earlier observations are open to criticism and
the reported variagtions may, in some caées, be the'result of various-in—
strumental errors which have not been fully appreciated. The work reported
in this thesis was undertaken in order to investigate further the varia-

tions reported for the HP line in some of these stars.

A considerable amount of the work has bqén concerned with developing
a novel stellar line profile scamner. By tilting a narrow band (~ 2 'y
half-width) interference filter in a.collimated beam, a moderate resolu-
tion wavelength-scanning monochromator is aéhiéved- The tilt-scanning
teéhniéue has been explored in séme depth and it is believed that this
work is the first infensive application of the technique to the measure-

ment of stellar line profiles at this wavelength resolution.

The-indications are that the scanning range of one filter may be of
the order of 200 2. Although there is a degree of distortion of'the recor-
ded profiles caused by the filter's transhittance decreasing and its pass-
band broadening with tilt, the application for this study was concerned
only with-detecting line profile variations rather than making absolute
measurements. However, over the smallef wavelength range normally scanned
(~30 %), the distortions of the recorded line profiles are sufficiently

small as to be neglected.
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More important, however, are the chahges of the filter passband, and
hence of the recorded profiles, brought about by variations in the angular
size and movement of the stellar seeing disc in the telescope's focal plane
due to unsteady seeing conditions and felescobe tracking errors. Both of
these topics have been considered as sources of photometric noise and it is
felt that some of the variations of the Be stars reported previocusly by
others may be the result of similar effects, especially since the extent

of the noise becomes greater as the spectral gradients increase.

A special purpose double-beam photometer has been designed and built.
One beam passes through a narrow band scanning filter while the other beam.
passes tﬁrough a broader band (~ 50 &) fixed interference filter whose pass-—
band is centred on the continuum adjacent to the scanned line. This second
beam acts as a feference and after subtracting sky and dark contributions,
the ratio.of the signal in the tﬁo beams is largely free of atmospheric
noise. The scénning filter is moved automatically along a series of dis-
crete wavelength points by a stepping motor and both the step-size and the
number of spectral points can be set on the electronic control. Pulse
counting photometry is employea; the signals in both beams are recorded
simultaneously and, after preset integration times, are punched on paper
tape together with a record of the filter position and the Universal Time.
Wavelength/tilt calibration is performed by piping light from laboratory
lamps into the photometer by a fibre optic tube.

3

Observationally, the main emphasis of the work has been on measurements
of the ﬁﬁ liné in Be stars, several of which have been found to show night-
to-night‘profile variations. Although variations of this type have been
‘reported previously for some of the stars observed (e.g. ¥ Cas, & Tau), it
is believed that there are no previous reports of night-to-night variations
for several of the othefs (¢ Ara, ® Cen, p Cen, é1 Sco). No evidence of

very rapid variability was found.
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. Other observations were made of the Ap star ¢ UMa but these showed
no signs of any of the variations reported earlier. The Wolf-Rayet star
and spectroscopic binary 72 Vel was also observed and in addition to the

known variations of the Hf line with phase, night-to-night variations

were also indicated.

The main advantages of the tilting—filter scanner over other line
scanners with comparable resolution are its simplicity of design and its
sméll physical size which, together with a”high overall transmittance of
the optical components, allows it to be used with small telescopes. Al-
‘though the spectral purity of the recorded profiles is not as good as can
be achieved with more sophisticated scanners,. the t;chnique cleariy has a

useful application for the detection of line profile variations.






PREFACE

The aims of the work presented in this thesis were: a) tovexplore the
technique of tilt-scanning narrow band interference filters to obtain mode-
rate wavelength resolution stellar line profiles and b) to apply the tech-
nique to observations of line profile variations of the HB line (A 4861 %)~
in some early-type stars (Be, Ap and Wolf-Rayet stars). Both of these aims

have been fulfilled.

A special line profile scanner employing the tilting-filter technique
has been built. The photometer head is of my own design and was constructed
in the Observatory's workshop; the electronic data acquisition and control

system is again of my own design and was assembled by myself. .

iy

Some previous reports of rapid line pr%file variations in Be, Ap, Wolf-
Rayet and other stars are discussed in Chapter 1 where a very critical exami-
nation highlights several weaknesses in the observations and in the analysis
and presentation of the data. It is suggested that some of the rapid Varia-'

tions reported in these earlier studies are possibly not intrinsic to the

staré but might be attributed to observational errors due to instrumental
and atmospheric effects and to over-optimistic accuracy levels which have

not been properly relatéd to the basic photon shot noise. ’

Chapter 2 discusseé the technique of tilt-scanning wi%h narrow band
interférence filters and describes how the filter passbands are affected by
tilting of thé filters and by illumination with non-collimated light which
- may behpolarized. The4qua1ity of the recorded profiles is assessed by com-

parison with scans simulated from high resolution spectrum atlases.

A description of the optical and mechanical components of the scanner
and the electronic control and data recording system is presented in

Chapter 3.
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Chapter 4 discusses obgervational errors due to phofon noise, and
atmospheric and instrumental effects. In particular, the effects of broad-
ening and wavelength shifts df the filter passbands by variations of the
size of the seeing disc and its movement are discussed. Some of the con-
clusions regarding these instrumental effects are applicable in consider-

ing the accuracy of B-index photometry.

v

The scanner has béen used at Glasgow University Observatory, at the
Royal Greenwich Observatory (Herstmonceux) and at the South African Astro-
nomigal Observatory (Sutherland, R.S.A.) where telescope time was allocated
by the Large Telescope Users Panel. Some astronbmical obser;ations are

presented and discussed in Chapter 5.
The original work of the thesis is contained in Chapters 2, 3, 4 and 5.

The scanner and its electronic control were built and developed in the
Department of Astronomy at Glasgow University Observatory and it is a plea-
sure to thank Professor P. A. Sweet for the facilities and help provided

in his department.

The research topic was suggested by Dr. David Clarke and I am ex-
tremely grateful to him for his advice and encouragement and for the many

stimulating discussions which we have had together.

’

Further thanks are also due to Dr. Ciarke and his family for their
assistance and.co—operation in making many of the‘observations, especially
those ih_South Africa; to Mr. W. Edgar for assembling the photometer head,
with the.help 6f only our conversations and of his own technical drawings;
éo the 'Director of the ‘Royal Greenwich Observatory for the allocation of
observing time on the Yapp telescope and to the Director and staff of.the
South African Astronomical Observatory for the facilities and assistance
provided during the visit of Dr. Clarke ana myself to Cape Town and

Sutherland.
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preparation of the typescript and diagrams.
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‘T, H. Alan Wyllie.




1. INTRODUCTION

Variability of stellar line profiles is a phenomenon which has been
_observed for many years. Indeed, there are so many groups of stars which
exhibit some degree of line profile variability that a comprehensive des-

cription is far beyond the scope of this introduction.

The particular aspect of line profile variability which stimulated
this work was the appearance in the literature of reports of rapid profile
variations of the Balmer lines in particular groups of stars, notably the

Be and shell stars and the Ap stars.

lA brief and critical account is given below of some of the variability
which has been observed previouély among these classes of stars. Attention
is drawn to certain observational hazards which lead to the possibility of
some of the reported variations being due to instrumental effects and not

intrinsic to the stars.

1.1 Rapid Balmer Line Variability of the Be and Shell Stars.

The Be stars have been known for a considerable time torbe variable

on time-scales of months and years. The famous "Catalogue and Bibliography
Af Stars of Classes B and A Whose Spectra Have Bright‘Hydrogen Lines" and
its Supplements, compiled by Merrill and Burwell (1933, 1943, 1949 and 1950)
contains in the notes anq bibliography many references concerning observa-
tions prior to 1950 of emission line stars which have shown spectral varia-
tions. In fact, Merrill and Burwell (1933) note that, "The spectra of many,
possibly all, of the stars in Tables I and II are.variable to a greater or
lesser extent." Other more recent catalogues of Be stars (e.g. Wackerling’
1970; Jaschek, Ferre; and Jaschek 1971) also give references in the biblio-

graphies to observations of long-term variability among this class of star.

From surveys of stellar rotational velocities it has been found that

those stars which have the fastest rotation belong to the spectral types O,



B, A and F. Of this group, the Be stars rotate most rapidly with vélues of
v sin i (the projected rotational velocity) often in excess of 250 xm s,
Such high rotational velocities‘almost certainly result in centrifugally
forced ejection of material from the equatorial regions of the stellar sur-
face to form a circumstellar gaseous envelope. The hydrogen emission lines
are formed within this envelope, probably by excitation and recombination
‘mechanisms. The-shépe of fhe emission lines is strongly dependent on the
angle of .inclination to the line of sight of the axis of rotation of the
envelcope aﬁd alsc on the density and motion of the material within’the
envelope. This simple model of.a Be star was first suggested by Struve

(1931) although subsequent developments have led to much more complicated

models.

Briefly, when a Be star is viewed equator-on, the main features of the
optical spectrum are the strong hydrogen emission lines, decreasing in
strength from Ha to higher members of the Balmer Series. The emission lines
are superimposed on Doppler broadened photospheric absorption lines which,
because of the high rotational velocity, are very broad and very shallow.
The emission itself often consists of a violet and a red (Doppler displaced)
component known as the V and R components. These two emission peaks are
produced in ihe two lobes of the rotating envelope and are separafed by a
central absorption which is produced by those parts of the envelope which
are seen against the sféllar disc. If the central -absorption is strong and
is accompanied by other strong, metallic absgorption lines, usually charac-

‘teristic of a later spectral type, the star is classified as a shell star.

Since the circumstellar envelope is often thought to be in the form of
an equatorial disc or toroid, when the Be stars'are seen nearly pole-on the
absorption and the single-peaked emission lines appear much narrower and

the shell absorption features are no longer visible.

Spectrum variability of the Be stars generally affects the separation



of the V and R emission peaks, the relative intensity of the peaks (known
as the V/R ratio), the intensity of the emission above the continuum level
(known as the E/C ratio) and the depth and wavelength of the shell absorp-
tion core if this is present. Such variations are likely to be produced by
changes in the amount of material within the envelope as well as expansion
or contraction of the shell. For example, an expanding envelope will pro-
duce a blue shifted absorption core which will reduce the strength of the

V emission peak and vice versa.

Many Be stars have been observed to éﬁow some, if not all, of the
above variations of their emission line profiles. For example, McLaughlin
(1957), Lacoarret (1965) and Hubert (1973) have each observed such changes.
in a number of Be stars over periods of yearé. In some cases, the strength
of the emission lines shows a cyclic behaviour (Hubert 1973) with periods

of less than twenty years.

Shell stars also show irregular yariatioﬂs in their line profiles. The
famous period of acﬁivity of the shell star f.Cas during the 193C's is des-
pribed by Beer (1956) and summaries of the longer term spectral variations
of the shell stars 48 Lib and Z Tau are given by Underhill (1960a, 1966).
Peters (1972) gives a detailed description of the day to day changes,
chiefly' at HB, HY and Hd, observed in the spectrum of the shell variable
HR2142 during the period 1969 to 1971. These are just a few of the many

reports that can be found in the literature.

It is apparent that changes in the spectra of the Be stars are not un-
common. Howeﬁer, the structure of the extended atmospheres of the Be stars
is not yet full& understood, and clearly the observed variations are indi-
cations of changes which are occurring within and around these stars. Fur-
ther observatibns of the line profiles and their variations should contri-
bute towards a better understanding of the nature of the extended shells

and the processes associated with them.



Various models have been suggested for the Be stars and their atmo-
spheres. Of particular interest is the method by which the circumstellar
material is supported. Tor example, Limber and Marlborough (Limber 1965,
1967, 1969; Limber and Marlborough 1968) have suggested centrifugal force
as a support mechanism while Hutchings (1970a) has proposed that radiation
pressure could be supporting the envelope surrounding Y Cas. The latter
mechanism has also been suggested by Hutchings (1970b) for the support of

the extended atmospheres of the O-B supergiants.

It is common practice to develop the various models by changing those
parameters of the models which determine the shape and structure of the
emission lines so that computed line profiles derived from the models will
closely fit the observed profiles (e.g. see Marlborough 1969, 1970; Hutch-
ings 1968a, 1970a, 1971). The final models developed yield values for thé
density, temperature, distribution, etc. of the shell material in addition
to the surface temperature, surface gravity, etc. of the star itself. A
method for obtaining the size of the extended atmosphere from the shape of
the line profiles has been developed by Kitchin (1970). The variations of
the line profiles which are observed must obviously be accounted for in

terms of variations of at least some of the model barameters which, in turn,

must be compatible with known physical processes.

A further recently developed method of obtaining information regarding
the structure of the Be stars is provided by spectropolarimetry. In order
to explain the peculiar wavelength dependence of polarization for the éhell
star g Tau, determined by broad band spectropolarimetry, Capps, Coyne and
Dyck (1973) propoéed a model for this star in which the photospheric radia-
tion is polarized by electron scatteriné in an asymmetric circumstellar en-
velope. This model accounted for the decrease in the degree of polariza-
tion observed at the Paschen and Balmer limits since any emission produced

within the circumstellar envelope (principally hydrogen line-emission)



should be less polarized because it undergoes less scattering than the
photospheric radiation. The model alsco predicted that there should be a
decrease in the degree of polarization (for the same reason) across any

particular emission line,

By means of high resolution spectropolarimetry, Clarke and McLean
(1974b) have detected a reduced polarization in the HP emission line of
Y Cas. This depolarization effect has'since been observed in the Ha, HPB
and HY emission lines in a number of other Be stars (see Clarke and McLean
1975; Coyne and McLean 1975; Hayes 1975; Hayes and Illing 1974; McLean
and-Clarke 1975; Poeckert 1975). The above polarization effects are almost
certainly related to the circumstellar envelopes of the Be stars and it is
to Be expected that time variations in the structure of the envelopes will
be accompanied by variations of the intrinsic polarization of these stars.
Broad band measures of the continuum polarization have shown slow variabi-
lity for a number of Be stars (Serkowski 1970) and more rapid changes in
the continuum polarization in Z Tau have béen suggested by Clarke and McLean
(1975) and by Poeckert (1975). However, the only evidence of variability
of the emissiop line depolarization is an unconfirmed report by Clarke and

McLean (1974b).

Changes in the degree of polarization across the emission lines of the
Be stars not only indicate that‘the observed polarization is intrinsic to
these stars but also provide an alternative means of monitoring changes in
the envelope structure in addition to yielding information on the levels
within the énvelope at which the emission and shell absorption are being
produced. Although some of the polarimetric observations cited above have
been obtained at moderate wavelength resolution (f~_1.5 X),.only a limited
number of discrete points across the profile have been measured and it is
desirable to increase the number of points, especially in the case of‘shell
stars such as‘é Tau and 48 Lib which show sharp and deep shell absorption

cores in addition to the emission features.



If the depolarization effect is related to the strength of the (unpola-
rized) emission as proposed by Clarke and McLean (1974b) and Poeckert (1975),
simultaneous polarimetric measurements and line profile measurements would
confirm the expected correlation between their time variagbility. Such a

study has not yet been carried out.

Most of the line profile measurements prior to the later part of the
last decade were obtained, usually photographically, with low time resolu~
tion. More recént observations have, however, seen increasing application
of photoelectric spectrum scanners. Many different varieties of spectrum
scanner have been constructed (see Code and Liller 1962) most of which rely
on diffraction gratings to achieve their wavelength dispersion. Scanning
in wavelength ié normally obtained either by ﬁoving an exit slit and detec-
tor (usually a photomultiplier tube) along the spectrum or by rotating the
diffraction grating and having a fixed exit slit and detector. More recently,
image Isocon tubes have been used in conjunction with grating spectrographs
and have the effect of a multi-element storage device enabling many wave-
length elements to be measured simultaneously. (see Walker, Auman, Buchholz,

Goldberg and Isherwood 1971).

For the work presented in this thesis, it was decided to explore the
technique of obtaining a particular stellar line profile (HB) by tilt-scanning
a narrow band interference filter. The method is simple and the overall
transmittance of the optical system is high. In addition, because of the
small physical size of.the scanner in relatioﬁ to the spectral resolution
which can be achieved, the technique has pqtential for measurements with
small telescopes; an important consideration if prolonged observing runs
are requi:ed as in the case of searching for irregular line profile varia-
bility. Although the technique does not yield line profiles of high spect-
ral purity it was felt that this is of little consequence if the aim is to

detect intrinsic profile variations. The technique of tilt-scanning with



narrow band filters and some preliminary results have been published else-

where (Clarke, McLean and Wyllie 1975).

As a result of their extremely good linearity of response and high
quantum efficiency, photoelectric spectrum scanners have the potential of
yielding a higher photometric accuracy and a much higher time resolution
than photographic spectrographs. Observations made at high time resolution
with.these scanners have reveaied rapid, hour to hour and perhaps minute to

minute variations of the Be emissioﬁ line profiles.

The reported varigtions occur in particular_parts of the profiles and
can only be monitored in detail with high time resclution and high spectral
resolution. Unfortunately, as higher time and spectral resolution are
achieved it is usually found (except perhaps with multi-channel devices)
that the photometric accuracy of single profile scans is reduced because of
the higher level of photon shot-noise. Because of the statistical uncertain-
ties involved, single scans will reveal only large scale profile variations,
however if time-averages of an increasing number of scans are formed, slower
and smaller amplitude variations are mo£e likely to be seen. Variations of
the Be profiles have been reported on individual scans and also-on time-

averaged mean scans.

The earliest reference found concerning rapid Balmer line variability
among the Be stars is av;eport by Hutchings (196]) of rapid profile changes
6f the HY line in the shell star Y Cas. 'Hutchings g1967) presents profiles
of HY obtained over ~ 5 X of spectrum at a resolution of ~ 0.3 2;' the scans
consistiﬁg of a series of measurements at wavelength intervals of 0.25 3.

A photometric accuracy of < 1 per cent of.the continuum level was achieved
with a time resolution of ~ 1 hour and the scané obtained show variationé

of HY from hour to hour and on longer time-scaies. Further profile measure-
ments at HP and Ho for this star, obtained wifh a different scanner, appar-
eptly show even more rapid variations on a time-scale of minutes (Hutchings

1968b, 1970a).



Similar rapid variations (from scan to scan) have also been reported
for the HP and HY lines in the Be stars Kk Dra and HD142926 (Hutchings 1968b,
1971) and for the Ho line in these two Be stars and in the shell star 48 Lib

(Hutchings, Auman, Gower and Walker 1971a; Hutchings, Walker and Auman 1971b).

The Ha observations (Hutchings et al 1971a, 1971b) were obtained with an
Isocon television camera and seem to indicate variability on time-scales of
minutes or even less. However, as a result of the experience gained during
the work leadiné to this thesis, it is suspected that some of the rapid vari-
ability reported by Hutchings et al (1971a, 1971b) might be due to low photo-
metric accuracy of individual scans. In addition to photon shot-noise, there
may also be noise on the scans due to instrumental effects possibly related

to seeing conditions and telescope guidance errors.

For example, Ho profiles for HD142926 (mV = 5.6) were obtained with an
Isocon camera (Hutchings et al 1971b). Although the integration time (on a
single ”scan") per spectral element was 40 seconds, the linear wavelength
dispersion of the grating spectrometer and the resolution of the Isocon tube
were such that the wavelength range covered by each spectral element was
bhly ~ 0.2 8. It would seem likely therefore that the integrated photon
count in a single‘spectral element would be subject to a photon shot-noise
6f at least several per cent. Hutchings et al do not give details of either
the photometric accuracy. achieved for single profiles or of the theoretical
accuracy based on photon-counting statistics. Furthermore,vthey do not

present any observations of comparison stars.

However, the order of magnitude of the noise on indiﬁidual profiles
can be seen in the continuum on either side of the Ha line. On the mean of
a large number of profiles, the continuum.is seen to be flat and smooth
while considerable "structure" (produced by photon noise) is seen on the
individual profiles. fhe fluctuations suggested by Hutchings to occur in

the emission feature are no larger than this level of noise.



A similar explanation might also apply to the reported rapid variabi-
lity of the shell star 48 Lib (mV = 4.7) (Hutchings et al 1971b). Again the
noise level on the individual profiles is not commented on by Hutchings but
is probably paftly due to photon shot-noise perhaps combined with other
effects. As with HD142926, the order of magnitude of the noise can be as-—
sessed by inspection of the continuum regions of the profiles and again the.
noise would seem to be large enough to be responsible for the variations

reported in the emission line.

’

Hutchings et al (1971a, 1971b) also present data for HD142926, X Dra
and 48 Lib in the form of differences of individual profiles'from the mean
profiles. These differences often show systematic effects which take.the

form of a sinusoidal variation of the differences with wavelength -
AT

( A )

which are called "S-shapes" by Hutchings. As Hutchings remarks, the "S-
shapes" are almost certainly due to wavelength shifts of individual profiles
by ub to 2 £ from the mean. The problem is to determine if such wavelength

shifts are intrinsic to the stars or if they are of instrumental origin.

Although Hutchings et al (1971a) claim that the shifts are too large
to be produced by instrumental effects or guidance errors, it has been found
that éhé interference filter scanner used in this work can be subject to
wavelength shifts as the result of guidance errors. Similar effects are
" possible witﬂ most ‘angular dispersive spectrometers and the effect is usually
larger at higher dispersions. In addition, Griffin (1970) has drawn atten-
tion to %he fact that image movement aloné a spectrograph slit, as well as
across it, is a possible, although often overlooked, source of‘error due to
wavelength‘shifts. image movement along the slit is likely to be due to
teiescope guidance errors although fluctuations in the size of the seeing

disc might also result in wavelength shifts or passband broadening due to

this effect.
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Of course, the design of any particulér instrument will determine the
extent of the waveiength shifts resulting from image movement or changes in
its size.: Howgver, the effect must be considered as a possible alternative
to rapid radial velocity variations within the circumstellar envelopes.
Some of the observed profile variations would require rapid pulsation of the
envelopes on time-scales of less than 1 minute and these are very difficult

to explain in terms of known physical processes.

Further observations of rapid HP profile variability among the Be stars
have been reported by Bahng. The observations were made with a rapid spec-
trum scanner (Bahng 1971a) and consisted of a series of discfete measures
a% wavelength intervals of 10 X with a spectral resolution of ~20 & (tpe
resolution was dependent on the size of the seeing disc but was limited by

the entrance aperture to a worst case of =~ 35 %).

Because of the low spectral resolution, the structure within the emis-
sion lineg was not observed and the data is presented in the form of measures
of the integrated HB eqﬁivalent width. By making similar measures of the HS
equivalent width in a standard star, Bahng (1971a) determined the rms. (root-
ﬁean—square) deviation of the equivalent width of the standard star to be
~ 3 per cent and adopted a figure of 6 per cent as a 20 statistical signi-
ficance_level for variability of the Be stars (i.e., those stars which showed
an rm;. deviation greater than 6 per cent in the HP equivalent width were
taken as showing real variations). However, the large scatter in the equi-
‘valent width measures of the Be stars @ Per, HR985 and n Aqr can perhaps
once again be explained by seeing and guidance effects producing changes in
instrumental resolution and wavelength shifts. It is unlikely that these
effects would have been apparent on examination of the scans, since the
wavelength step-size was too large and the spectral resclution was not suf-
ficiently high to show them, hence the effects would have appeared merely

*

as intensity fluctuations at those discrete wavelength positions close to
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the HF line. The reason for the rms. deviation being greater for the Be
stars than for the comparison star HR801 (B3V) could simply be because of
the steeper gradients of the emission line profiles of the Be stars in which
case a given shift ih wavelength would have resulted in a larger change in

the measured intensity.

Rapid variations of the HP equivalent width for the shell star Z Tau
are also reported by Bahng (1971b). Once again, the scaﬁs were not of suf-
ficiently high spectral resolution to reveal the true shape of the emission
feature but it is reported tﬁat wiﬁhin a. 13 minute interval, the integraﬁed
HB equivalent width changed from net absorption to net emission and then
back to absorption once more. It is possible again, however, that these
changes might be instrumentally produced. The HP line profile of Z Tau
measured with the interference filter scanner during the winter of 1974/75*
showed a very asymmetrical shape with one strong, sharp emission peak (the
R peak) and a deep shell absorption feature (see Chapter 5). Although the
profile at the time of Bahng's observations (December 1970) was probably
different, since long-term changes are known for this star, it is likely
that the profile still contained sharp emission peaks and absorption cores.
With an emission featufe of this shape and with a 10 X wavelength step-size
it is vital to know precisely where the instruméntal passband is cehtrea
and it is even more important to ensure that the positioning of the pass-
band relative to the emission feature remains the same on successive scans.
However, guidance errors might easily produce sufficient wavelength shifts
to move the centre of the passband on.one scan from an emission peak into
an absofption'cofe with a resulting variation in the equivalent width which
would be obtained from that scan. Moreover, Bahng reports that with his
scanner, a change in the size of the seeing disc from 3.8 arc seconds to
6.75 arc seconds (see Bahng 1971a) would ‘cause the spectral bandpass to
chaﬁge from 20 R to 35 R since the slit width was usually greater than the

seeing disc diameter. Obviously, if such changes occur rapidly within a
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single scan, a considerable distortion ;f the measﬁred profile is likely
to occur. Once again the comparison stars ﬁave'vastly different (absorp-
tion) line shapes and hence are not so sengitive to these effects. In addi-
tion, the figures given by Bahng (see above) show that the wavelength shifts
that will result from image movement in the entrance aperture are likely to
be as large as several Xngstr&ms and such shifts when not on a flat spectrum
might produce large variations in signal from scan to scan. Again the ef-

fect on the recorded signal is very dependent on the shape of the line being

scanned.

’

To summarise the reports concerning the Be and shell stars, it can be
said that slow variations of the hydrogen emissién lines, on time-scales of
the order of one hour or longer, are almosftcertainly real. However, it is
‘felt that considerable doubt is still associated with the reported rapid
veriations on time-scales of seconds to minutes. It would appear:thqt_suf-
ficient consideration has not been given in the reports cited to the pos-
sible sources of noise and errors (e.g. photon, instrumental, atmospheric)
and that the quality of the data has not been fully assessed. Observations
of comparison stars are too few in number, and even when they are obtained,
the conditions of observation for the reference stars and the stars of in-
terest are very different. For example, it has frequently been implied in
the preceding discussions that the instrumental response to and the photo-
metric accuracy attainable 'for the broad absorbtion lines of normal B and
A type stars will be quite different from the response and accuracy for the
very sharp emission lines found in most Be stars, because of the marked dif-
ferences'in tﬁe gradients of the spectral features. In any case, both the
instrumental response -and the photometric accuracy attainable are liable

to be dependent on the sky conditions at the time of the observations.

For the above reasons, and independent of whether the stars have.in-

trinsic short-term fluctuations or not, the photometric accuracy of line
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profiles of Be stars is expected to be less than for standard, normal B

type stars (all other factors being equal).

In the cited reports of rapid Balmer line variability, the theoretical
photometric accuracies which might have been expected are not discussed for
the progfamme stars of for the éomparison stérs. It is difficult, there-
fore, to assess the quality of the measurements and to determine the extent

of any sources of noise other than photon noise.

Cleérly further observations of these stars are required at high time
and spectral resolution. However, it ié important to know the expected and
the observed accuracies of the observations and to be aware of the differ-
ences likely to exist between the accuracy attainable for the Be stars and
for the comparison stars, whether or not they are measured under the séme

seeing conditions.

1.2 Rapid Balmer Line Varigbility of the Ap Stars

The peculiar A or Ap stars are a group of stars whose spectra show
either unusually great strength or weakness of the lines of certain elements
(e.g. strong lines of the Bu-Cr-Sr group). The Ap stars share their pecu-

Iiar line intensities with the metallic-line A stars or Am stars.

In addition, many of the Ap and Am stars whose spectral lines are sharp
enough, have shown evidence of Zeeman splitting of the lines, indicating
the presence of magnetic fields. Many of these stars which show spectral
peculiarities or strong magnetic fields also show periodic or nearly perio-
‘dic changes in their line intensities, light and colour and in their magne-
tic field. Ledoux and Renson (1966) give a table of magnetic stars listing
various parameters (e.g. spectrum, light, line strength, etc.) which are
variable or periodic, the periods being in the range of less than one day
to several hundred days and wifh the amplitude of the light variability

usually less than 0.1 magnitudes.
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The periodic variations are probably related to the rotation periods
of the stars and might be due to non-uniform chemical abundances or a

"spottiness" of the stellar surfaces (see Preston 1971).

Continuum light variations with amplitudes of « 6.01 magnituaes and on
‘time-scales as short as 30 minu£es to 2 hours have been reﬁorted by Rakos
(1963), Maitzen and Moffat (1972), Stepief and Romaniuk (1973) and Percy
(1973). These short period variations may be due to pulsation in the Ap
stars (Breger 1969) in which case they may also be apparent as radial velo-

city and line profile variations.

Even more rapid variations in the profiles and equivalent widths of
‘the hydrogen and calcium lines on time-scales of minutes have been reported
for a number of Ap stars. Some of these repdrts will now be commented on
briefly. The observations have, in general, been performed by the tech-
niques of spectrum scanning and, for the hydrogen lines, by B-index photo-
metry (also ¥ and d) in the system of Crawford (1958, 1960); some photo-

graphic studies- are also described.

Wood (1964) reports observations of e Ursae Majoris (e UMa) made at
Lowell Observatory with é low resolution spectrum scanner (20 R exit slit).
The equivalent width of HP is reported to have changed by 10 per cent over
a 4 minute interval, the variations in the line profile seemingly being re-

stricted to the line wings about 15 to 20 X from the line centre.

When individual line profile scans are to be compared in order to de-
tect variations from scan to scan, it is very important that any systematic
effects due to changes of the signal level, either from scan to scan or
across a single scan, should be completely removed. Such changes in signal
level might be, for example, due to transparency changes, differential atmo-
spheric extinction, photomultiplier gain changes, etc. Removal of the ef-
fects of these changes is normally performed by various methods of rectifi-

cation and normalisation of the line profiles and after such corrections

AN
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have been made, it is to be expedted (because of the procedures normally
adopted) that the continuum levels on the corrected profiles should be in

good agreement with each other.

However,. the scans presented by Wood for the HP profile in & UMa
reveal that the levels of the continuum, « 150 X from the line centre and
therefore well out of the wings of the broad HB line, do not coincide when
successive scans are superimposed. This would imply that the method adopted
By Wood for normalising the scans has been inadequate and has not removed
éll of the effects mentioned above. If re-normalisation of the scans were
to be performed.sb as to match the levels of the continuum, it would be
found that the variations would then occur in the HB line core. 1In addition,
the profile variations that would then be apparent would be in the form of
filling-in of the line core accompanied by an increase of the line half;
width. Variability such as this could be caused by broadening of the
instrumental transmission profile as the result of a change in the size

of the seeing disc in the entrance aperture of the spectrograph.

The quality of the line profile measurements is further in doubt, since
it has been deduced from the dates and times of the observations (given by
. Wood) that the altitude of & UMa was less than 100 when the reported HPB
variations occurred. Wood bases the accuracy of his measurements on a com-
parison with an HB-standérd star, @ Lacertae, which was near the zenith when
observed. It is very unlikely that the seeing conditions would have been
the same fof these two stars and it is also unlikely that the photometric
accuracies of the line profiles would be comparable to one another. Although
a nearby comparison star was also observed and was reported as showing no
line variations, Wood does not say how frequently the comparison star was
observed and he does not state the accuracy achieved for the line profiles

of this star.

Furthermore, the very low altitude of € UMa during these observations



in conjunction with the spectral range of the scans (°°4OO R) meéns that
the effects of differential atmospheric extinction cannot be ignored. The
differential extinction between the extreme.ends of the scans can be calcu-
lated to have been =~ 0.4 magnitudes and could be ignored if it remained
constant with time. However, because of the rapid rate of change of sec Z
and because of the wavelength dependence of the extinction coéfficienl,
calculations show that not only was the amount of extinction increasing at
the ra£e of 0.013 magnitude/minute but that the differential extinction
between opposite ends of the scans was increasihg at the rate of 0.003
magnitude/minute (i.e. an intensity variation of = 0.3 per cent/minute) at
theAtime of the obsefvations. (The figures aée based on the posifion of
stMa at the time of observation supplied by Wood and ;n a plot of the
variation of the extinction coefficient with wavelength given by Hardie
(1962)). Since the scanning rate was ~ 200 &/minute, these effects are

certainly not negligible.

However, the effecfs of extinction are apparently ignored by Wood and,
~in addition, no mention is made by him of the effects of sky transparency
fluctuations at such low altitudes, or of attempts to compensate for them
by double-beam techniques. It must be concluded therefore that these will
be additional sources of noise which have not been evaluated and removed

from the data.

Other observations of Balmer line variability in & UMa, detected by

means of interference filter HP photometry, have also been reported by Wood .

(1965, 1968) but seem to be inconclusive. Measurements are first made in
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a natural filter system in which B'-indices are determined and these are con-

" verted into the standard P-index system by means of transformation coeffi-
cients determined from observations of HB standard stars. Wood defines the
"scatter" of the observations as the average deviation (not the rms. devia-

tion) of individual measures from the mean and states that the "scatter" of



the comparison star measurements is usually less than 0.007 magnitude and

sometimes as small as 0.002 magnitude in B'.

Wood claims that his observations of € UMA show rapid and irregular
real variations of the B'-index. Howevér, values of B' for ¢ UMa on Decem—
ber 25, 1963, may be obtained frbm a plot of B' against time presented by
Wood (1965). It is found that these values have a "scatterg of 0.004 mag-
nitude, identical to the scatter quoted by Wood for the comparison star.
(The rms. deviation in B' is found to be + 0.006 magnitude (=~ 0.6 per cent
photometry)). The equivalent "scatter" in the equivalent width determined
from the f-index is in fact 0.18 X or 1.36 per cent. The variations of the
B-index for & UMa reported for this occasion would seem, therefore, not to
be significant in relation to the accuracy of the comparison star measure-

ments.

In addition, the spectrum séanner observations of July 1963 (see Wood
1964) gave the‘equivalent width of the HS line as ~ 18 ﬁ while the B-index
measurements of December 1963 (see Wood 1968) showed the equivalent width
to be ™13 X. The implication of these results is that either the scanner
or the interference filter obsefvations (or both) had systematic errors
associated with them, or alternatively the intrinsic equivalent width of the
HP line in e UMa decreased by 27 per cent over a five month interval. Such
a variation in the strerngth of the HP line in this star could be occurring
on this longer time-scale, however the very rapid variations reported by

Wood might simply be over-resolved noise on the observations.
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Rapid spectrum scanner observations of & UMa have been made more recent-

ly by Breger (1974). The eéuivalent width of the Ha line was measured from
the line profiles which were obtained at 45 second intervals over a period
of 2% hours and it was found that the observed and the photon predicted
standard deviations of a single observation were both 0.2 per cent. Breger

concluded that his observations showed no significant rapid variations of
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the equivalent width of Ha over this pefiod and he further proposed that
many of the earlier rapid variability observations by others could be chal-
lenged on the grounds that insufficient account had been taken of the ob-
servational errors. Moreover, the statements which are made concerning the
accuracy of the B-index measurements of & UMa, and other stars still to be
described, are based on less‘frequent observations of comparison stars and
no attempt has been made by anyone other than Breger to compare the obser-
ved errors Qith the errors that might be expected from photon statistics.
The validity of the comparison star observations is also in doubt since, as
with the Be stars, it is virtually impossible to find a comparison star
which shows exactly the same spectral features as the Ap stars and which
does not belong to that spectral type itself. The broad, featureless Balmer
lines found in the normal A type stars contrast sharply with the very many
blended metallic lines superimposed on the wings of the Balmer lines in the
Ap stars. The effect on the B-index produced by seeing fluctuations and
guidance drifts could perhaps be more pronounced when there is contamina-
tion of the HB line by the metallic lines found in the Ap spectra. If
changes in the P-indices aie due to seeing conditions or guidance errors,
it is because the narrow band and the broad band filters respond different-
ly to these effects. However, the time-scales of instrumental and atmo-
spheric effects would be much more able to account for the observed varia-~
bility than any physical processes occurring in the stars. For instance,
Wood (1967) reported a 30 per cent change in the equivalent width of HB
for the magnetic star HD215441 (Babcock's star) in a time interval of 90

seconds !

The Ap star 73 Draconis has also been reported to show rapid varia-
tions of the Balmer and calcium lines in addition to a 20-day periodic
variation in. the étréngth of many metallic lines. The long period varia-
tions were first reported by Morgan (1933) and confirmed later by Durham

(1943) while, more recently, Berg (1967) has shown the period to be constant
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at 20.2755 days. 3Babcock (1958) found that 73 Draconis had an irregularly

varying magnetic field.

Rapid variations (over several minutes) of the hydrogen lines were
observed by Wood (1964, 1965, 1968) by means of interference filter photo=
electric photometry. The B-index in the Crawford system was determined
from measurements in Wood;s g' system together with similar Y- and &-indices
for the HY and Hd lines. All three ind%ces were found to show small ampli-
' fude 10-minute fluctuations which were sometimes in phase with each other
and sometimes in anti-phase. The fluctuafions, suspected of being confined
maihly to the line wings as for ¢ UMa, were not always observed and it was

proposed that their appearance was an irregular variation in the line

strength superimposed on the longer 20-day period.

The rapid variations of the HB, HY and H® lines were confirmed, photo-
graphically, by Bonsack and Markowitz (1967) who also reported that the
activity was apparently confined to the line wings and was not found in the
core. More will be said of Bonsack and Markowitz's observations later.
Similar rapid variations (on a time-scale of abéut 1 hour) in the strength
of the calcium K line have been detected photographically for this star

by Honeycutt (1966).

Breger (1974) has also observed 73 Draconis with the result that a
series of rapid profile‘scans of the HB, HY and Ca X lines were found to
show no statistically significant short period variations of the equivalent
widfhs of these lines. Breger showed that the error in a single observation
of the equivalent width.due to photon statistics is not negligible but is
predicted for his observations of this star tc be of the order of 1 per cent
for the hydrogen lines and 5 per cent for the calcium X liﬁe depending on
the photon count? the strength of the line, etc. The observed errors in
the equivalent widths were « 2 per cent for the HB and HY lines and = 8 per

cent for the calcium line. The observed errors are larger than the photon

-
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‘predicted errors by a factor of about 2 and this is explained by Breger as
being due to wavelength shifts produced by unavoidable guiding errors allow-

ing image movement within the entrance slit of the scanner.

Breger (1974) states further that his observations of 73 Dra were made
at the same phase of the 20-day beriod as Wood's observations (Wood 1964,
1968) and that the lack of variability cannot be explained by phase differ-
ences. 1t is of course possible that the rapid wvariability is a transient
phenémenon and that the stars € UMa and 73 Dra were‘both inactive when ob-
served by Breger. It is worth noting also that Breger states that the con- v
stancy of 2 per cent (i.e. the standard deviation of a single measurement)
in the equivalent widths of Hf and HY for 73 Dra on three different nights
indicated that no intrinsic rapid variations occurred on these occasions
while, if the variations of the B-indices reported by Wood (1964, 1965) for
73 Dra are expressed in terms of equivalent widths according to the conver-
sion coefficients given by him, it is found that for 73 Dra on August 19,
196% (one of the nights showing the apparent 10-minute fluctuations of the
B-index for 73 D;a), the standard deviation of a single obse?vation was 0.01
magnitude in B' and only e~ 4 per cent (i.e. 0.48 %) in the equivalent width
of HB. The standard errof of the mean of the equivalent width was 71 per cent

(0.13 2).

Wood does not state what errors were to be expected én the basis of
the (unquoted) integration times, the brightness of the star (mv = 5.2) and
the size of the collecting aperture (16 inches), etc. However, the error of
4 per cent in equivalent width does not seem to be excessively large and,
like Breger; it is felt that some of the reported ﬁariability might simply
" be noise mistaken for intrinsic fluctuations. If the variations of the
various photometric indices are found to be larger than the theoretical
errors expected, it is suggested here that this could be partly due to

changes in the size of the stellar seeing disc together with guidance



errors having an effect on the filter passbands (see Chapter 4). Similar

arguments can be applied to Wood's observations of rapid variability in

HR9080.

The comparison star observations are not reliable siﬁce, in a plot of
»the time variations of the B', 7' and é'-indices, it appears that the com-
parison star is the more stable (see Wood 1968). However, this is largely
due to there being fewer measurements made of the comparison star and so
the variations seem less rapid. The range of values in the comparison star

measures is in fact almost as large as that in HR9080.

Returning to the obse?vations by Bonsack and Markowitz (1967), the
report of rapid Balmer line variability in 73 Dra is based on a series of
plates which have a dispersion of 42 R mm"1 and which were exposed ovef a
% hour interval. Bonsack and Markowitz made the mistake, however, of com-
paring the absolute variations of the equivalent widths of a number of'
lines when, in fact, they should have considered the fractional variations
of the equivalent widths. When tﬁe data is examined in terms of fractiqnal
changes, it is found that all of the lines measured are showing "rapid
variations" of their equivalent widths over the 3_hour interval! In fact,

‘the standard deviations of single measurements of the equivalent widths are
in the range 4.5 — 18.7 per cent with a mean of 9.8 per cent; the values
for the Balmer lines are 8.4, 7.6 and 6.1 per cent for HB, HY and H® respec—
tively. It is most probable that these variations are of the same order of
magnitude aé the limit of the accuracy of eguivalent width measurements
that can be achieved by photographic spectrophotometry which, according to
Wright (1962), is likely to have errors in a single observation of équivalen
width of 10 - 20 per cent. Gulliver and Winzer (1973), in a report of spec—
trum and light variations of the AOp star HD51418 measured photographically
with a dispersion of 12 2 mm_1, state that the spectrum in that star is very

crowded with lines and that there is considerable blending of the lines with
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the result that the errors in the equivalent widths of individual lines
are about 20 per cent. This might therefore be a reasonable figure to
adopt for Bonsack and Markowitz's observations of the A2p star 73 Dra in

which case the reported variations are not statistically significant.

Gulliver and Winzer (1973) also measured photoelectric B-indices for
HD51418 and found variations of B with phase (HD51418 is a spectrum vari-
able Ap star with a period of &~ 5.4 days) and also, on one occasion, on a
shorter time scale of minutes. It is suggested again that the rapid varia-
ﬁions in B (in the form of a step) could be caused by changing seeing con-
ditions (perhaps due to undetected thin cirrus cloud) affecting the illumi-

nation of the interference filters.

Further strengthening the belief that many of the reported variations
are instrumentally produced is the fact that observations by Wood (1968) of
six magne£ic and spectrum variable stars and six comparison stars revealed
that five of the suspected variables and five of the compar;son stars showed
Balmer 1line variétions. In view of the high percentage of normal (i.e. com-
parison) stars which showed Variébility, it seems possible that the obser-
ved fluctuations in the B-indices are not intrinsic to these stars but are
probably due to some source of instrumental noise. In contrast to Wood's
observations, Williams, Frantz and Breger (1974) have obtained rapid photo-
electric scans of the HE line ih a further three Ap stars, one Am star
and one ® Del star. None of these stars was found to show any rapid varia~
bility of the HP equivalent width which was statistically significant in

relation to the level of the predicted photon noise.

The question of rapid Balmer line variability in the Ap stars seems
to be highly debatable and further observations are essential. Whatever
technique is employed to measure the shapes or egquivalent widths of the
lines, it is important to know the extent of any fluctuations in relation to

the statistical accuracy of the photometry. It is equally important to know
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the photometric accuracy that is expected from theoretical considerations,
since it is only by comparison of the expected and the observed accuracies
with the amplitude of the variations that it is possible to determine if
the variations are significant or merely noiée. Determination of the ex-
pected photometric accuracy must always, in therfirst instance, consider
the level of photon noise. In addition, although often neglected, conside-
ration should also be’given to the way in which the instrumental response
may be affected by guidance errors, changing seeing conditions and the

type of spectral detail being measured. Comparison of programme stars and
reference stars can therefore be made more méaningful if the expected accu-

racies are evaluated in this way.

In the reports cited above, the possibility of a variable instrumental
response has never been considered, and even the photon noise has only been

evaluated 'in one or two cases.

1.3 Other Stars Reported as Showing Rapid Line Profile Variations

In addition.to the types of star already discussed, many early-type
supergiants are also known to exhibit line profile variations. Irregular
radial velocity changes have begn observed for these stars and are thought
to be due to mass motions of the atmosphere (e.g. see Underhill 1960b).
Rosendhal (1973) found that out of twenty early-type supergiants studied,
thirteen showed large long-term changes in the strength or structure of the
Ha line. Rapid variations of the Balmer line profiles among severél early-
type supergiants on time-scales similar to those of the variations of the
Be stars have been reported by Hutchings (1967, 1968b, 1973) and;.like:the
Be stars, these variations are interpreted in terms of changes within the

extended atmospheres of these stars.

The accuracy of the long-term observations is sufficiently high and the
variations are sufficiently large as to put a high confidence in their real-

ity. However, the short-term changes are again questionable since the line
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profiles (often in emission at Ha and sometimes at HB) have steep gradients
(even for the absorption lines), as in the case of the Be stars, and will be
subject to the same sources of instrumental errors as have already been dis-

cussed for those stars.

Observations by Wood and Hollis (1971) with a rapid profile scanner
have been made for the (normal) A1 IV star Beta Carinae. They have reported
fhat the core of the HB line in this star occasionally shows variations with
a quasi-period of & 35 minutes, however they stress that the amplitude of
the variation is small compéred to the statistical fluctuations determined
by observations of a comparison star. Again this report is somewhat lacking
in that the statistical uncertainties based on photon counting are not pre-
sented for comparison with the observations. HoweQer, based on the photon
count presented, the standard deviation of the count in one.channel éhould
have been of fhe order of 1.4 - 2 per cent. A core ratio was formed by tak—
ing 7/6 times the ratio of the sum of six continuum channels to the sum of
seven core channels. It was reported by Wood and Hollis that this ratio
showed a sinusoidal variation with an amplitude of ~ 2 per cent. However,
the data presented shows that the mean squ;re residuals of the core ratios
from sine curves were only marginally less than the mean square residuals
from straight lines. They also state that the noise on the comparison star
measurements was only about half of that on the B Car measurements. Night
to night variations in ;he B-index of B Car are'also reported by Wood and
Hollis and support a similar earlier observation of HP variability for this

star by Wood.

Rapid variations in the emission lines of Wolf-Rayet stars and Of stars
have also been found. Brucato (1971) reported variations on a time-scale of
10 minutes in the emission line strengths of some Of stars. Jeffers, Weller
and Sanyal (1973) have reported a 200-second periodic variation in the emis-

sion line-strength of the HeII (A 4686 %) and CIII-IV (A 4650 %) complex
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in the spectrum of 72 Velorum, a spectroscopic binary with a Wolf-Rayet
component (WC?-+O9). A critical examination of these results leads to the
following conclusions. It would appear that the periodic variation only
occurred during one short {O minute run on 72 Vel. "~ Since the scanner used
was a single-beam instrument and provided no means of compensation for at-
mospheric effects, it is possible that rabid variations in sky transparency
could go unnoticed. It is also possible that the variations could be due
to the size of the seeing disc, and hence the instrumental resolution,
changing on a time-scale of 2 - 3 minﬁtes and resulting in the measured
equivalent widths also changing. The observations of the comparison star
and‘the sky brightness were made before and after the 72 Vel observations
and the sky condition would be different gt those times. The sky brightness
probably would not be affected by seeing, and the comparison stér (a Cérinae,
Sp: FOIb ) would be affected by seeing conditions differently from 72 Vel
since the lines in the comparison star would be very weak in comparison to

the strong emission in 72 Vel.

Further observations of Y2 Vel by Sanyal, Weller and Jeffers (1974)
are reported as showing a 154-second periodic'variation of éhe same eﬁission
line complex. These observations were made with a photon counting photo-
meter using an interference filter with a half-width of 795 X centred at
A 4686 2. The photometer was a single channel instrument and for a star
as bright as Y2 Vel (mv = 1.8) the accuracy of the observations would be
sky transparency and scintillation limited. In a plot of'the photon count
in 20-second integrations against timé, presented by Sanyal et al, the peak-
to-peak variation of the photon count is typicélly less than 1 per cent.
This amplitude of variation is considerably greater than the expected
photon noise (< 0.1 ber cent) but could easily be accounted for by.noise
due to rapid transparency changes and scintillation. A frequency power-
spectrum of the 72 Vel data is compared by Sanyal et al with a power-spectrum
of normaliy distributed random data having the same mean and standard devia-

tion as the star data. Although the power-spectra are different, with a
: ~
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peak at 154 seconds in the ¥ Vel power-spectrum, this does not rule out
the possibility.that the reported variations in the Y2 Vel data could have
been due to pseudo-periodic sky transparency changes, perhaps caused by

"ribbed" cirrus cloud.

The comparison star observed was 71 Vel (Sp:B3) and it and 72 Vel were
observed alternately for o 10-minute intervals giving a total integration
time of 30 minutes for 71 Vel and 35 minutes for 72 Vel. However, 71 Vel
is ~ 2.6 magnitudes fainter than»Y2 Vel and in addition the spectrum of 71
Vel has no strong emissicn around A 4686 X. Sanyal et al (1974) do not
quote the photon counts for 71 Vel, however the net result of the previous
two facts is that the photon counting rate for 71 Vel might be a factor of
30 = 40 down on the counting rate for 72 Vel. A factor of 10 is due to the
magnitude difference between the two stars and a further factor of at least
3 can be attributed to the difference in their line strengths (Bahng (1975a)
presents profiles for Y2 Vel of the region AA 4600 = 4720 X in which the
peak intensities of the'lines A 4650 and A 4686 relative to the continuum
are ~ 3.5 and ~ 1.5 respectively). Since the photon count in a 20 second
integration of 72 Vel was quoted as ~ 2-3 . 106, the count in a similar in-
tegration of 71 Vel would be of the order of 7 . 104 and the photon error
on this count (i.e. + /7 . 104 ) would be ~ + 0.4 per cent. Thus, the photon
noise on the 71 Vel data is comparable with. a sky transparency noise of
+ 0.5 per cent which it is suggested here might be the source of the obser-
vea variability. Thus the pseudo-periodic transparency noise in the Y1 Vel
data would be combined with a random photon noise of the same amplitude and

power-spectra of the 71 Vel data would therefore compare more favourably

with poﬁer-spectra of random data, as reported by Sanyal et al.

The observed variations could also be accounted for by a "periodic"
variation in the size of the seeing disc which would again be more evident
2 - '
on the Y Vel data than on the Y1 Vel data because of the different line

.strengths and shapes and the resulting different instrumental response.

~
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Bahng (1975a) has also observed the saﬁe spectral region of 72 Vel
as Sanyal, Weller and Jeffers in an attempt to detect short term variabi-
lity. Bahng reports that he found the observed rms. (root—mean-square)
variations in the quivalent widths of the A 4650 and A 4686° lines were af
least three times larger than the erroré predicted by photon statistics
and concludes that this is due to thére being real variations in these
lines on short time-scalgs. Comparison witﬁ the errors found for standard
stars was not possib}e since Ehe latter showed no structure in that region
of ‘their spectra. Bahng also reports longer-term (i.e. night to night)

changes in the equivalent widths of these lines.

As a means of expressing brightnesses, various "magnitudes" m are de-
fined by Bahng for different parts of the emission lines as
£2
. Fo(d)
m = 2.5 log
Ao
2
T FQ)
1
. where FO(A) and F(A) are the mean count and the actual count of an indivi-
dual scan at each wavelength point A (~ 30 in all), and A1 and A, are chosen
to select the particular region of the spectral feature. Bahng reports that
the observed rms. variations of these magnitudes (including continuum re-
gions) are substantially larger than the theoretical rms. variations based
on photon statistics. However, since the actual counts are used without
normglising, this is to be expected, since no compensation is made for sky
transparency changes. The photometer (scanner) used for the observations
contained two diaphragms, one to isclate the star plus sky and the other to
isolate a portion of nearby sky. Such a system cannot provide any compen-
'sation for sky transparency changes or scintillation and, for the reported
observations, the second channel is virtually useless and the instrument is
essentially operating in a single-beam mode. It is also noted by Bahng

that the value of the rms. variations changes from night to night but this
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might simply be due to the sky transparency being more stable on some
nights than on others. Bahng, however, interprets the larger observed rms.
variations as indicating real variability in Y? Vel in the form of changes

of the underlying continuum which affect all parts of the scans.

Power-spectrum analyses were performed by Bahng on the equivalent
width measurements and the magnitude measurements with the result that no
significant periodicities were found for the equivalent width variations.
However a strong periodicity at ~ 119.6 seconds period with an amplitude of
~ 0.003 magnitude (i.e. ~ 0.3 per cent) was found for the magnitude varia-
tions. Bahng finally traced this pgriodicity to being due to a periodic
error of 2 sidereal mihutes (i.e. 119.7 seconds) in the sidereal drive of
the telescope. Apart from this, no other significant periodicities were
found in the data and the observations of Sanyal et al were not confirmed.
It is worth noting that the periodic variation did not appear on the com-
parison sfar (e Cen) data and this could partly account for the observed
rms. variations in the compariéon star magnitudes being closer to their

photon predicted values, as Bahng found.

Since it is conceded by Bahng that there was a periodic error_in the
sidereal drive during the observations of Y2 Vel, this suggests that there
would have been a resulting wandering of the star image in the entiance
aperture of the scanner;' Such a wandering would almost certainly result in
uncontrolled wavelength shifts of the instrumental profile and these in
turn might be partly responsible for the large observed rms. variations
in the equivalent widths (the scans were made with a slit width of 10 2 at
4'2 intervals). The periodic drive error appeared on the 72 Vel data on
two separate observing runs (March 1973 and February 1974) and must place
considerable doubt on the other variations reported on these occasions for
this star. This example serves to show how dangerous it can be to compare
programme star data with comparison star data without first determining if

the observation parameters and conditions are identical for the two stars.

A
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Bahng (1975b) has made similax observatioﬁs of the same emission lines
in five other Wolf-Rayet stars and concludes that none of these stars shows
any short-term variations of their equivalent widths or brightness of.the
emission lines. There are however indications that there are night to night
variations of the equivalent widths in some cases but further observations

are required before these variations can be confirmed or refuted.

4

1.4 Summary

From the observations by others which have just been described it would
seem that the reported line profile variations on time-scales of hours to

days are almost certainly real and intrinsic to the stars.

- However, certaiﬁ weaknesses in the reports of more rapid variations
have been pointed out here. In some cases it seems doubtful that the repor-
ted variations are even real and not merely statistical noise on the data.
In other éases the observed variations may be real to the data but can per-
haps be attributed to instrumental effects and varying seeing conditions.

In the reports cited, these sources of error have not been considered in
sufficient depth, or at all, and the preceding discussions havé attempted
to consider the validity of the reported rapid variations in the light of

these errors.

The amount of data pbtained for comparison stars is usually less than
for the programme stars and in addition it has been indicated here that too
‘much reliance should not be placed on the comparison star observatioﬁs. The
importance of the differences between the spectral features of the comparison
and programme stars has also been mentioned in relation to the errors result-

ing from instrumental and seeing effects.

It is necessary either to confirm or refute the reports of rapid varia-
bility among the various types of star described here since such phenomena
are astrophysically very important. However, future observations must be

examined carefuil’~ to determine the significance of any observed '"variations."

~
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In the chaptérs which follow, a novel approach to obtaining moderate
time and spectral resolution stellar liﬁe profiles by tilt-scanning narrow
band interference filters is presented. The behaviour of the interference
filters and the resulting instrumenfal erroré are considered in some detail

along with the errors due to photon statistics and atmospheric noise

sources.
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2. PROPERTIES OF NARROW BAND INTERFERENCE FILTERS RELATING TO TILT-SCANNING

2.1 Introduction \

Interfereﬁce filters are commonly used in astronomical photometry as a
means of isolating selected regions of spectrum in order that colour magni-
tudes may be determined. Such applications use narrow and intermediate band
filters having half-widths (h?lf-width (HBW) = full-width at half maximum
transmittance (FWHM) = AA) of 30 - 150 2. Mucﬁ narrower band interferencé

filters are, however, now readily obtainable commercially.

By plécing a narrow band filter in a collimated beam and tilting it, a
simple wavelength scanning monochromator is achieved; a bandwidth of about
2 8 is easily possible.with a potential scan fange of almost 200 X. The
technique of tilt-scanning has been used before to obtain spectral detail of
extended objects. Eather and Reasoner (1969) have measured line profiles in
aurorae and airglow while de Vaucouleurs (ﬁ967) has determined radial velo-
ciﬁies of éalaxies and nebulae froh‘line,profiles obtained by tilt-scanning.
De Vaucouleurs (1967) also meaéured calcium H and K line profiles of a few
late type stars by tilting filters having bandwidths of 8 - 10 R in éaralle1~
light but which were broadened to 15 - 20 X as a resuly of the convergent
beam of the photometer. Barbieri et al (1974) have measured line intensities
in cometary spectra iy tilt-scanning a solid Fabry—Pérot. The technique has
also been used at Glasgow University Observafory by Clarke and McLean (1974a,
1974b) as a means of isolating portions of a spectrum line (e.g. the line
core or one wing) in order to perform spectropolarimetry at those wave-

lengths.

It is believed that the work reported here is the first intensive study
qf the application of an interference filter scanner with a resolution of

2 -3 2 to the measurement of stellar line profiles.

The remainder of this chapter will be devoted to déscribing the prin-

ciples of tilt-scanning with interference filters and will discuss some of
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the.properties of these filters in relatiqn to astronomical spectrophotometry.
In the last section some measured line profiles are presented for compariscn
with simulated profiles. The latter were obtained by numerically convoluting
Aify functions with digitiséd portions of spectra de;ived from high resolu-

tion spectrum atlases.

2.2 Throughput of the Optical System

In order to obtain stellar line profiles with moderate wavelength reso-
lution and good time resolution some form of wavelength scanning monochroma-
tor which can accept all of the star's seeing disc (i.e. has a high through-
put) is required. The throughput or luminosity (L) of an optical component
is given by

L=¢Al),

where A is the collect;ng area and £l is the collecting solid angle; ¢ is a
transmission coefficient and is often taken as unity. The throughputs of
prisms, gratings and Fabry-Pérots having equal resolving powers and equal
areas have been compared by Jacquinot (1954) with the now famous conclusion
that the grating is much superior to the prism and the Fabry-Pérot is in
turn much superior to the grating; ‘'higher throughput" is sometimes refer-

red to as "Jacquinot advantage."

The effective throughput of an entire optical system is determined by
that dptical component with the smallest individual throughput. In astro- _
nemical specﬁrophotometry it is obviously desirable that the system should

ohly be limited by the telescope. In other words, the throughput of all

the other optical pieces must be at least as great as that of‘the telescope.

Figure 2.1 illustrates some simple telescope/spectrometer systems for
which the throughput may easily be evaluated. In order to accept all of the
stellar seeing disc, the prism and grating are considered slitiess and the

star's seeing disc in the focal plane of the telescope acts as a circular
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focal length F; _ a). TELESCOPE:

seeing. disc,
angular diameter a

objective - ' plane
diameter D¢ ' |

b). PRISM: -

refractive index u,

_ seeing

= b du
Af T AN disc

collimator
diameter Dc

focal length F

c). GRATING:

line spacing d,
order m

d(sin8 +sinr) = mA

m
> 40 = d cos@Ax

focal length F.

—1
”

d). FABRY-PEROT: . ¥ A8 -

A0% =

b i3 (e}

b el

Fabry-Pérot
or
interference filter

e). INTERFERENCE FILTER:

*2
£6%= B L™ is effective refractive index of étalon medium

R
| | Figure 2.1
Luminosity is the product of céllecting area and collecting solid angle.
2 2 : 2 2
Telescope : L = nD‘I‘ Lo s Spectrometers : L = nDC . noo .
4 4 4 4

The spread in -angle (40) produces a spread in wavelength (AA) which deter—
mines an effective resolv1ng power (A/AA).
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l .
107 .
lO'z‘_
INTERFERENCE

FILTER
1073
1074

FABRY-PEROT )
1078 Telescope, D,=50¢cm
Seeing Disc ,a =10 arc seconds :
- R,,=5.10°
R_u=6.10%
07 : ' ' 3 D,=50cm
D a=1arc second -
107 B '
PRISM GRATING

10°% : 3

R =5.10

R,=T.l02 ™
10 10t 10® 10 108 10% 107

Effective Resolving  Power R

Figure 2.2 Luminosity as a function of effective resolving power (see Table
2.1; for the spectrometer systems shown in Figure 2.1. The spectrometric
elements have illuminated areas of ~ 1 cm2. :

. 1
D'l‘ = 5 cm, F'1‘/15‘c = 50, A

5000 8. Prism: b e t, -g-% = 7.10% e~} ;

- . *
Grating: 0=0, m=1, 4= 2.10 4cm; Filter: 4 = A2,
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.

entrance aperture. The wavelength dispersive element is assumed always to

be fully illuminated. . .

In each case, the spreaa in angle, AO,‘prbduced by the finite size of
the seeing disc results in a spread in wavelength, AA, which in turn gives
. P _ A .
an .effective resolution Reff’ where Reff = ™ < Rlim » the theoretical
resolution of the system; A6 is related to the angular diameter, o, of the

star's seeing disc on the sky by

where I, and F, are the respective focal lengths of the telescope and colli-

T C
mator. Since Reff and L both depend on 46, it is possible to relate L to

Reff'

Figure 2.2 shows the luminosity L of the various spectrometer systems
displayed in Figure 2.1 as a fﬁnction of the effective resolving power, Reff'
The illuminated areas of the prism, grating, etc., are all assumed to be

equal and are given by

4 Fp

where D, is the diameter of the telescope aperture and FT and FC are the focal'

T
lengths of the telescope and collimator lens. The values shown in Figure 2.2
are for Dy =.5O cm (the Glasgow University telescope) and FT/FC = 50. Such
a system requires that the spectrometric element has an illuminated area of
~ 1 cm2. Interference filters of this size and with a resolving power of

.

5.103 are readily available commercially.

The expressions relating L and R for the various systems are given in
Table 2.7 and the theoretical resolving powers, Rlim’ are listed in Table 2.2.

In each case A is taken asVSOOO 2. Typical working values have been taken;
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Table 2,2

Prism: RLIM =Db o b is base length of prism
—g‘% is dispersion of refractive
index with wavelength
for b = 1 cm, —gﬁ- = 7.‘102 o
A

: 2

RLIM = 7.10
Grating: . Ry =0N m is the order of interference

N is the total number of grating
lines . : o

2.1074 cn (i.e. 5.10% lines/cm)

If grating spacing, d
and m = 1 '
then for a 1 cm grating

= 3
RLIM = 5.10

Fabg—Pérot: . _ X R.LI'M = nNr ’ n is the order of interference,
n>»1,
Nr is the number of recombining
beams.
,
N, = n(1 - I‘)-1 r® where
— 'r is the -reflection coef-
ficient of the reflecting
. layers. .
For n = 10°, N_=60 ,
_ 4
RLIM_ = 6.10 .
Interferenc;e Filter: _ RLIM =n Nr ,
For n =2, N_=2:5.10° ,
- 3
RLIM 5.10 .

Theoretical limi;ting resolving powers of the spectromet'ric elements
shown in Figure 2.1 and with the same dimensions as in Figure 2:2.
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the dispersion of refractive index with wavelength for the prism (%%) is

-1

taken as 7.102 cm , the line spécing of the grating (d) is 2.10_4 om_(i.e.

~

5.103 lines cm—1) and the effective refractive index of the interference

filter (pf) is /2.

The telescope, diameter DT

meter system with a luminosity of

and focal length FT, provides the spectro-

where « is the angular size (in radians) of the stellar seeing disc. This

is shown in Figure 2.2 as a line of constant luminosity.

It can be seen from Figure 2.2 that if the prism or grating systems are
to accept ali of the light even from a 1 arc second seeing disc (i.e. have a
iuminosity at least equal to that of the telescope), they are forced to work
at much reduced effective resolving power. It should be noted that the lumi-
nosity of any of the systems cag be increased by increasing the focal length
of the collimator, FC’ thus increasing the illuminated area of the spectro-
meter. However, even if FC is increased by a factor of 10, thus requiring
an increase of a factor of 100 in the area of the spectrometric element, both

the prism and the grating still cannot achieve an effective resolving power

of 5.103 while accepting all of a 1 arc second seeing disc.

On the .other hand, both the Fabry-Pérot and the interference filter are
capable of achieving their theoretical resolving power while accepting a
seeing disc in excess of 10 arc seconds diameter. They have the additional
advantage of small physical size enabling easy use on small telescopes. A
grating having an area of‘1OO cm2 and requiring a system in which FT/FC =5
(assuming DT = 50 cm) results in a very large speétromgter which would be

liable to mounting difficulties and might suffer from fiexure. In addition,
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10°T R=R_,=6.10* FABRY-PEROT

1071 R=R,=5.10 INTERFERENCE FILTER

s L_R<R

Effective Rcsolving Power

GRATING

10" 10%° . 10

Seeing disc diameter (arc seconds)

Figure 2.3

Variation of effective resolving power (Reff) with diameter of seeing disc
accepted (a) for the spectrometer systems shown in Figure 2.1, with

F .
‘A9=Fla s AA =R)" ’
C eff

and using the same dimensions as Figure 2.2. ‘Expressions for RLIM are given
in Table 2.2. ‘
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A}

the filter may be used directly on the optical axis of the telescope, so
enabling a simple spectrometer shape. Optical aberrations in such a system
should not cause probleﬁs as they usually do in angular dispersive instru-

ments.

The effective resolving power of the warious systems is shown in Figure

2.3 as a function of the seeing disc diameter.

In conc}usioﬁ, it is felt that for observations for which a spectral
resolution of « 5.103 is adequate and which‘féquire the maximum amount of
transmitted light in order to achieve good time resolution, the interference
filter has application as a very compact spectrometer which is far superior

to a grating or prism spectrometer of equivalent size.

2.% Filter Performance in Parallel Light

An interference filter may be considered as a Fabry-Pérot étalon with
a solid dielectric spacer. The spacer thickness is given by %% , where n is
the order of interference. Unlike the Pabry-Pérot, the interferehce filter
works at low order, ﬁsually 1 or 2, and achieves its resolution by virtue of
the large~number of interfering beams resulting from the high reflectivity
of the reflecting stack. This stack consists of a number of quarter-wave
layers of dielectric ﬁaterials of alternate high and low refractive indices.

Cryolite and zinc sulphide are the most commonly used materials.

The normalised transmitted intensity I, at wavelength A is given by the

A
Airy function .
I ‘ 1
A 1+ -—-121—75 sinz(%)
1 = 1)

where r is the reflection coefficient of the dielectric layers and d is the
phase difference between successive reflected beams emerging from the inter-

fering gap.
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The phase difference d is given by

0 = %E x optical bath difference

N .
2n 0 2dcos B .
A

i.e. &

*
where u is the effective refractive index of the gap, d is the thickness of

the gap and B.is the angle of incidence of the beam within the gap.
; . . . 2 /b . )
It can be seen that IA is a maximum when sin (-é-) =0, i.e. 5 = nm,
again n is the order of‘interference. Thus maxima occur when

*
2ndpu  cos B
A

nn =

2du cos B .

or A =

If AO is the wavelength trahsmitted by the filter at normal incidence,
‘ . * .
then AO = g%é-' and AB = AO cos B. By Snell's law, 4 sin B = sin ©, where
6 is the external angle of incidence of the beam. Thus,
.2 1 '
sin 0.7
=== (2.1)

A = A (‘] -
¢ 0 2
M

where Ag is the wavelength transmitted when a collimated beam is incident at

an angle 0 to the filter.

Equation (2.1) may be written in an approximate form as

sin2 [
Ag = Ag (1 - —2;;5—) : (2.2)
92
or as g = A (1 - 2y?2 ) (2.3)

Any one of Lquations (2.1) to (2.3) may be considered when expressing A

as a function of 6.

The relationship between A and 6 forms the basis of the interference



42
filter scanner. By tilting a filter in a collimated beam it is possible to
sﬁift the filter's passband towards shorter wavelengths in an easily control-
led way. Obviously some form of wavelength/tilt calibration is required,
since the relationship is non-linear. This can be achieved by measuring the
tilts required to transmif emission lines of known wavelengths from labora-

i *
tory spectrum lamps and hence determining the constants AO and u .

2.4 Wavelength Calibration and Filter Profiles

The spectrum line of interest for this ;tudy wa; chosen to be the Balmer
HB line at 4861.3 X. In order to obtain profiles of this line by the filting-
filtér technique, it is necessary to have filters whose wavelength of peak
transmittance at normal incidence is longer than HP. For most of the work
reported, two narrow band filters were used (the filters were manufactured

by Thin Film Products Inc.), both of which have their normal incidence wave-

length at about 4874 L and have half-widths (FWHM) of 1.9 % and 2.2 & at

normal incidence.

Wavelength calibration of these two filters can be easily performed
with hydrogen and zinc spectrum lamps. The hydrogen lamp provides a line at

HB and the zinc lamp has lines at 4810.5 R, 4722.2 % and 4680.1 X.

In addition to finding the constants Ag and.p%, calibration of the
filters als; }equires determining the zero-point (¢O) on the scale which re-
gisters tilt, since 6 = §§ - ¢O where ¢ is fhe scale reading corresponding to
an angle of incidence © and ¢O corresponds fo qormal incidence. The fidu-
ciary, ¢O’ can be found by tilting the filter to both sides of normal inci-
dence and notihg the position on each side of_ﬁormal incidence at which any
line, HB say, is transmitted. Normal'incidence occurs mid-way between these
positions. Further tilting of the fiiter in one diréction will cause it to
transmit each of the zine lines in turn. The values of tilt thus obtéined
may be used in a least squares solution of one of Equations (2.1) to (2.3)"
to determine Ag and,u*. Examples of calibration curves for the two filters

.

mentioned above are shown in Figure 2.4.
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Figure 2.4

Variation of the wavelength of peak transmittance with tilt for the two narrow
band filters used to scan HB. Solid lines: sin? @ (Equation 2.2); Dashed
lines: 02 (Equation 2.3). Half-width (FWHM) at normal incidence is A\ o
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The ability of these two filters té transmit the zinc line at 4680 R
would seem to indicate that they have a potential scanning range of at least
200 R. However, the line profiles thus obtained would be subject to a cer-
tain degree of distortion due to changes in the filter passband and in most
cases on the telescope scanning has been restricted éo about 40 2 from nor-

mal incidence. For most studies, this range of scan is sufficient but may

easilj be extended to 70 X without serious deterioration of the instrumental

profile.

The effects of tilt on the filter passband will be discussed in the

next section.

Wavelength calibration was done with the filters in situ in the photo-
meter while it was at%ached to the telescope. Light from the calibration
lamps was piped into the photometer by a fibre optic tube, the end of which
was held on a slide enabling it to be positioned on the optic axis prior to
the telescope/collimator focal plane. A diaphragm matching the size of a
typical stellar seeing disc was mounted in the focal plane so as to limit
the size of light source and thus prevent broadening of the filter passband
(see later for explanatiqn). The subsequent optics were unchanged from those

used when measuring stellar sources. s

If an eﬁission line in the spectrum of a laboratory lamp is assumed to
be of negligible width ;§mpared with the instrumental profile, then the recor-
ded profile obtained by scanning this line is simply that of the instrument.
In this way it was possible to measure the instrumental profile at the wave-

length of each of the calibration lines.

An example of such an instrumental profile is presented in Figure 2.5
and is compared with an Airy function of the same half-width. Table 2.3
lists manufacturer's specifications and some measured parameters for the two

narrow filters used for scanning HB and for two other broader filters used
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Normalised
'OT |Intensity
‘Ao = 4872-6 &
Alg=224
TEMP. 18°C
08+
0.6--
2-3 R half-width
0.4-.
0.2 -’
+
+ + + + *

‘O + - +
\/. 4855 4860

Wavelength (R)

Figure 2.5

Transmission profile (dots and solid line) for one of the narrow band filters,
measured by scanning an intrinsically narrow laboratory spectrum line (HB). 4An
Airy function (crosses) with a half-width of 2.3 & is shown for comparison.
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in a second beam of the photometer to measure the intensity of a fixed

region of continuum adjacent to HB s¢ that compensation for atmospheric

effects could be obtained.

As can be seen from Table 2.3, the filter half-widths increase with

tilt, the effect being most severe for the narrow filters. There are seve-

ral factors which can contribute {0 the increase in half-width some of which

will be briefly discussed here.

Manufacturer's Specifications

(Thin Film Products Division of

Infra Red Industries Inc.)

Measured Parameters

with filters

in

situ

within the photometer

“ FWEM (An, %
FWHM Temp | Transmittance ifntﬁf of _2fntre of Wavelengths (&)
(an, X) (OC) G%) Fss %yd Fs?b%S?
Aor B) || (s 4861.34810.5|4722.2]4680.1
1.9 26 38 4874.9 4873.6 2.0 2.5 3.2 3.5
2.2 26 36 4876.7 4874.0 2.3 » 3.2 3.7 4.1
10 24 51 - 4872.4 4871.8 9.9 9.9 —_— —_—
12 25- 58 4877 4877.3 12.8 13.4 —_— e
Table 2.3. Manufacturer's specifications for bandwidth (FWHM), wavelength

of peak transmittance, at normal incidence and the filter transmittance to-

gether with measurements of the bandwidths at various wavelengths for the fil-

ters which have been used to obtain stellar line profiles. The differences

between the measured wavelengths ofs normal incidence (AJ) and the manufac~

turer's values'(ho) are most likely due to a combination of temperature dif-

ferences and ageing effects of the filters.
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2.5 Variations of Filter Passbands with Tilt

Figure 2.6 shows a simplg optical arrangement which may be used to
illuminate an interference filter with collimatéd light. In this arrange-
ment, the filter is located at the position at which the collimator forms |
an ihage of the telescope aperture. This ensures that any movement of the
star imaée in the telescope focal plaﬁe does not result in movement of the
collimated beam'on the surface of the filter. - Any such movement would be a
possible source of noise, since the wavelength and half-width of a filter

passband are often not constant across its diameter (see Meaburn, 1970).

It can be seen from Figure 2.6 that the stellar seeing disc as seen by
the filter.has a finite angular size. Because of this, fhe filter is illumi-
nated with a cone of light, eveﬁ after collimation. The effect on the wave-
length of peak transmittance and the half-width of the instrumental profile
produced by the convergent beam from an extended source as opposed to the
collimated beam from a point source can be assessed by first considering the
filter'g response to a single ray and then'considering the integrated effect

for all rays, resulting in an effective instrumental profile.

In order to determine the angle of incidence on the filter of an arbi-
trary ray from a point within the extended image of the seeing disc in the
focal plane, consider the'go—ordinate system shown in Figure 2.7. Suppose
that O represents any point on the filter surface and that 0Z is parallel to .
the optical axis of the telescope. Every point on the filter will be illumi-
nated by a cone of light (as shown in Figure 2.6) and suppose that PO repre-
sents an arbitrary ray within the.cone which has its apex at O. ‘The wave- -
léngth of the filter passband corresponding to this ray is determined by the

ahgle, B, between PO and the normal to the filter at the point O.

As the filtér is tilted, its surface, except for points along the axis
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Figure 2.

Any point O on the filter is illuminated by a cone of light of semi-angle ¢1.
The wavelength of peak transmittance for an arbitrary ray PO (defined by ¢
and a) within the seeing cone is determined by the angle B between PO and the
normal to the filter ON. The filter is tilted through an angle © about OX
and the telescope's optical axis is parallel to 0Z.
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of tilt, will be shifted out of the plane in which the image of the telescope
aperture is formed (see Pigure 2.6) As a result, the originsl illuminating
cones at any point on the surface of the filter will become truncated. How-
ever, rays from other parts of the telescope aperture, parallel to the origi-
nal rays, will converge to form new cones of identical shape to the cones
which were truncated. It will be assumed that the inpensity distribution
with angle within the new illuminating cones is the same as it was within

the original ones.

Suppose that when it is perpendicular to the optical axis, the filter
lies in the plane OXY (see Figure 2.7) and suppose also that the axis of tilt
of the filter is parallel to OX and in the plane 0XY. It follows that the
nérhal to the.filter at the point O will always lie in the plane ZOYi When
the filter is perpendicular to the optical axis, the normal at point O lies
along 0Z, and when the filter is tilted through an angle 6, the direction of
the normal is given by ON, where'ZaN = 6. The direction of any ray PO within
the illuminating cone is-defined by the angles Z0P (= ¢) and X0Q (= «) where

0Q is the projection of OP on the plane OXY.

Suppose that p and‘g are unit vectors along 6§-and 5ﬁ. In component

form, p and n are given by

(sin @ cos «, sin @ sin «, cos @)

1o
il

and n (0, sin ©, cos ©).

(The components lie along the X, Y and Z axes respectively).

If the angle between OP and ON is B (i.e. the angle of incidence of the ray

PQ when the normal to the filter at point O lies along CN), then P is given

~

by the scalar product of the vectors p and n.

Thus, p.n = lpl ,ﬁ] cos B )

~
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and since p and n are unit vectors, | pl and I nl are both unity. Therefore,

cos B = p.n = Dyly + pyly ¥ 0y
where px, px, etc., are the components of the vectors p and n.
Jt follows that, cos B = sin 6 sin @ sin « + cos © cos @.

The wavelength transmitted by the  filter, AB, corresponding to the angle

of incidence B is given by Equation 2.2 as

| sin2 B
Ay = Ay (1 = =—%5)
B 0 22

or, since sin2 B =1~ cos2 8, then

*
(2u 2 21+ cos? B)

N .
i.e. hg = 22 <2y%2 -1+ Eéin © sin @ sin « + cos & cos Q]2> (2.4)

2y
Equation 2.4 gives an expression for the wavelength transmitted at the
point O on the filter for an arbitrary ray PO (@, «) when the filter is tilted
at an angle 6 to the optical axis. If the filter is assumed to be uniform
across its surface, its behaviour at any other'point will be identical to

that at the point O.

For the ray PO, the transmitted light will not be monochromatic, the
filter having a spread of transmittanée with wavelength TB(A), similar to the
transmission pfofile of the fllter when used.at ﬁormal incidence but Qith its
peak transmittance centred on the wavelength AB (¢, a, ). To a goéd approxi-
mation the filter préfile‘can be considered as being Gaussian and, over the

small range of angles of the rays contained in the seeing cone, the form of

the Gaussian can be considered as constant. Thus the transmittance as a
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’

function of wavelength for the ray PO may be writtenras

2
1) = T ok(d - rg)

where k and TO are independent of wavelength; k i; a constant related to the
theoretical instrumental half-width for a point source illuminating the filter
at normal incidence. The quantity TO is the transmitted intens%ty at the
vavelength of the centre of the passband (XB) and assuming that there are no
variations of filte: transmittance with angle of incidence or across its sur-
face, TO will be a function of the intensity distribution I across the ex- .
tended image of the seeing disc. _If.I is assumed to be independent of the
angle o and only varies with @, then TO will be a function of @.  For example,
if the intensity distribution across the sgeing disc has a Gaussian shape;

" then the transmitted intensity at the passband centre will be given by

2
T = 1Y

where T is the transmitted intensity corresponding to rays from the centre of

the seeing disc (i.e. § = 0) and ¢ is a constant.

Thus the transmittance of the filter as a function of wavelength for the

ray PO will be given by

TB(A) P e-c¢2 e-k(k - ﬁB)z

All of the rays within the illuminating cone will be transmitted with a
similar wavelength distribution, but each tay will have its own values of TO
and AB corresponding to the angles ¥ and « which define the position §f the
ray within the cone. Thé effect of combining the transmission profiles of
all of the rays within the cone is to produce.an effective instrumental
transmission profile, T(A), whiéh is obtained by integrgting TB(A) over the

angular extent of the seeing cone.
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Thus 2n ¢1 .
2 2
T(A) = J J 1 o~ k(h = Ag) g df da (2.5)
a=0 ¢= ’

where ¢1 is, the semi-angle of the'illuminating cone (see Figure 2.7) and AB

is a function of @, o and 6 as given in Equation 2.4.

If the filter is uniform across its surface, then the cones of light
passing through each point on the surface of the filter will produce identical
effective instrumental transmission profiles and the integrated effect over

the illuminated area of the filter will also have this effective transmission

profile.

»

Clearly, the wavelength of peak transmittance and the half-width of the
effective instrumental profile will not be the same as those produced by a
point source and both will vary with the angle of tilt of the filter (6) and
with the angular extent of the seeiﬁg disc seen by the filter. Both of these

topics will now be considered.

It is possible to estimate from Equation 2.4 the shift in the wavelength
of peak transmittance brought about by illuminating the filter with a cone of
light as opposed to parallel light. Suppose thatran effeétive wavelength of
peak transﬁittance, xeff; can be de}ined,for the effective instrumental pro—
file by integrating over the seéing cone the wavelength of peak transmittance
for an arbitrary ray PO, given in Equation 2.4, assuming that the intensity -

across the seeing disc is coﬁstént. Thus the effective wavelength is defined

as

R ¢1 2n
* r

| Ag ¢ af da
¢=O a=

Aere = . en
¢ ag da

¢;O =0
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By substituting for Ag from Equation 2.4, then
¢1 2n ) .
A *
. J‘ J‘ 02 <?}L2 -1+ [sin 6 sin ¢ sin « + cos O cos é]z) ¢ dg da
A = '
f
eff 0 0 ,

*
2p

n g2
and by evaluating the double integral, it can be shown that

\ ) Ay {2/2(_2 ) 1} . Ao Cosz . {sin ¢1 cos ¢1 ) l(sin ¢1)2 . l}
eff 2/;2 2/‘*2 ' ¢1 2 61 2

A sin ¢ )2 sin @, cos }
0. .2 31 1 1 11
+ ——'sin” © {— - + - (2.6)
22 [4( 2, 2, 4 ‘

Iiquation 2.6 gives the wavqlength of peak transmittance of the effective in-
strumental profile when the filter is tilted through an angle © from normal
incidence and is illuminated by a cone of semi-angle ¢1. The wavelength of
" peak transmittance when the filter is tilted through an angle €&, but is il-
luminated wiéh collimated light from a point source, is given in Equation 2.2

and may be written as

A
0 *2 2
rg = —55 (2w =1+ cos 0) | C(2.7)
2p

If the semi-angle of the seeing cone, ¢1 radians, is assumed to be small, and
if sin ¢1 and cos ¢1 are expanded in Maclaurin Series and terms of order

greater than ¢12 are neglected, then Equation 2.6 may be written as

. : 2 2
A 5¢ 49
= Ay = —2 4 2ol - 1= ]
herr = Ag T Txp ! —oos -~ T2 T2 T2 5
2

o
¢ 50, °
S o P S s A S
s 2 -2 T 2724 T3
2 2 .
ot _ o 2 a 2 2 .
hegr = ro = Tz )l - cost @ (1 -——}-sin” 0. 5 (2.8)
s

where ¢1 is in radians.
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Equations 2.7 and 2.8 show that the wavelength/tilt calibration will be
dependent on the cone semi-angle and the wavelength shift produced by illumi-

nating the filter at a fixed aﬁgle of tilt with a cone of light is given by
o 2 2 o

= *5-[3 cos 6 - 1] (2.9)
16/L »

Ao = rerr

Table 2.4 lists (Ag - Aeff) for various combinations of ¢1 and 8, taking

% . .
A~ = 4874 1 and 4 = A/2. It can be seen’'that the wavelength shift of the

0]
passband produced by a cone of light is very small, even at tilts as large as

20°. 'If the ratio of the focal lengths of the telescope and collimator is
taken as 60 : 1, then the values of ¢1 in Table 2.4 correspond to seeing discs

with angular diameters on the sky of 2, 4, 8, 16 and 32 arc seconds. (1f aT

A}

is the angular diameter on the sky of the seeing disc, then

F

2¢1 = o ‘I'/FC

where FT and FC are the focal lengths of the telescope and the collimator as

before).

When the filter is at normal incidence“(i.e. © = 0) in a converging beam

of semi-angle ¢1, Equation 2.9 reduces to

. A, 8.2
Ag = A = Ay = A = 21 " (2.10)
Y eff -~ "0 eff ~ L *2 °
- Bu
while, if 6 is set equal to ¢1 when the filter is illuminated with collimated
light, Equation 2.7 gives
A
0 *2 2
Ag = T3 (2u© =1+ cos g,) .
1 2u "
A
. 0 . 2
i.e. Ao = A¢ = %5 (1= cos ¢1)
1 2u
Ay B2
Ay = A = 21 (2.11)
or 0 g, = e 2.
1 2u

since ¢1 is small (¢1 in radians).
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zguations 2.70 and 2.711 show tha£ when an interference filter is illumi-
néted.by a cone of light of semi-angle ¢1 with axis normal to the filter, the
resulting wavelength shift of the effective passband is one quarter of the
wavelength shift produced by illuminating the filter with parallel light from

a point source incident at an angle ¢1 to the filter.

Determination of the exact increase in the half-width of the effective
instrumenfal profile after broadening due to the spread in angle within the
seeing cone requires the double integral in Equation 2.5 to be evaluated. As
an alternative, an order of magnitude for the effect may be obtained by adopt-
ing a simplified approach. Consider, for example, the broadening of the pass- -
band which.would be brought about if the seeing disc was extended in only one

direction.

Suppose, in Equation 2.4, that o = n/2 (and 3n/2) and suppose further
that an upper limit for the increase in bandwidth of the filter can be esti-
mated by the difference between the wavelengths of peak transmittance for the

two extreme rays of the cone given by ¢ = ¢1 (¢ = n/2 and 3n/2). If these

wavelengths are A1 and x2, then they are given by Equation 2.4 as

Ao 2
Ay = Ag=—35 {1 - [sin 6 sin ¢1 + cos © cos ¢1]
2u
A’ .
0 2
= Ag-—%z {1 - cos (6 - ¢1)}
AO .

2

&

.
o

=)\,—A'O1

. . 2
and A, = A5 - %3 {1 - [ - sin 6 sin §, + cos @ cos ¢1] }

cos? (6 +¢.)
2@#2 1 }

The above expressions for A1 and A2 apply for cases where 6 > ¢1. For small
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amounts of tilt where 6 < ¢i, the long wavelength limit of the filter pass-
band is merely X1 = KO' The increase in bandwidth, A\, can therefore be

estimated by

A = A

i.e.  BA = O [sin® (e + ¢1) - sin® (¢ - 5251)) , where 6 > ¢1-
2u '

= 2 sin © cos ¢1 . 2 cos @ sin ¢1

i.e. M = ‘ sin 20 sin 2¢1 , ©2 ¢1

(2.12)

or LA = O §in® (6 + ¢1) , 6« ¢1

mquation 2.12 expresses the increase in filter bandwidth,_Ak, as a function
of the aggle of inclination of thé filter to the optical axis, 6, and of the
semi-angle of the illuminating cone, ¢1, and AL is plotted as a function of ©
in Figure 2.8. It should be noted that this approach neglects the intensity
distribution with angle within the seeing cone and that the values of A\ ob-
tained are an upper limit since the effect is largest for rays for which

o« = n/2 or 3n/2. Clearly, as seen in Figure 2.8, the effect is an imvortant
one and changes of a filter's bandwidth due to seeing effects will result ig

changes in the transmitted signal. This topic will be discussed more fully

in Chapter 4.

The statement made earlier in Section 2.2 regarding the ability of an
interference filter to accept entirely a seeing disc whose diameter is in
excess of 10 arc seconds must now be modified to state that this is only valid

if the angle of tilt of the filter is small. ;W%en.fhe filter is at normal
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incidence (® = 0), the amount of broadening of the passband is given by

A
C .2
. AN = —*2 sin ¢1

2p

and A\ < 0.1 X for ¢1 = 30 arc minutes (i.e. a seeing disc ~ 60 arc seconds

in diameter). ’

As an illustration of the effect) éhe instrumental profile of the 2.2 i
filter (see Table 2.3) was measured at various angles of tilt as before, ex-
cept that a larger diaphragm was placed in the focal plane of 'the telescope -
(the diameter was 10 times that of the smaller diaphragm normally uéed for -
wavelength calibrations and was eqpivalent'fo 50 arc seconds on the sky fér
the 50 cm f/8 telescope at Glasgow (ET/FC = 80 and ¢1 = 33 arc minutes)).

It was foun@ that the instrumental half-widths had increased to 5.1 X at
4861.3 % (EB) (8= 6°) and 9.9 % at 4810.5 2 (2n) (0 =213°). It must be re-
membered that the cone of light from the fibre optic pipe will not be the same
as the cone from a stellar seeing disc but thisg example shows that the effect
does exist in practice. By performing normal wavelength calibrations with a
very small focal plane diagphragm, it is hoped that the above ‘effects produced
by the convergent light from the fibre optic pipe will be reduced to a

mninimum.

-

Another éomplication in the broadening of the filter passband is appa-
rent when polarization is considered. Calibrations have been performed with
linearly pblarized light whose azimuth of vibration was first set parallel
to the tilt axis and then normal to it. It was found that each plane of
vibration' gave its own calibration curve, as shown in Figure 2.9, and that
the rate of change of wavelength with tilt was greater when the plane of
vibration was parallel to the tilt axis. fhe different rates of change of

wavelength with tilt are the result of the reflection coefficients of the

~
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dielectric layers, and hence/i*,'being dependent on the direction of vibra-
tion and the angle of incidence of the incident light. Additionally, the
phase change introduced on intermal reflectioh at the boundary between the
spacer and the dielectric layers is not exactly equal to n and the depar-
ture from n is also dependent on the direction of vibration and the angle

of incidence of the incident light.

»

The effect that this has on unpolarized light is to split the passband
into two parts, the separation of which increases with tilt and is about 2 R
at a tilt of 22°, Broadening by this means can largely be avoided by placing
a polarizer in the optical system, prior to the filter, so ensuring that the
filter is only illuminated with light having one fixed plane of vibration..
If the polarizer alsc serves as a beamsplitter so as to provide a sky trans-
- parency monitor channel, very little additional light is lost in this system

as opposed to one using a non-polarizing beamsplitter.

Finally, line profiles recorded by the tilt-scanning technique might be
affected by éhanges in the filter's transmittance with tilt. It might also
be thought that the increase in filter half-width would cause an increase in
signal ievel, however, due to the decrease of transmittance with tilt, this
effect is partly compensated for. Scans of a white light source have been
performed to investigate-the variation of signal level with tilt that might

be expected when scanning a stellar continuum. .

The white light source consisted of é Ferranti GRD 7 diode, operated
at a heater current of 1.8 amp. According‘to the manufacturer this gives .
the filament an operating temperature of 2,200°K. If the heater is assumed
to behave like a black.body, then the intensity as a function of wavelength

can be determined from the Planck formula. Figure 2.10 shows the ratio of

the relative intensity recorded to that predicted from the black body curve,

»
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Figure 2.10

Variation of integrated filter transmittance with wavelength (= tilt) deri-
ved by scanning a black body source and rectifying to a flat spectrum. If
allowance is made for the increase of filter bandwidth with tilt, the abso-
lute transmittance can be estimated at the wavelength of each of the cali-

bration lines. :
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that is, the true variation of signal with tilt after removing the slope of
the Planck function. This may also be interpreted as a relative integrated
transmittance and if allowance is made for the increasing half-width in
scanning from 4874 % té 4680 K, the absolute tiansmittance can be estimated
at each of the wavelengths at which the half-width is known. This is also

shown in Figure 2.10.

If the measured instrumental profiles at each of the four calibration
lines are scaled according to the absolute relative transmittance as given
in Figure 2.10, then the profiles may be drawn on the cone intensity scale as

in Pigure 2.11.

2.6 Purity of Recorded Line Profiles .

" Line profiles of HP have been measured for several stars for comparison

with simulated scans in order to assess their quality.

Appropriate sections of the solar spectrum (Minnaert et al., 1940) and
the Arcturus (o Boo, spectrum (Griffin, 1968) were first digitised and then
scanned numerically with various Airy functions having half-widths equal to
théée of the interference filters. The simulated spectra obtained in this
way are presented in Figures 2.12 and 2.13 along with recorded HP profiles

for a sur (GO), « Boo (K2IIIp) and B Gem (KO III).

It is fair to say that the récorded profiles match the simulated ones
reasonably well. The only reduction procedures used on the recorded profiles
have been the conversion to a linear wavelength scale and normalisation to

some arbitrary position on the blue continuum.

Cleafly, over the wavelength range of these scans, the effects of

changes of filter transmittance and half-width are relatively unimportant.
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The quality of these records supports the belief that line profiles obtained
by tilt-scanning narrow band interference filters are sufficiently well re-
céfded as to provide a possible means of detecting rapid intrinsic varia-
tions of HP in certain classes of stars. Moreover, the resolution obtained
thle accepting the entire seeing disc can only be matched by a large grating
spectrometer and even then, the 9verall transmittance of the latter is so

low as to require a large collecting telescope and suffers a loss of time

resolution.
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3. INSTRUMENTATION AND DATA HANDLING

3.1 Introduction

At the start of this study in October, 1972, the application of tilt-
scanning with narrow band interference filters to obfain stellar line profiles
was already being explored af Glasgow University bbservatory. The instrument
that was then attached to the telescope was a double-beam polarimeter in which
interference filters were being tilt-tuned to isolate particular regions of
the hydrogen HB line in stellar spectra in order to measure differential pola-
rization across the spectrum line. The filters were tilted by a micrometer
and lever arm system which could either be turned by hand or could be rotated
continuously by a small synchronous motor. This polarimeter /photometer used
pulse counting when measuring polarization but the electronic system was not
constructed to provide digital control of the wavelength scan and the profiles
that were obtained were usually measured by a D.C. amplifier and recorded on a
pen chart recorder. No compensation was made for atmospheric effects and, as
expected, the profiles were very noisy due to atmospheric scintillation. It
was decided, therefore, to design and build a completely new photometer head
with the aim of measuring stellar iine profiles by the tilt-scanning technique.

An electronic control and data recordinglsystem was also designed and built

with this particular photometer in mind.

The photometer head and much of the electronics chassis were machined
entirely by Mr. W. Edgar of the University Observatory. The control electro-
-nics are based on TTL Integrated Circuits (I.C.'s; TTL = Transistor-Transistor
Logic) and wefe designed and built by the author. Because of unavoidable delay
in the supply of components, the photometer did hot become operatidnal until
April, 1974. Since that date, the photometer has been used on most clear

nights in Glasgow.

The entire system was taken by car ffom Glasgow to the Royal Greenwich

Observatory (RGO) in October 1974 when it was used on 14 nights with the 91 cm
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Yapp reflector. During the period April 1974 - March 1975, the photometer
and electronics underwent numerous modifications as regular observations re-

vealed further areas for improvement.

In April 1975, the photometer was shipped to South Africa for use with
the telescopes on the South African Astronomical Cbservatory (SAAO) site at
Sutherland. The photometer was attached to the 76 cm reflector for 3 nights
in‘April and was attached to the 50 cm reflector for 6 nights in April and 7
nights in May. 1In all of the above-mentioned telescope changes, the photo-
meter was mounted and the telescope balanced in less than 2 houré. The elec-
tronics can be cabled-up in 20 miputes and have always worked imm;diately
except on first arrival in South Africa when there was some minor damage

caused by a transformer breaking loose of its mountings during shipping.

The simplicity of design together with small size and low weight while
having a working resolution of 2 2 are among the main attractions of the

interference filter scanner.

3.2 The Photometexr Head

A simple double=beam photometer has been designed and constructed for -
the application of méasuring stellar line profiles by tilt-scanning narrow
band interference filters. Among the design considerations were size and
weight, since the photometer was to be attached in the first instance to the

5C e¢m Grubb Parsons reflector at Glasgow.

The basic optical and mechanical arrangeménts are shown in Figures 3.1
and 3.2, The waveplate wheel shown in Figure 3.2 was added in October.1974,»
before visiting the RGO, to allow differential polarimetry across spectrum
lines to be sﬁudied. The wheel has 6 apertures at click-stop positions.
Three of the apertures contain A/2 (half-wave) retarders mounted such that
when thcy.nre in the beam their axes are at Oo, 300 and 60° to the polariza-
tion axis of the polarizing prism. Another two apertures contain A/4 (quarter-

wave) retarders mounted with their axes at 45° and 135° to the axis of the
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Figure 3.2 Cross-sectional diagram of the tilting-filter scanner.
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prism. The sixth aperture is clear and is the one normally in the beam when
- measuring intensity line profiles. The wave-plate wheel is rotated to click-
stop positions by hand with a knob, external to the photometer, attached to

the wheel via a set of helical gears.

Mounted in the foéal plane of the telescope is a slide containing two
diaphragms whose diameters are equivalent to 50 arc seconds and 5 arc seconds
on the sky. (These figures are for ?he 50 cm, f/8 telescope at Glasgow). In
Glasgow, the larger diaphragm is normally chosen for stellar measurements | |
since the diameter of the seeing disc is often ~ 10 arc seconds and the tele-
scope tracking is rather poor. The smaller diaphragm always replaces the

large one for wavelength calibration.

On either side of the diaphragm are two viewers. The pre-viewer consists
bf a rcof-prism which can be pushed into the beam and serves to locate the de-
sired star in the field. The post-viewer enables the star to be centred in
the diaphragm. Originally the second viewer was also a roof-prism mounted on
a draw-tube. When this was the case, guiding on the star was done by a small
auxiliary guiding telescope attached to the side of the main telescope.- Ideal-
ly some sort of off-set acquisitioﬁ and guiding head should haje been provided
but this would ?ave considerably increased the size and weight of the photo-

meter and was felt to be unnecessary.

It was found by October 1974, however, that due to a lack of collimation
between most main and guiding telescopes, a star could be kept central in the
diaphragm only for several minutes before the éross—wires of the guider needed
resetting. This was apparent with the 50 cm telescope at Glasgow and the_91
cm telescope at the RGO. The effect of guiding errors on the line profiles

will be discussed in Chapter 4.

In order to overcome this problem it was decided to replace the prism of

the post-viewer with a dichroic filter. A filter was obtained such that, when
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inserted in the beam at 450 to the optic axis, it would reflect red light for
guiding while blue light which still contained HP would be transmitted. This
filter is now left in the beam permanently, even for waveleﬁgth calibrations,

and results in a drop in transmission at HB of about 10%.

- .

Beyond the dichroic filter is a collimator lens, mounted in a sliding
tube so aé to allow focussing. The positioning of the collimator can be checked
by ensuring that.the light reflected from either filter is brought to a focus
on the surface of the diaphfagm. The collimator has a focal length of 4.8 cm
giving a value of FI‘I‘/FC of ~ 80 for the Glasgow telescope. The resulting

collimated beam is 0.6 cm in diameter.

Following the collimator, the beam is divided into two linearly polarized
-components by a 2.5 cm cube polarizing beam-splitter. Lighf of one plane of .
vibration is transmitted while the orthogonally polarized component is refléc—
ted at 900 to the telescope optic‘axis. The reflected beam passes Ehrough g
relatively broad band interference filter (e 50 X) and provides a fixed wave-

. length monitor channel so as to allow compensation for atmospheric effects.

The transmitted beam passes through the scanning narrow band filter.
Tilting of this filter is done by a stepping motor linked to the filter cell
through an anti-backlash gearbox. The stepping motor has a single step move-
ment of ]95 and the reduction ratio of the gearbox is 60:1 giving a rotation
of O?125/step at the filter. This corresponds to about 0;5 X/step at HB and
1 R/step at 4800 R for the narrow band filters used. Scales and moving poin-
ters are provided externally on both the stepping motor shaft and the filter

driving shaft so that the mechanical positioning of the filter may be checked

against an electronic position indicator.

Both filters are 2.5 cm in diameter and each is mounted as close as pos-
sible to a position at which the collimator forms an image of the itelescope

aperture. These imageé and the collimated beams are then imaged on the photo-
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cathodes of the photomultiplier tubes by means of Fabry lenses. In this way,
the beams should not move across the surface of either the filters or the
photocathodes if the star image moves in thé'focal plane of the telescope.

The focal lengths of the Fabry lenses are ~ 4 cm and give illuminated spots of

0.6 cm diameter on the 1 om diameter photocathodes.

Light for wavelength calibration, as stated previously in Chapter 2, is
fed into the photometer by a fibre optic pipe mounted on a push-pull tube which

is inserted into the beam prior to the focal plane diaphragm.

The interior of the photometer is maintained at a constant temperature by
a proportional temperature controller. This device, housed in the electronics
crate, was obtained commercially and operates by having a duty cycle which
automatically decreases as the set temperature is neared. Heating of the air
within the photometerlis done by a 30 Watt resistor mounted on a heatsink and
thermally insulated from the photometer wall. The air temperature is monitored
by a small thermistor which forms a remote part of the temperature controller
circuit. In order to achieve a uniform temperature independent of telescope

orientation, the air inside the photometer is mixed continuously by a small

model boat propellor driven by a low voltage D.C. motor.

The exterior of the photometer has been covered with foam polystyrene to-
reduce heat loss to the external air. Eyen without insulation, the photometer
could reach its operating temperature and stabilise within 20 to 30 minutes.
Because of the rapid warm-up time, the temperature controller was switched off

during daylight and was normally switched on about 1 hour before starting

observations.

The original home-made photomultiplier housings have been replaced with
commercial units (Products for Research Inc.). The new housings have magnetic,
electrostatic and R.F. shielding but are uncooled. They were chosen in pre-

ference to cooled housings for reasons of cost, weight and size, and perform
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adequately without cooling for the bright stars studied so far. Additional

magnetic shielding of the stepping motor is provided by mu-metal foil.

The photometer head, without photomultiplier housings, measures approxi-
mately 30 x 15 x 10 cm, and weighs only 12 kg complete with photomultipliers

and pre-amplifiers.

3.3 Electronics
The electronic system consists of two main parts; signal detection,
including data recording, and wavelength scanning control. These two func-—

tions are synchrohised and accurately timed by further logic circuits. A

block diagram of the electronic system is shown in Figure 3.3.

The detectors of the data recording system consist of two photomulti-
plier tubes (EMI types 9502B and 9789B) with dynode chains wired for pulse
counting. Both photomultiplier tubes obtain their EHT from the same stabili-
sed power supply. One EHT line, however, contains an additional potentio-
meter so that a limited but independ;nt voltage adjustment is possible for
that line. - By running both photohultiplier tubes off the same EHT supply
differential changes in the gains of the tubes due to EHT voltage fluctua-
tions can largely be avoided. This is an important point if the ratio bet-
ween the two signals is to be formed. The photocathodes are run at a negative
potential ensuring that the anodes are close fb ground potential thus elimina~
ting the need for coupling capacitors.' The output pulses ar; negative going

and about 20 nS (nano-seconds) wide. -

-

The pre-zmplifiers/discriminators are a variation of a circuit developed
by the staff of the Royal Observatory, Edinburgh (ROE). Thanks are due to
Mr. W. Parker and Mr. I. Sheffield of the ROE for the printed circuit layout

from which the circuits were developed.

Photomultiplier pulses are fed directly to one input of a Signetics

NES27K integrated circuit with a 1 k(2 leakage resistor connected to ground.
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The other input is connected to a multi—tgrn potentiometer which forms part
of a voltage divider chain and serves to set the discriminator threshold.
Pulses exceeding the discriminator voltage appear at the output of the NES27TK
as TTL level pulses which are fed to a dual TTL monostable (SN74123). One
half of the monostable defines a dead-time of 400 nS (resulting in a maximum
count rate of 2.5 MH#) while the other half produces pulses of consfant width
(~ 150 nS) which are then fed to a line-driver integrated circuit (SN75110).
This is a constant current type driver and is capable of driving twisted-
pair lines up to 3000 metres long. The signal cables are, in fact, 50-ohm
co—axial cable for which the driving capabilities Qre less than for twisted-
pair but are still well in excess of the 20 metres required between the

photometer and the electronics crate.

At the receiving end, each line is fed to one of the inputs of a dual
line receiver (SN75107). The lines are suitably terminated with resistors to
prevent pulse overshcot. The other inputs of the line recei&ers'are connec-
ted to variable voltage dividers so as to allow discriminagtion against any
noise on the lines. The dual line receiver also gates the signals_to the
pulse counters and both channels are strobed‘simultaneously and for the same

duration by the integration timer.

The signal in each ‘channel is recorded‘on a separate 6-decade counter.
A hard copy of the data is produced on punched paper tape but only the five
most significant digits in each counter channel are recorded. These digits
are also displayed on cold-cathode number tubes. The Universal Time (U.T.),
filter position and spectral picture-point are displayed on miniature seven-

segment LED (Light Emitting Diode) displays.

The control electronics, counters and steﬁping motor drive together

with appropriate power supplies are housed in one cabinet measuring 52 x 40 x
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30 cm. The punch interface is contained in another case measuring 20 x 30

x 15 cm. The operation of the main logic circuitry is described below.

The time-base for the timer, U.T. clock and wavelength stepping is deri-
ved from a 1 MHz crystal oscillator (Heath EU 800-Kc). The oscillator has an
accuracy of + 2 Hz, a temperature stability of + 10 ppm (parts per million)
from 10 - 40°C and an ageing rate of less than 10 ppm/year. Outputs frdm a
seven decade scaler allow frequencies of 1 MHz to 0.1 Hz to be obtained

simultaneously from the oscillator.

The integrétion timer runs at a frequency of 1C0 kHz to ensure that
gating errors will be small. The 100 kHz frequency is divided down to 1 Hz
pulses which are counted By a two decade counter allowing integration times
" of 1 - 99 seconds. On pressing the manual start button, the line receiver
gates are op;ned and the timer commences counting 1 Hz pulses. When the
number of elapsed seconds is equal to the value preset from the front panel,
the signal gates are closed and the timer is stopped. At the same time, the
data to be punched on paper tape.is latched, allowing counting to }estart
before the punching cycle is complete. In this way, the dead-time between
integration periods is « 250 mS depending on the wavelength scanning require-
ments. (The Data Dynamics paper-tape punch operates at 46 characters/sec and

requires about 700 mS té punch the 32 characters in each punch cycle).

A delay of 7 uS is allowed after latching the data before the punch cycle
is activated. After a further 70 mS delay, and while punching is taking place,
both timer and.signal counters are reset to zero and wavelength scanning is
initiated. The wavelength step-size is set by a front panel switch at 1 - 10
steps with an optional x10 multiplier. Bulses at a frequency of 100 Hz from
the crystal oscillator are counted and passed to the‘stepping motor drive and

the filter position indicator circuits. The filter position display is
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latched at its” previous setting while punching is taking place. Its wvalue is

recorded on the paper tape and serves to idéntify each wavelength position at

which the filter is set. The counter has a range of 0 - 199 (originally O
99, but this gave too limited a scan range) and covers a tilt range of 25o
(equivalent to more than 200 X for the narrow.filters used for tilt-scanning).v

The counter will count up or down according to the scan direction control.

When the number of pulses counted in any one wavelength change is equal
to the value preset on the front panel, stepping is ceased and the step size

counter is reset. A single pulse is also sent to the spectral picture-point

counter to indicate that the new wavelength position has been reached.

-

The number of picture-points in é scan isAalso set via front panel swit-
ches at 1 - 10 points with a x10 option. The picture-point counter is also of
the up-down type and when the count becomes equal to either that set on the
switches or zero, a pulse is generated to reverse the scan direction. The
pulse from the.wavelength step-size control to the picture-point counter is
delayed by 150 mS and also serves to restart the integration timer after the

new wavelength position has been reached. -The delay of 150 mS allows any

stepping motor jitter to subside before the signal gates are re-opened.

Vari&us functions exist to allow in;tial setting of the filter position.
The scan direction can be changed manually and may be latched in either direc-
tion thus over-riding the direction control of the picture-point counter. The
stepping motor can be slewed to any starting position at a rate of 10 steps/
second and it éan also be single stepped. In addition, the wavelength scan
can be completely inhibited so that repetitive measures may be made at the
same wavelength. Alternativély, the stepping motor may be inhibited by it-
self so as to allow the initial correspondence between the mechanical filter
position and that indicated by the electronic filter poéition counter to be

set as desired.
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The main electronics cabinet also houses a 24-hour digital clock which
is run from 1 Hz pulses from the 1 MHz oscillator. 4Switching of the 1 Hz
pulses allows the hours or minutes to be slewed separately at 1 counf/second
so as to presét the clock to the correct U.T. The clock display also is

latched at the end of each integration interval to allow the U.T. to be

punched on the paper tape.

.
N

The punch interface is contained in a free standing case complete with
its own 5 V power supply. It is linked by multi-core cables to the main
electronics chassis and to the paper-tape punch. Its function is to serial-

ise, code and format the data for punching.

Each complete punch cycle results in the punching of 32 characters.
"These include 5 leading digits, set by thumbwheel switches on the interface,
which are uséd as codes to allow programmed data reduction. The data which
is punched includes the counts in each channel (5 digits for each), the Uni-
versal Time (6 digits) and the filter position (3 digits). The remaining

characters are taken up by spaceé, carriage return and line-feed characters.

When a'punch cycle is initiated by the control logic, certain starting

: conditiéns within the interface are set up. Among these conditions is the
resetting to zero of a hexa-decimal counter (i.e. one which counts 0 - 15,

0 - 15, etc.). The output df this counter is in BCD form (Binary Coded Deci-—
mal)’and is fed together with the output from a divide-by-2 bi-stable (counts
0~1-0-1, etc.) to the address lines of the data selectors. These de-
vices seiect oﬁe of sixteen lines according to the 4-bit BCD address code given
to them. The data selectors are arranged in two banks of four, each bank re-
ceiving the data for sixteen characters (gddressed as decimal O - 15, or

binary 0000 - 1111). The bank which is addressed in determined by the divide-
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-

bj—2 circuit. Bach bank contains four data selectors since the data is also
in BCD code at this point and is made up of four bits which must be selected
simultaneously and‘presented to the code converter to be changed into an 8-bit

ASCII code (American Standard Code for Information Interchange).

With the hexa-decimal counter and the divide-by-2 both reset to zero,
the first character is thus selected. It is then péded in 8-bit ASCII code
and presented on the data lines to the punchi Thé interface generates a vol-
tage level change which causes the punch to load this character into a‘buffer
to await punching. Before punching takes place, the character in the fiirst
punch buffer is transferred to a second buffer and the first buffer is cleared.
The act of clearing the first buffer is indicated by the punch as a voltage
level change on the Buffer Empfy output. The level change is detected by the
interface and results in the hexa-decimal counter being incremented by one.
The next character is thus selected, after which another load pulse is pro-
duced and returned to the punch. The mode of punch operation just described
is called asynghronous since the punch determines its own operating speed and

requests characters as it is able to accept:them.

The supply of characters to the punch continues until sixteen characters
have been punched at which stage the output of the hexa-decimal counter will
be 1111 (in binary) and the next clocking of £he counter will return it to
0000. At the same time, however, the divide-by-2 will also be clocked and so
the second bank of data selectors will be addressed as the hexa-decimal coun-
ter increments from 0000 to 1111 again. On reaching 1111 for the second time,
the subsequent request for the next character.is diverted back to the main
control logic where it is used to release the data latches thus compieting

a punch cycle.

-

If a failure occurs in either the punch or punch interface, a 21-column
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BCD CODE' . GENERATED ASCII CODE’

~Bit Bit

Decimal 4 3 2 1 sserx &8 7 6 5 4 3 2 1

Character Character
0 0 0 0 0 0 o b 1 1 0 0 0 O©
1 o 0 0 1 1 1.0 1 1 0 0 0 1
2 o 0 1 0 2 1.0 1 1 0 0 1 0
3 o 0" 1 1 3 o 0 1 1 0 0 1 1
4 o 1 0 0 } 4 10 1 1 0 1 0 0 |
5 o 1 0 1 5 o 0 1 1 0 1 0 1
6 o 11 0 6 o 0 1 .1 "0 1 1- 0
7 o 1 1 1 7 10 1 1 0 1 1 1
8 1. 0 0 0 8 1.0 1 1 1 0 0 0
9 1 0 0 1 9 o o 1 1 1 0 0o 1
10 1 0 1 O | Linefeed |O O O O 1 0 1 0
11 1 0 1 1 | Vert.Tab | 1 0 O 0 1 0 1 1
12 1 1 0 O | FormFeed |O O O O 1 1 0 O
13 11 0 1 C;ch’iinge 10 0 0 1 1 0 1
14 1 1 1 0 | ShiftOut |1 0 0 O 1 1 1 0
15 1 1 1+ 1 Space |1 0 1 0 0 0 0 0O

Table 3.1

4-bit BCD codes are converted to' 8-bit ASCII codes before punching on paper tape.
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digital printer can be used to record the data. The printer accepts full
parallel data (i.e. bit parallel and charactef“parallel) and uses the same
output connectors and driving commands as the punch interfacé. The format-
ting of the data is similar to that produced by the punch interface, although

no leading code digits are pginted.

The layoﬁt and assembly of the electronics cases has been designed for
ease of access for sérvicing and fault finding. Power supplies, circuit
boards, etb., can all be removed from the main chassis, without.de—soldering,
in about 30 minutes leaving only wiring in place. The control logic is moun-
ted on four plug-in I.C. Vero-boards measuring 11 x 15 cm. The integrated
circuits are themselves mounted in I.C. sockets enabling replacement in a

A}

matter of seconds.

The pre-amplifier/discriminatqr/line-driver circuit is shown in Appendix
I together witﬁ logic diagrams.of the timer, step-size control, picture-point/
direction control, U.T. clock, punch driver, data selector and code converter.
Table 3.1 gives the ASCII characters and codes that are produced by the code

converter from the BCD codes 0000 - 1111 (Decimal O to 15).

In conclusion it can be said that the electronic system just described
forms a compact and reliable unit which, with some precautions, is undisturbed
by the electrically noisy environment of a telescope dome. Occasional faults
have developed in the integrated circuits but replacement of the faulty circuit
is simple. The cost of the entire optical, electroﬁic and mechanical system
is estimated to be just in excess of £2000 inclﬁsiverof photomultipliers,

interference filters, paper-tape punch and workshop time.

3.4 Data Reduction

Initial data reduction is dene either on the Univefsity's KDF9 computer
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or on a Hewlett Packard programmable desk calculator. The punched paper tape
can be pgéd directly by either of these machines. It is possible to have the
Hewlett Packard calculator reading the data tape in a pséudo on-line mode.
This is done by including a small non-functional loop in the programme and
arfanging the number of times this is cycled so that the time taken to do so
is about the same as the integration time of the counters. In this way, the
paper tape can be read at the same rate as it is being punched and the dead-
time between punching and reading is determined by the length of tape required

-

between the tape punch.and the tape reader.

Because of its limited memory size, the Hewlett Packard calculator is
restricted in thé number of wavelength positions which it can analyse at one
run of the data tape. The programme can, however, separate star and back-
ground signals and can handle up to-21 wavelength positions. The programme
averages the data and calculates the errors at each of the specified wave-
lengths. It can also normalise the data to any one of these wavelengths.

The mean values and their errors are printed out when the end of the data

tape is reached.

The KDF9 programme for obtaining line-profiles is much more powerful.
However, it should be noted that the pfogramme described here only carries
out simple averaging of‘fhe data so that the line profiles can be plotted and
the accuracy of the data can be assesseq. Other special purpose programmes
can be applied to the data if requirea (e.g. to evaluate equivalent widths).
The only data required in addition to thaf on the paper tape is the wavelength
position to which the intensities are to be normalised. Basiéally, the pro-
gramme interpréts the data according to the codes set by the thumbwheel swit-
ches on the punch interface. The functions éf the codes used so far are

~

listed in Table 3.2.
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A punch cycle produces a block of 32 cﬁaraéfers, the last two being
carriage return and 1ine feed, and this is printed on a Teletype or interpre-
ted By the computer as one line of data. Each data tape starts with a'line
giving a tape identification number. The next line usually gives the date
of the observation. These numbers are set on the interface thumbwheel swit-
ches (see Table 3.2) and a manual punch command given. Subséqueht lines con-

tain>background signal and star signal.' Each tape has a terminating line,

~ with a code recognised by the programmes,.so that reading of the tape will

stop automatically.

After printing the tape number and the date of the observation, the
programme averages any background signal which is present. If at any later
stage more background signal measurements are encountered, these will be

averaged separately and their mean values will replace the previous means.

The data at the normalising wavelength is averaged first. The inten-
sities are found from
N, -D
N - D .
where N, N, are the star counts in beam 1 (scanning) and beam 2 (monitor)
and D1, D2 are average background counts (if any) in the two beams. The

ratios thus obtained should be largely free of atmospheric effects.

" Having thus found the mean ratio at the normalising wavelength, the data
at every other'wavelength, in ascending order of filter position, is normali-
sed and averaged in a similar way. The corrected standard deviation of a
single bb;ervation (0) and the standard error of the mean (s) are also cal-

culated. The former is given by
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where N is the number of observations,
X; (i=1, ..., N) are the individual observations

and x is the mean of the xi‘s.

The standard error of the mean is given by

<3

s = \/_—N'

A

Both of these quantities can be compared with the values expected from photon

statistics (see Chapter 4) as a means of judging the quality of the data.

The mean values and their errors are calculated for each wavelength for
any other positions of the wave-plate wheel, as indicated by the setting of

one of the code switches.

Appendix II contains a sample Teletype listing of a data tape and a lis-

ting of the KDF9 FORTRAN programme used for initial reduction of the data.
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4. PHOTCMETRIC ACCURACY WITH THE INTERFERENCE IFILTER SCANNER

4.1 Introduction

All photomeﬁric measurements, no matter how they are made, are subject
to various uncertainties. For example, the measured intensities ultimately
carry phéton noise, the eguiValent wavelength of the system may not be what

‘the observer thinks it is and the widths of the passbands may be assumed
wrongly. In.this study, it was intended to investigate the application of

an interference filter scanner to the detection of rapid line profile varia-
bility. Depending on the time resolution required in conjunctioh with the
brightness of the star being measured, it may be necessary to examine indivi-
dual line profile scans for variation or it may be possible to combine a num-
ber of scans to obtain a mean line profile. Both techniques have been used

" to interpret the observations which are presented in Chapter 5. Obviously,
there ﬁill be "noise" present on the line profiles and the amplitude of the
noise across a profile mustlbe known before any statements can be made about

intrinsic variability of the profiles.

Three main sources of noise exist and each will be dealt with separately
in this chapter. Briefly, they are Poissonian noise associated with the photon

counting process, noise introduced by the atmosphere and instrumental noise.

The discussions presented later in this chapter relatihg to both Poisson-
ian and atmospheric noise are quite general while the discussions on the in-
strumental noise are chiefly concerned with the use of the narrow band (~ 2 2
FWHM) interference filters which have already beén discussed in Chapters 2 and

3 élthough many of the conclusions are quite valid for broader band interfe-

rence filters. and have a possible bearing on the accuracy of B—index photometry.

The method of obtaining line profiles by forming the ratio of the signal



90

" in a wavelength scenning beam with that in a fixed wavelength monitor beam
yields only relative photometry and is incapable of detecting any large scale -
changes within the stellar spectra which might affect both beams simultane-

ously and to the same extent.

However, the technique has the benefit that due to the narrow bandwidths
of the filters and the small wavelength separation of their passbands, no cor-
rections are required for differential atmospheric extinction; a common source

of error in photometric measurements.

4.2 Pulse Counting Photometry

A convenient method of making photometric measurements and at the same -
time obtaining information on the accuracy of thosq'measurements is provided
by the pulse counting technique. In most ca;es,-ﬁeasurements made by pulse
counting methods will have a greater precision that those obtained by tech-
niques involving current integrators and pen recorders. An additional attrac-
tion of digital data recording is that data reduction can be performed without
further measurements being required and the data is in a form which can be
analysed immediately by computer. Hybrid techniques employing analogue to_
digitgl converters also exist and these methods compare favourably with pulse
counting. Since digital(electronics formed the control system dgscribed in
Chapter 3, it was decided for this work to employ pulse counting as the means

of signal measurement.

Under ideal observing conditions and aééﬁming there to be no other sources
of noise present, the accuracy of pulse éounting photometry should only be limi-
ted by Poisson statistics; sometimes called photon statistics or photon noise. |
The error of a single measurement due to photdﬁ noise is merely a function of

the number of pulses counted.
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In an integration time t the number of pulses counted N will be given by

n D 2 t : Ab
¥oe I [ ) ) ) my) @ (4.1)
4 A

where DT‘iS the diameter of the collecting aperture, f(x) is the combined
transmiétance of the Earth's atmosphere and the telescope/photometer optics at
wavelength A, Q(A) is the guantum efficiency of the detector at wavelength A,
T(A) is the transmittance of the spectrometric element (e.g. a filter) at
wavelength A, nm(x) is the number of photons per unit area per unit time per
unit wavelength interval at wavelength A above the Earth's atmosphere from a
star of magnitude m and ka and kb are the limits of the wavelength interval

-

over which the light is measured.

.

If it is assumed £hat Poisson statistics épply, the number of photons
counted, N, will be subject to an absolute error of :_(N)%. This error is
sometimes called the standard deviation of a single observation (o). The frac-
tional error & which is associated with a count of N photons will therefore be
given by

i.GVN or + (1/Jﬁ) N

and the percentage error will be e. 10 .

A typical value of nm(x) for Equation 4.1 may be obtained from the value
of the flux density for the B passband given by Johnson (1966) for a zero mag-

nitude star of spectral type AOV. The value derived is

1.6 . 10° photons cn2 sec™ ! §°1

()

and the value of nm(A) for a star of magnitude m may be obtained from

ng(1) (2-512)™ .

n,(x)



There will of course be variations of nm(x) due to different spectral types

and luminosity classes and the values obtained’ in practice will correspond to
wavelengths around 4861 X although the effective wavelength and the bandwidth
~of the B passband are ~ 4400 X and ~'96O X. However, the figure given should

be correct to an order of magnitudé.

If it is assumed that ()‘b - }\a) is small and if over a small range in

wavelength T(r), Q(A) and nm(x) can be taken as constant, then Equation 4.1

reduces to 5 kb
by DT t _ _ o
N = —— (&) a(x) nm(x) J T(r) da
4 A
a
AL +A
where A= b_g._ . .
2 \

Purther, if the filter is assumed to have a rectangular transmission pro-

~

file,

i.e. T(A) = 0 , A<a or A>Dd

and T(A) = 1 , ag<A<hb
then

n DT2 t _ _ _
N = ——— 7(x) Q(x) n (&) & - (4.2)
4
where AN = kb - xa' .

For example, if typical values are taken for the interference filter
scanner attached to the 50 cm telescope at Glasgow (‘t(f)'= 0.06, Q(I) = 0.15,

A= 4860 % and AN = 2 ﬁ) the predicted photon count in t seconds for a zero

magnitude AOV star is given by

N = 56 . 10%¢
and for a star of magnitude m,

" . N = 5.6 . 10% £ (2-512)™ ' (4.3)
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For a star of magnitude 1.8 and spectral type A1IV (B Carinae) measured
at'HB with a 2»2 passband when the scanner was attached to the 50 ;m telescope
at Sutherland (the SAAQO site) the observed count rate was 7.103 céunts/second
- while the count rate predicted by Equation 4.3 is -1O4 counts/second. The
difference between these two values will be due to a combination of several
factors. In»addition‘to the different spectral type and luminosity class of
the star involved, there might also be a substantial variation in the atmos-
pheric transparency at the two sites and it is unlikely that the two tele-
scopes will have the same overall reflectivity. Turthermore, a small number
of photon produced pulses will not be counted due to the action of the pulse
height discriminator of the pre-amplifier. The discriminator level is set so

as to reject a large number of the many small, thermally produced pulses from

the photomultiplier tube (the dark count) but it will inevitably also reject"

some signal pulses.

. Assuming a pulse counting rate of 104 counts/second, a photometric accu-
racy of 1 per cent should be ;chieved in an integration time of one second.

If the integration time or the size of the collecting aperture is increased so
thatAthe count rate is 106 counts/second, the photometric accuracy obtained in

one second will be 0.1 per cent. Since the fractional error € is given by

+ (14WX), the expression relating € to m and t derived from Equation 4.3 is

€ = 1.8 . 107 (2.512)" &7

where the values of DT, T(I), etc. have been taken for the Glasgow telescope
as before. Table 4.1 lists some expected percentage errors, based on photon

statistics, for various combinations of stellar magnitude and integration time.

Obviously,; as the pulse counting rate varies across a stellar line pro-

file so too will the photometric accuracy that can be achieved in.a given time.

,



Table 4.1

Percentage Error

94

NG 0 1 2 3 4 5
18 0.42% | 0.67 1.06 1.69 2.67 4.24
10° 0.13 0.21° | 0.34 0.53 ' 0.84 1.33

1008 0.04 0.07 0.11 0.17 0.27 0.42

Percentage error (e x 102) for stars of various

- and for various integration times (t).

The fractional error, &€, is obtained from

Dp

no(X) = 1.6 x 10° cn2 sec

4(2.512)"

nD2z(x) Q%) n (X) 64

50 cm, T(X) =

magnitudes (m)

0.06, Q(x) = 0.15

-1

M = 2 Xy X. Ll 4860 x .

g,
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depth (1 = k) relative to the errors for the continuum (1 - k = 1)
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For example, the absolute photon error will be less for the centre of an ab-
sorption line than for the adjacent continuum since the value of N will be
smaller at the line core. However, the'fractional error € wiil be greatest at
the line centre, due entirely to photon statistics. If in an integration time
t; there are N pulses counted for the continuum or line wings and (1 - k)N
pulses counted for the line centre, the absolute errors will be + (N)% and

1
(1 - k)% (N)® respectively (0 € k £1). The fractional errors will be

1+

1 1 1
+ (N)™ and + (1 = k)™® (N)™®. Figure 4.1 shows the absolute and fractional
errors that are associated with various values of (1 - k) relative to the
errors for (1 - k) equal to unity (i.e., continuum) and shows how the noise

level due to photon statistics might be expected to vary across an absorption

feature. ' .

4.3 Noise Introduced by the Atmosphere

Ideal‘photometric conditions é}e seldom experienced, however, and atmos-
pheric scintillation and transﬁarency changes are other sources of noise which
can affect the recorded signal. Scintillation noise can vary considerably with
time in both frequency and amplitude, and in addition it is often wavelength
dependent. Fortunately, the wavelength dependence can be neglected as éxplai-
ned in Section 4.1. Over a limited area of sky (the size of which is variable
and dependent on many factors) the rms. (root-mean-square) value of the scin-
tillation noise can be represented simply as a fraction of the photon count
and is independent of the brightness of the star. A typical value might be
5 per cent; obviously this figure will vary from oﬁe part of the sky to
another and with time, and will also be related to the quality of the.observ-

ing site.

FPigure 4.2 shows the expected number of photons counted in one second as

a function of the apparent stellar magnitude (based on the values given in
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Scintillation limited | Photon limited ., . Background limited

<

(@)
o
A
4
N

Number of counts / sec

Dark + Sky Background

Apparent Magnitude

> Figgre 4.2

Expected photon count as a function of apparent magnitude m, given by
n 0,27 (V) (%) n (R) M ¢
4 (2.512)"

with vorking values; D, = 50 em, A = 5000 %, z(x) = o0.06

Q(x) = 0.15, no(;:) = 16 . 103 cm—z aec_1 2-1, AN = ZX,
t = 1 sec.

The zones are indicated in which the dominant source of noise is scin-"
. tillation noise (5 %), photon shot-noise (¥N) or background noise.



Section 4.2) together with the errors expected due to photon statistics and

scintillation noise.

v

It can be seen from Figure 4.2 that with the Glasgow telescope the limit-
ing source of noise for stars brighter than magnitude 5.4 approximately will
be scintillation while for fainter objects, the dominant source of noise will
be photon noise. It can also be seen that if the measurements are made with
a2 simple single channel photometer, the limit of the photometric accuracy
which can be expected is likely to be several per cent. In order to detect
rapid small amplitude intrinsic intensity changes it is necessary to improve
this degree of accuracy by at least a factor of ten. |

It is well known that a considerable improvement in photometric accuracy
ca; be achieved with a double beam photometer. If the signals in two beam§
are measured simultaneously, the ratio of the signals will, to a great extent,
be free of scintillation noise, since the latter will be coherent in both
beams. A double.beam instrument has the additional advantage (for the same
reason) of being able to work under conditions of severe transparency changes
due to fairly thick cloudvor mist. Figure 4.3 shows the signal recorded over
‘2 5 minute interval in one beam of the double beam interference filter scanner
deécribed in Chapter 3, ?ogether with the ratio formed between this and the .
second beam. In this example, the beam for which the signal is shown contained
a filterof ~ 1+9 X.half—width, normally used for tilt-scanning but maintained
at a constant wavelength for this demonstration of double beam coméensatiog.
The other beam contained a fixed filter of 51 X half-width. Figufe 4.4 shows

_a further example of the ability of the double beam photometer to compensate

for large scale transparency changes by means of forming the ratio of the two

signals.
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Figure 4.

Large \'raz.‘iations of the photon count at fixed wavelength for two beams (an =
1.9 8, 51 %) (upper) are removed by taking the ratio of the counts (lower).
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Suppose that the atmospheric noise is completely coherent in the two

beams and let N1, xN1, N2 and xN2 be two successive counts in each beam. The

fractional change in signal dué to scintillation and transparency fluctuations

is given by x.

these counts will have an error given by the square root of the count.

the ratios of the signals in the two beams, R1

Due to photon shot noise, which is still present, each of

if

and R2, are formed, then

Nz (NJ% N
R1 = —————————% — + AR1
Ny £ () N,
1
A, + (v )? N,
and R2 = T = = * ARz
a, + () N,
where the uncertainties in R1 and R2 are AR1 and AR2 respectively. If, in
general,
R = AL oA _ é + AR, then
B + AB B~
2 2
OR 2 oR 2
o -J( ) @)? - (E] @
N B
thus, AR, .= o o= + -
2 1 2
N ) .
1 1 1 1
and AR, = =— [|=(=— 4+ —
2 Nzﬂ/x (N1 N2)

AR,

|

1 R,

l.e £ = '1'—
L] . 1 —

N,
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and & = |

. (i, a\)EL (1.
l.€. €2 = {X <N1 + N2>} = (x> 51

It can be seen from the expressions for €, and €5 that:

-

(i) Although combining the tyo counts N1 and N2 results in a ratio which has
an uncertainty greater than that in either of'the original gquantities,
.if the system _is designed such that N2>>I%, then the uncertainty in the
ratio can be made almost équal to the uncertainty iﬁ N1 by.itself. Thus,

1

:=N1T? ; i.e. the same as the photon error for one beam.

&4

1
In fact, if N, = 10N, , e, = 1.049 (N1)-2; only five per cent greater

1
than the photon predicted error associated wiﬁh N1.

(ii) If x represents a fractional change in ;igﬂél, coherent in both beams,
then the ratio of the signals is unaltered by the signal variation. In
‘addition, the fractional uncertainty of the ratio is modified by a factor
of (%)%. For example, if x = 0.25 (corresponding to a drop in signal of
a factor of 4), the uncertainty of the ratio is only twice (i.e. 1/%/6755)

what it was before the drop in signal.

If a series of n measurements of the ratio of the signals in the two
beams each have a standard deviation of a.éingle observation of ¢, then the
standard error of the mean of the n measures, Sn’ will be given by qﬁJE.
Figure 4.5 shéws the standard error of the mean of a sample of ratios as a
function of n. The observed error curve (éébs) matches reasonably well the

curve expected from photon statistics (Sexp)'

Al

The iﬁplication is that a double beam photometer can perform accurate
relative photometry by the ratio technique and, except for very faint stars,
is limited in accuracy only by photon statistics. Under ideal observing con-

ditions, or for stars for which photon noise is dominant, the process of
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Variation of the observed and expected standard errors (Sobs and Sexp) with
the number of measurements of the ratio of the counts at fixed wavelengths
for the two beams of the scanner. The expected error decreases as 1/+/m
where n is the number of measurements. ) )
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forming ratios causes a slight increase in the uncertainty of the observations
but, with a suitable choice of bandwidths in'the two beams, the increase can
be reduced to a minimum. When sky transparency and scintillation noise are

dominant, the ratio technique is essential for high photometric accuracy.

4.4 Instrumental Errors

In addition to the sources of noise already considered, allowance has to
be made for any errors introduced by the photopéter itself. Scme causes of
possible distortion of the recorded line profilés have already been considefed
in Chapterv2. It was-seen there that under re;sonable observing conditions
the recorded profiles compared favourébly with simulated profiles obtained

from high resclution spectrum atlases.

Although there are liable to be distortions of the line profiles due to
chaﬁges wiﬁh tilt of the filter's half-width and transmittance, the distortions
are not serious and for many purposes can normally be neglected. The applica-
tion of interference filters to the measurement of stellar\line profiles was .
not, however, intended as'a means of obtaining profiles of high sﬁectral pﬁrity

but as a means of detecting rapid profile variations. -

The distortions of the line profiles discussed in Chapter 2 should not,
provided they remain constant, affect the ability to detect intrinsic line pro-
file wvariability. This section will examine some instrumental effects which
are themselves liable to be variable and which may produce séurious line pro-
file variations. The main emphasis of the discussions will be on effects re-
lating tq the interference filters although, of course, effects relating to

other parts of the instrumentation are possible.

For example, when the photometer was first constructed it was found that

the gain of one of the photomultipliers was very sensitive to the position at



105

which the stepping motor on the wavélength scanner was stopped. This effect
was due to the magnetic field of the coils within the motor interacting with
the field of the photomultiplier dynodes and_was‘removed completely by shield-
ing the motor and the photomultipliers with éu-metal foil. A similar effect,
dependent on the orientation of the telescope, can sometimes be produced by
the Earth's magnetic field. Again, when the photometer was in its initial
stages, it was found that the air temperature within the filter cavity was
sensitive to the telescope orientation. Any temperature variation will pro-
duce a wavelength shift of the filter passbands, the shift being'fo longer
wavelengths at higher temperatures. This problem was overcome by installing
the small propellor and D.C. motor mentioned in Chapter 3, so ensuring a good

circulation of the warm air within the photometer.

Another igstrumental effect sometimes epcountered with pulse counting -
techniques is counting losses due to high coﬁnting rates resulting in pulses
piling up and overlapping one another: Such an effect results in the res-
ponse of the system being non-linear with respect to intensity changes and
this could give rise to serious distortions of the line profiles. By design
of the pre-amplifiers, the maximum count rate which can be accepted is
~ 2°5. ‘IO6 counts/second although a pre-amplifier bandwidth of O - 20 MHz
could be achieved by changing the time constanfs which define the pulse width
and dead-time. In practice, due to the.narrow“spectral bandwidth of the fil-
ters and the small telescopes to which the photometer has been attached, coun-
tihg rates greater than 104 counts/second have ;arely been experienced.and
counting losses can be neglected as a source of error. Profile variation
might also appear as the result of differential gain changes between the two
beams, although, as well as running both photomultipliers frém the same EHT

supply, the two pre-amplifiers use a common, stabilised power supply in an

effort to avoid this possibility.
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If the preceding instrumental sources of error can be assumed to have
been removed there still remain errors produced by the interference filters
and brought about by seeing conditions and inadeguate telescope guidance.

Both of these topics, in relation to the half-width and wavelength of the
instrumental profiles and how the recorded line profiles are affected by thenm,
will be gonsidered separately. The difficulty regarding the detection of

line profile variability is that both of these effects are variable, often

on a time scale less than that required to complete one line profile scan

and it is possible that these instrumental effects may be mistaken for

intrinsic profile changes.

4.4.1 Errors due to Seeing Conditions.

In the following simplified but analytical treatments of the effects of
seeing conditions and guidance errors, the instrumental transmission profile
will be considered as a Gaussian function. Consider now the convolution of

the instrumental profile with the stellar spectrum.

Suppose that a stellar absorption line can also be taken as Gaussian
in shape. Pigure 4.6 shows such an absorption line. The line centre is at
wavelength Ay, the line depth is k (0¢kx ¢1) and the half-width of the line
is AL. An instrumental transmission profile is also shown in Figure 4.6 with
its wavelength of peak fiansmittance at € and with a half-width of AF. Sup-

-pose that the intensity distributions with wavelength for the stellar and the

instrumental lines are given by IL<A) and IF(A) respectively. Thus

and

» A 2
-(n - xo) . 4 log, 2
1 - k . exp

A 2

I,(A) =
‘ L

4 . loge 2 5 1 -(x - 8)2 . 4 loge 2
IF(A) — - Z; . exp 5
| b
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- Figure 4.6

‘Representation of a Gaussian absorption line (IL(A)) with central wavelength
Aos half-width Ap, and depth k and of a Gaussian filter profile (Ip(r)) with
wavelength of peak transmittance ¢ and half-width Ap. The recorded intensity
at wavelength £ is given by

oose) = [ ) () a.
' 0



108

The recorded signal S(£) obtained when the filter ié centred on wavelength ¢

is given by

ste) = [ 1,00 . ()
0
or  s(e) zf (1) « T (x) , .

since A and Ay <« Ay and &. IL(A) and IF(A) are not defined for —o < A < 0,

. 0
but since In(i) =0 for |z - kl§>AF, it is assumed that [ T,(1) IL(A)dA = 0.
-0

Indeed, by evaluating the above intégral it can be shown that
2

k A -(e - i)
s(e) =1 - 2'L21 . exp 02 —
(8" + 8,%)% (6% +8.°7)

. 4 loge 2

(4.4)

Iy

If the instrumental profile is now scanned in wavelength (i.e. by varying

2), Bquation 4.4 yields another Gaussian absorption line with a depth given by

1

k AL

(AL2 +<AF2)%

and a half-width given by (AL2 + AFZ)%, the pythagorean sum of the half-widths
of IL and IF' Equation 4.4 shows that the recorded absorption profile will bg
partly filled-in and will also be broadened. 1In fact, it is well known that
if AL >2>AF then the recorded profile will onl& be slightly distorted, but if
AT‘>> AL the recorded profile will closely match the shape of the instrumental
profile. Equation 4.4 also shows that the signal recorded at any wavelength ¢

2

is dependent on both AF and £ and will vary with either of these quantities.

The effects on AF and ¢ produced by a seeing disc of finite angular size
as seen by the interference filter at various amounts of tilt have already

been derived in detail in Chapter 2. It was seen there that, provided the
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seeing disc was symmetrical gbout the optical axis, the effect on the wave-
length of peak transmittance of the filter paséband (¢) was very small (the
shift in wavelength of the passband waé less than 1072 2). H;wever, the
effect on the half-width of the instrumental profile is not negligible, par-

ticularly in the case of very.narrow band filters.

If the ratio of the focal lengths of the telescope and the collimator is
taken for conveniencé as 60 : 1, the curves shown in Figure 2.8 correspond to
stellar se;ing discs with angular diameters of 4, 10, 20 and 30 arc seconds.
It can be seen from Figure 2.8 that when seeing discs of the above angular
diameters.are seen by an interference filter at a tilt of 6° (this tilt cor-
responds approximately to A = 4861 % (i.e. HB) for the 1.9 R and 2.2 & ril-
ters discussed béfore), the resulting increase in the filter half-width from
its nominal value for a point source at normal incidence will be 0.3, 0.7,
1.4 and 2.2 b respectively. )

Such large changes in the instrumental half-width must obviously be ac-
companied by corresponding changes in the recorded signal hence leading to
distorted profiles. The magnitude of the variations produced in the signal
will be related to the structure of the stellar spectrum and to the nominal
half-width and wavelength of the filter passband. In addition the time scale

of the variations can be very short if seeing conditions are very bad.

As the diameter of the stellar seeing disc in ﬁhe focal plane of the
telescope increases, in order that the total light flux passing through the
focal piane remains constant, the intensity per unit area within the.image of
the seeing diéc must decrease. Thus the intensity of light from a given area.
of the seeing disc, and hence the intensity transmitted at the waveleﬁgth

corresponding to the angle of incidence for this area, will decfease as the

-
. e
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widths. In each case, the filter passband is centred on the:line, which has
a depth (k) of 0.7 ‘ . ST
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seeing disc expands. However, due to the increased wavelength range now
transmitted as a result of the larger angular size of the seeing disc, it.

will be assumed that the integral of the instrumental profile, 1i.e.

[e o]
J L(a) ,
—0
will remain constant. In fact, IF(K) has been defined such that

JIF(A)M = 1 .

Shown in Figure 4.7 are some expected percentage increases in signal
derived from Equation 4.4 and plotted as functions of the increase in filter
bandwidth for various combinations of filter and line half-widths. In these
simplified illﬁstrations of the effect of changes of the filter half-width,

the instrumental profile is exactly centred on the ébsorption line and the

line depth k has been taken as 0.7 in each case.

From Figure 4.7 it can be seen for example that if the filter bandwidth
increases from its nominal value by.0.7 X as a result of the seeing disc in-
creasing from a point source to a diameter of 10 axé seconds (see Figure 2.8;
¢1 = 5 arc minutes, © = 6°, FT/FC = 60), therg wiii, for those filter half-
widths considered, be a corresponding increase in signal ~ 1 - 2 per cent;

As explained in Chapter 2, the inability of a narrow band interference.
filter to accept seeing discs of the order of 10 arc seconds diameter without
loss of resolution only arises when the filter is tilted away from its normal

incidence position so as to obtain a wavelength scan. Clearly, this is a
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serious source of noise and there is little that can be done to overcome the
problem. Unless the seeing conditions are very stable, errors due to this
effect are 1ikely to set the limit of photometric accuracy at one or two per
cent. In addition, it is likely that night to night differences in the size
of the seeing discs will result in variable instrumental resolution with

corresponding changes in the measured line profiles.

The same problem will be present with any angular dispersive spectrometer,
however most prism or grating spectrometérs limit the size of the seeing disc
accepted by employing a narrow entrance slit. Such a solution to the problem
will usually result in a loss of light acéepted and may even introduce an ad-
ditional source of noise in the form of slit-jaw noise. This approach has _
ﬂot been attembted witg the interference filter scanner since,'because of
the design of the phofometer head, guidance would be very difficult if only
part of the seeing-disc w;s accepted. Also, with the reduction in signal
that would occur, time resolution would have to be sacrificed if a particular
photon error -is to be maintained. Clearly, it is very much a question of
what time resolution and photometric accuracy are required of the observations.
It was decided for this study that all of the stellar seeing disc should be

accepted.

4.4.2 Errors due to Poor Telescope Guidance

The discussions in Section 4.4.71 of this chapter and some of those in*
Section 5 of Chapter 2 were concerned Qith the effect an extended image of the
seeing disc would have on the instrumentgl transmission profile ¢f an inter-
ference filter. For the purposes of Fhis section it will be assumed that
both the star and its image in the focal plane of the telescope are point
sources and the effect on the instrumental profile as this point‘source is
allowed to move in the focal plane due to a lack of telescope guidance accu-~

racy will be considered.

°



113

The ‘same approach‘to the problem of the filter's response to an arbi-
trary rzy as developed iﬂ Section 2.5 can be applied here, with the simplifi-.
cation that only- one ray need be considered. Using the same notation as
Section 275 and the co-ordinate system shown in Figure 2.7, the wavelength
of peak transmittance of the filted passband corresponding to an arbitrary
ray PO incident at an angle B to the normal to the filter (see Figure 2.7) -

when the filter is tilted through an angle € will again be given by

*
0 2/L2

A
S —.. {1 - (sin 6 sin @ sin o + cos © cos Q)z} (4.5)
where 6 is the angle of inclination of the filter to the optical axis, and
@ and o define the direction of the ray PO relative to the directions of the
optical axis and the axis of tilt of the filter. All other rays from the

point source will be parallel to the ray PO and hence they will all be trans-

mitted at the same wavelength, AB.

If the image of the star is kept central in the focal plane diaphragm
(i.e. on the optical axis) then the wavelength of peak transmittance of the
filter passband, Ay, will be given by Equation 4.5 with ¢ = 0;

. A
icev’ Aq = An - 921 - st e (4.6)
0 *2
2y

This is, as expected, the same as the expression for Ag given by Equation 2.2.

As the image of the star is allowed to deviate from the optical axis
(either due to poor guidance or perhaps due to seeing conditions) there will
be a resulting shift in the wavelength of the filter passband. The shift in

wavelength, o1, will be given by
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A

2402

9 %cos2 6 - (sin © sin @ sin « + cos 6 cos ¢)2} (4.7)
The ahgle ¢ is in fact the angular deviation of the point source from the
optical axis, as seen by the filter. As before, the angle on the sky is
given by QZ.FC/FT s where FC and FT are once again the focal lengths of the
collimator and the telescope. Table 4.2 lists values of 0OA calculated from
Equation 4.7 for various values of & and @. The values of § are given in

arc minutes, but if FT/FC = 60 (for convenience) the values shown also re-

present the guidance errors in arc seconds on the sky.

The difficulty regarding the recorded‘line profiles is that the wave-
length/tilt calibration associates a particular wavelength with a particular
click-stop filter position or tilt. ~If there are guidance errors, however,
the correspondence will no longer hold since offsetting the star image from
the optical axis is eéuivalent to changing the fiduciary point on the scale
which registers the tilt of the filter (see Section 2.4). In other words,
even if ﬁhe filter is set at a fixed angle of tilt, guidance errors will
cause the wavelength which corresponds to thisitilt to change'from the nomi-
nal wavelength when the star is on the §pticai axis. As can %e seen from
Equation 4.7 and Table 4.2, the shift in wavelength is dependent -on 6, ¢ and

@ and in some cases the shift. can be as large as plus or minus several

Xngstréms.

If the guidance érror remains constant for the duration of a complete
wavelength‘scah, the recorded line profi}e will maintain the same basic shape
but it will be shifted.in wavelength. The recorded profile will alsc be
either stéetched or compressed in wavelength‘depending on the sign of the
wavelength shift (determined by the direction of the guidance offset) since
the extent of the shift varies across the profile as 6 varies. An example

of this situation is presented in Figure 4.8.

LY
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The observations on which the fiéuge is based were made on the 50 cm
telescope at Glasgow (FT/FC = 80) and pfofiles of the HP line in « Aur were
obtained with the star centred in the focal plane diaphragm and then delibe-
rately offset. In FPigure 4.8, curve A shows the mean profile obtained from
tgn consecutive scans with the star centrai'in the diaphragm. The standard
error of the mean for each point is ~ + 0.003 (i.e. + 0.3 per cent). Curves
B and C (stgndard errors ~ + 0.007) are each the average of just two profile
scans and are therefore more noisy (due to phéton noise) than curve A. The
latter two curves were obtained with the star offset in the diaﬁhragm in the
directions of positive and negative declination, corresponding to « = 270o
and 90° respectively in Equation 4.7. The amount of offset was ~ + 15 arc
seconds on the sky, which with FT/FC = 80 gives ¢ as + 20 arc’ minutes as
seen by the filter. The filter was tilted from ~ 2° (~ 4870 2) tp ~10°
(~4840 £) with the line centre occurring at a tilt of ~ 6° from normal in-
cidence. The wavelength scale shown in Figure 4.8 corresponds to curve A
while the scale giving the angle of tilt of the filter is the same for all
of the curves. It was found that the wavelength shifts of profiles B and C

were ~+ 1.5 ﬁ, a value which is in good .agreement with the wvalue predicted

by Equation 4.7.

The wavelength shift.of the filter passband, while the angle of tilt of
the filter remains constant, is easily detected when the offset of the star
image is qonstant during a scan, as in the previous example. In practice,
however, this will seldom be the cabe, especially if the star image is mbving
rapidly in the focal plane of the telescope due to poor seeing conditions.

In such a situation, the wavelength shifts will simply appear as variations -
in the signal levels at each filter position and the variations will be both
random in time and variable across the profile, since the structure within

the intrinsic spectrum is also important. For example, suppose that the
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Figure 4.8 Apparent-wavelength shifts caused by image movement can be seen
in these HP profiles for a Aur obtained with the image on the optical axis
(A) and deliberately displaced off-axis by + 15 arc second in declination (B
and C). The wavelength/tilt calibration is correct for profile A only.
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guidance error in declination is within the range — 20 arc seconds to + 20
arc seconds. It can be seen from Figure 4.8 that the resulting wavelength
shifts of the filter passband corresponding to the amounts of tilt marked

by the Points 1 and 2 will cause the passband eifhef to move up and down the
blue wing of the line, as for Point 1, or to move from one wing of the 1ine
to the other, as for Point 2. In this particular example the normalised in-
tensity at Point 1 will therefore be in the range ~ 0.67 to ~ 0.95 while that
at Point 2 will be in the range ~ 0.68 to ~ 0.84 thus giving less noise on

the signal recorded at the line centre than on one of the line Qings.

-

It is difficult in a practical situation to assess the exact amount of
noise which will Be introduced at any particular point of the stellar spect-.
rum because of poor telescope guidance. However, even with accurate tele-
scope guidance (fv'i 1 arc second, the wavelength shifts introduced are still
likely pb be of the order of a few tenths of an 3ngstrbm, The resulting
variation in signal level produced by wavelength shifts of this order could
amount to several per cent. Clearly, the gradient of the intrinsic spectrum
will determine the change in signal which is produced by a given shift in
the wavelength of the filter passband and the effect will be greatest for
those stars which show the steepest line profile gradients (e.g. some of the

Be stars and shell stars).

Consider, for example, a'much simplified case in which the spectrum
being measured consists merely of a featureless slobe. If it is assumed that
the filter half-width and transmittance are not affected by tilt, the recor-
ded slope, obtained by tilt-scanning the filter, will have the same gradient
as the intrinsic spectrum. Suppose that the recorded spectrum is normalised
to a flat continuum of unity at some wavelength and suppose further that the

gradient is 0.05 intensity units/ﬁ, i.e. the normalised intensity drops from
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a value of 1.0 to 0.5 over a wavelength interval of 10 X (this is typical of
a fairly broad spectrum line and much steeper gradients are found in many
sférs). Since the two slopes are identical, it follows that a shift of 0.2 2
in the wavelength of the filter passband will produce a change of 0.01 units
in the recorded normalised intensity. The resulting fractional change or
fractional error & produced in the recorded intensity will be dependent on
the actualhéalue of the intensity; e.g. if the normalised intensity is 0.5,

the fractional error will be 0.02 (or 2 per cent photometric accuracy) while

it will be 0.01 (i.e. 1 per cent photometric accuracy) at the continuum level.

The effect of guidance errors is therefore anocther source of noise which
by itself is liable to limit the accuracy of photometric measurements made
- with narrow band interference filters to at least one per cent. Normally,

both effects, seeing and guidance, will be combined in some complex fashion.

In the discussions concerning these effects, the ratio of focal lengths
(FT/FC) frequently appears in relating what happens to the star on the sky to
what happens to its image at the filter. The angular size of the ;eeing disc
and the angular displacement of the image from the optical axis are both mag-
- nified by the factor FT/FC. Obviously, the errors due to seeing and guidance
effects could be reduced byrmaking the ratio F‘I‘/FC smaller by, for example,
increasing the focalilength'of the collimator lens. However, if the focal
length of the céllimator is increased the diameter of the collimated beam
produced will also be increased. Unfortunately, because 6f manufacturing
difficul%ies, interference filters having half-widths of ~2 X cannot be made
accurately or uniformly over diameters much larger than a few centimetres,
setting an upper limit to the beam diameter which can be used without loss of

light.

It would seem, therefore, that the sources.of error described in this
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section and Section 4.4.1 might seriously reduce the usefulness of the inter-
ference filter scanner for detecting rapid line profile variations of small
amplitude. However, it will be seen later that such observations are pos-

sible although all instrumental effects must first be considered when source

variability is suspected.

4.5 B-index Photometry

The discussions presented in the preceding sections have been primarily
concerned with the effects of seeing conditions and telescope guidance on the
accuracy of photometry attainable with very narrow band interference filters
(FWwEM ~ 2 R). However, the amouné of broadening of the filter passband and
the extent of the wavelength shifts are not dependent on the half-width of

the passband and are equally present with broader band interference filters.

Such broader band interference filters having half-widths of 15 & to
20 X are commonly applied to the measurement of B-indices in the system de-
veloped by Crawford (1958, 1960). Filters having bandwidths of tpis order
are sometimes.not manufactured to a high degrge of accuracy and different
filter sets commonly have different half-widths.and.wavelengths of peak trans-
mittance. As a result, corrections have frequently to be made to convert
measurements made with a'particular set of filters to a standard system of
f-indices. In addition, other corrections, known as star corrections and
night cor;ections which are derived from observations of "sténdard stars",

have often to be applied (e.g. see Crawford and Mander, 1966).

Even after the above corrections have been applied to the B-index meas-
urements, a number of reports have been made by others concerning stars which
exhibit vafiability of their B-indites on very short time scales (e.g. Wood,

1968). Indeed, the appearance of these reports in the literature was partly
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responsible for the initiation of the HP scanner project forming the topic of

this thesis.

The B-index is a measure of the HP line strength and can be used as a-
classification parameter. It is definéd as the ratio of the fluxes (expressed
in magnitudés) measured through two filters with half-widths of vaO 2 and
~ 150 R and both centred on the hydrogen B line. A summary of HP photometry

»

and the usefulness of the B-index is given by Golay (1974).

If FN and Fw are the fluxes measured thiough the narrow band and the

broad band filters, the P-index is defined by

° B = - 2.5 IOg = .
‘ 10 Fw

In some cases there are differences in the gains gy and'gw of the detec-

tors with which the two fluxes are measured, in which case

[ &,F

N

B = =~ 2.5 10810 -7
\ &N
.

i.e. B = =-2.5 log10 ;E) + 2.5 log10 (fﬁ .
\"W W

In either case, variations of ARy and'AFw in the two fluxes Fy and F,, will

result in a change in thé B—fhdex of AP giveﬁ by
2 2 2 2
: 2 OB 3B
(08) (——MN) () —apw) (a5,

28 2.5

where TS R
- OFy . log, 10 7 Fy
3B 2.5

and -
OF loge 10 Fw
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Thus

AR\ 2 AF. \ 2
(a8)% = 1.086° <3;E> + ,1.0862<55H) i
N W

If the variations in the fluxes are due to the effects described in Sections

4.4.1 and 4.4.2, it is likely that

2 2
Fw . FN
Therefore, . AF
| AB =~ 1.086 3;5
N

where AFN/FN is the fractional change in flux (or signal) measured through the
narrow band filter. Thus the uncertainty associated with a single measurement
of the P-index will be ~ 1.086 times the uncertainty in the photometry attain-
able with the narrow band filter. However, it can be seen from Figure 4.7
that for.a filter with a half-width of 30 X centred on a stellar absorption
line, an increase in bandwidth of 1 R will typically result in an increase of
~ 1 per cent in the measured signal. The exact increase will depend on the
half-width of the absorption line. Thus, if “N/F, = 0.01, then 4B will be

~ 0.01.

Many P-index measurements are made with photometers which were designed
to perform broad band measurements but which have had narrow band filters aéded
to them. It is common. with sﬁch instruments for the interference filters to be
placed in converging or diverging beams and this will immediately broaden the
passbands of.tﬁe fiiters. In addition, when the filters are in coned beams
they will be more likely to suffer from the effects of seeing and guidance
drifts. Anotﬁer complication is that filter manufacturers will sometimes
mount a filter in a celi and will have the filter pre-tilted relative to the

axis of the cell so as to tune the wavelength of the paésband to the desired
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value. Care must also be taken to énsure that there is no flexure of the
photometer or misalignment of it with the optical axis of the telescope since

thesé will also increase the tilt of the filter.

The net result of these hazards together with the errors due to photon
noise and scintillation might be to limit the accuracy of the photometry and
hence of the B-index to ~1 per cent (i.e. ~ 0.01 magnitudes in B). Sﬁ;h a,
possibility should be borne in mind when discussing obseryations of stars

which exhibit variable B-indices, although some examples of intrinsic varia-

bility almost certainly exist.
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5. ASTRONOMICAL OBSERVATIONS

5.1 Introduction
The observations which have been made with the interference filter
scanner since April 1974 can be divided into those obtained during a deve-

lopment phase and during an application phase.

During the development phase, the scanner was used with the 50 cm
telescope at Glasgow and with the 91 cm telescope at the RGO. The profiles
were initially measured with the 4874/2.2 & (A/ap) filter (see Table 2.3)
and later with the 4874/1.9 & filter; the monitor beam contained a 5100/21 )’

filter. The latter two filters were used exclusively during.the application

phase.

The measurements made during the development revealed several instru-
mental difficulties which have been mentioned already; they were associated
with the magnetic shielding of the photomultipliers, with temperature varia~
'tians of the filters and, most seriously, with’variations of the filter pass-
bands mainly due to telescope tracking errors but also due to unsteady see-
ing conditions. As a result of these instrumental difficulties, none of the
. observations made during the development phase were of astronomical signifi-
cance. However, the potential of the scanner was iﬁmediately apparent and
its ability, under good observing conditions, to record accurately spectral

>detail has already been-demonstrated by Figures 2.12 and 2.13.

Two of the most significant modifications which were made to the instru-
mentatiog during this phase, and which essentially brought the development
phase to an end, were (i) fitting the.dichroic filter to the post-viewer (see
Chapter 3) alloﬁing the exact position of the seeing disc in the diaphragm
to be seen continuously while pefforming wavelength scanning, and (ii) pro-

viding electronic times-ten multipliers to both the step-size control and

the spectral point counter, enabling maximum wavelength resolution scans
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(i.e. at single step intervals) to be made over a spectral range (~ 30 %)

sufficiently large to encompass a complete line profile with a single scan.

The application phase began around December 1974, after which time the
scanner and the recorded profiles could be kept sufficiently stable as to
allow reliable astronomical observations to be made. During this second
phase, observations were made at Glasgow and at the SAAO and some of these

observations will be described and discussed in the following sections of

this chapter.

‘Details of the various telescopes used during the development and ap-
plication phases are given in Table.5.1. The effects of movements of the

stellar seeiﬂg discs in the telescopes' focal planes are also listed.

Table 5.1. Details of the telescopes with which the observations were made.

Change in angle of incidence at filter

Telescope £Z§zi FT/FC produced by image movement off axis
aT=1 arc second an = 5 arc second
50 cm (20-inch), Glasgow f/8 85 1.4 arc minute 6.8 arc minute
91 cm (36-inch), RGO £f/15 286 @ 4.8 " " 24.0 " "
50 cm (20-inch), SAAO £/18 190 3,2 " " 15.8 " "
76 om (30-inch), SAAO £/15 238 4.0 " v 19,5 w

vIn order to assess the extent of the wavelength shifts resulting from image
movement, a single step of the stepping mofor_produces a change in the angle
of incidence of the beam on the filter of 7.5 arc minutes (i.e. 0.125 degrees/
step) and this.produces a wavelength shift of the filter passband of ~ 0.02 2
near normal incidence, « 0.5 R at a tilt ofﬁépproximately six degrees (i.e.
near HB) and ~ 0.9 £ at a tilt of about ten degrees (i.e. ~ A 4840 X). It

can be seen from the table that guidance errors even as small as + 1 arc sec-
ond will result in wavelength shifts of up tpfi 0.3 2 at Hf and these shifts
can be a very serious source of-photometric noise, especially when the spec-

tral gradients are steep. Even with very accurate telescope tracking, rapid
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image movements as large as 1 arc second are commonly produced by non-ideal

seeing conditions and the resulting wavelength shifts of the instrumental

passband almost certainly limit the degree of photometric accuracy which

can be achieved. Clearly, the limit will vary according to the spectral

features but may be larger.than + 1 per cent for very steep gradients.

During both of the observing phases, the sequence of opérations when

- making the measurements was typically as follows:

(1)

(ii)

(iii)

(iv)

(v)

(ﬁ)

"spectral range of the scans was ~ A 4840 2 to ~ )\ 4870 2.

Locate and centre the star in the field of the pre-viewer, then
withdraw the pre-viewer and centre the star in the focal plane
diaphragm by using the post-viewer.

Sample the signal.in both beams and set the integration time
(per spectral point per scan) accordingly. The integration time’
was usually less than ten seconds and was chosen as a compromise
between photometric accuracy and time resolution.

Set the scanning filter to its starting wavelength position by
usé of the motor slew, single step and step directibn functions
(see Chapter 3).

Select the wavelength step-size and the number of spectral points
per scan. The scans were usually standardised”and the starting
wavelength, the step-size and the number of spectral points were
kept the same for most stars. Before the times-ten multipliers
were added, the scans normally consisted of only eleven spectral-

points at intervals of six steps. Later the scans consisted of

. sixty-one points at single step intervals and in both cases the

By using a manual punch command and by setting the thumbwheel
code-switches appropriately, punch the tape identification number
and the date of observation on the leader of the paper tape.

Record the dark background signal or off-set the telescope and
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record the sky brightness (and then.re-centre the étar). Nor-
mally, because of the narrow bandwidths of the filters, the sky
brightness contribution was much lgss than the dark background,
even when working close to the full Moon.

(vii) 1Initiate line profile measurements and continue scanning under
automatic control. When scanning is stopped (manually), punch

data termination code on the paper tape.

An observation ofra star consisted of a series of scans in alternate
directions. As a result‘of the anti-backlash property of the gearbox link-
ing the tilting filter to the stepping motor, no systematic difference could
be found between the profiles measured in the two scan directions and there-
fore no distinction was made between them when reducing the data. A single
scan comprised pairs of intensity measurements (scanning beam and fixed
monitor beam) at each of the spectral points (i.e. filter positions) deter-

mined by the scan control.

The line profiles have been derived from the data by first subtracting
the appropriate background signal (dark or sky) from each integrated counf
for the two beams. After forming the ratios of the residual counts (scan-
ning beam to monitor beam) so as to femove the effects of atmospheric trans-
parency changes and of scintillation noise, the ratios for each spectralr
point were averaged and the mean line profile finally normalised to the
léQel of the plue continuum. All of the profiles héve been normalised to
approximately the same waﬁelength but none has been rectified to a flat
continuuﬁ, although the transmittances of the two narrow band filters were

~ 5 per cent greater at A 4870 X than at A 4840 & (see Figure 2.10).

Wavelength/tilt calibrations were performed by the method described in
Chapter 2. If the scanner and the interference filters were not disturbed,
and by virtue of the temperature stabilisation of the filter chamber, one

calibration could be applied to several nights of observations. However,
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after time intervals of more than a few days, new calibrations were perfor-

med so as to allow for any ageing of the filters.

Iq’the introduction to this thesis, the recent discovery of variations
of intrinsic linear polarization across the emission lines of some Be stars
was briefly discussed. Although the line profile scanner constructed for
this project was not designed as a polarimeter, some polarizing optics (des-
cribed in Chapter 3) were subsequently added and a few attempts were made
during the development and application phases to measure the reduced pola-

rization phenomenon reported for these stars.

Briefly, the linear polarization measurements were made by a variation
of Fessenkov's method (see Clarke and Grainger 1971). Three independent
hélf-wave plates with their fast axes oriented (for convenience) at Oo, 300
and 60° to the axis of the polarizing beam-splitter were placed sequentially
in the cone of light, prior to the diaphragm in the telescope's focal plane
(see Chapter 3). The first half-wave plate was placed in the beam and a
single scan of the line profile was obtained. with fhe thumbwheel code-
switches of the punch interface set appropriately. Oh completion of each
scan, the autométic scanning sequence was interrupted to allow a different
half-wave plate to be placed in the beam and to reset the thumbwheel code-

switches, after which scanning was resumed. This cycle was repeated until

a number of scans had been obtained for each half-wave plate.

By combining the three measured (méan) profiles in the appropriate way,
it should (in principle) be possible to obtain differential polarization
measurements aéross a spectral line. Howevef, because of the effects of
residual guidance errors and of unsteady seeing conditions, together with
small wavelength shifts introduced by prismatic effects of the waveplates,
it was found that the photometric accuracy which could be achieved was in-

sufficient to allow reliable polarization measurements to be obtained. A
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photometric accuracy of + 0.5 per cent could be achieved fairly easily, but
an accuracy‘of + 0.1 per cent could not be achieved simply by using longer
integration times since the other (instrumental) sources of noise which were
present prevented this. A photometric'accuracy of better than + 0.1 per
cent is required to detect the expected reduced polarizations. Due to the
felatively large and random photometric noise, very inconsistent differen-
tial polarization measurements were obtained aﬁd it was conecluded that the
technique was unsuitable for these observations. No further discussion of
these measurements will be given and none of the pola:imetric observations

will be presented.

5.2 Observations of Be and Shell Stars

Reliable observations of a number of bright Be and shell stars were
carried out at Glasgow and at the SAAO. The Glasgow observations were limi-
ted to two of the brightest Be stars (¥ Cas and £ Tau) because industrial
atmospheric pollution in Glasgow résults in poor sky transparency and also
causes rapid deterioration of fhe aluminium coating of the primary mirror
of the 50 cm telescope. A further eleven bright Be stars were observed at

the SAAO. All of these stars are listed in Table 5.2.

Most of the observations of a star were of short duration («’30 minutes)
and were intended merely to investigate night-to-night variations of the HP
line. Of the ten Be st;rs which were observed on more than one occasion
(see Table 5.2) only two (w Car and ] Cen) failed to show any change in the
HB line. However, because measurements.of the Be stars have been made on
only a relatively small number of nights, the observations reported in this
section should be regarded as merely giving an indication of the type of

variations which are occurring in these stars.

Rapid profile variations taking place during the observations might
be detected by comparing the scatter of the observations (i.e. the Tms.

deviation or standard deviation of a single measurement, cbbs) with the
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Table 5.2 List of Be Stars Obsexved
Name Nuiﬁer Ngﬁge; Spe;;;zl Tom, i oﬁiﬁﬁiitiiﬁs Remarks
Y Cas 5394 9 BOIV? e 2.7 14 1, 4, 5
g Taw 37202 115  B2IV p 3.0 2 1, 4, 5
3 Pup 62623 A3II ep 4.0 1 2
w Car 89080 B7IV 3.3 2 3
— 91465 208  B5V e 3.6 1 3
— 102776 218 B3V ne 4.3 1 2
5 Cen 105435 ~ 219  B2?V? pe 2.9 8 23,5
A Cru 112078 B5%Vn 4.6 1 2
pCen 120324 229  B2V?pne 3.5 3 2, 3, 5
nCen 127972 232  B1.5V?ne 2.4 4 3
48 Lib 142983 239  Bp 4.8 8 2, 3, 4y 5
X, Oph 148184 241 B2V e 4.3 5 2, 3, 5
z' Sco 152236 243  B1I ae 4.8 3 2, 3, 5
« Ara 158427 261 . B2.5V 2.9 9 2, 3, 5

* Mount Wilson Catalogue (Merrill & Burwell 1933 etc.).

+ Spectral types and visual magnitudes are from Hoffleit (1964).

-

Remarks: (Telescopes) 1) 50 cm Glasgow, 2) 76 cm SAAO, 3) 50 cm SAAO,

4) Shell star (Underhill 1966),

5) Changes in HB line profile observed.
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scatter expected from photon-statistics (o?hot)' If the ratio of Obbs to

o?hot is:found to be larger than two, it is possibie that the observations
show variations (or a scatter) which are too iarge to be accounted for
merely by photop shot-noise. Bahng (19755) has examined his data in this
way and has adopted this approach as a means of detecting rapid profile
'variatioﬂs of Be and Wolf-Rayet stars. However, although a necessary con-
dition to the detection of rapid intrinsic wvariability is that cbbs be éigb'
nificantly greater than thot’ this is not sufficient to prove conclusivelyj
that the differences between the ¢'s are due to variability of the star

and are not caused by other (instrumental) effects. Also, since most of
‘the observations reported here consist of a small number of scans (< 10),
it is'possible, with such a small data sample, that the observed statis-
tics may depart quite'significantly from the idealised photqn values. In
these cases it is not possible to determine if rapid variations are occur-
ring unless the amplitudes of the varjiations are many times greater than
the photon-shot noise, which was typically + 1 - 2 per cent. A few obser-
vations of longer duration (1 - 1% hours), consisting of ~ 30 scans, were
also obtained for Y Cas. It will be seen later that in these cases the
observed statistics are very nearly the same as theAphoton-statistics, an

indication that no rapid variations with amplitudes greater than photon

shot-noise were occurring during the observations.

Regular observations of comparison stars have not been made, partly
because the usefulness of observations of stars having different spectral
features to the Be stars is perhaps doubtful (as discussed in Chapter 1)
and also because the observations of the Be stars were concerned only with
relative photometry and were aimed at detecting changes in the structure

of the HP line rather than making absolute photometric measurements.

Some results for individual stars will now be presented and discus-

sed in more detail.



132
Y Cas ~ The observations of ¥ Cas can be divided into two groups. The
first includes the observations made with the 50 cm telescope at CGlasgow
between December 1974 and February 1975._ In these observations the pro-
file of the HB line was measured in two stages, firstly with a moderate
wavelength interval (6 motor steps = 0?75'; ~5.5 % at A 4840 L or ~ 3 '
at A 4861 R) between spectral points, with a spectral range from ~ )\ 4841 X
vto ~ A 4872 X, and secondly with the minimum wavelength interval (1 step) ’

over the spectral range ~ A 4855 X to~a 4866 3; in both stages, eleven

spectral points were measured.

The second group of obser&ations of Y Cas was obtained with the
Glasgow telescope between September‘1975 and November 1975. These profiles
were all measured with the minimum wavelength step-size (single step) (i.e.
maximum spectral resolution} Each wavelength scan éovered the spectral
range ~ A 4841 X to ~ A 4872 3 by making use'of %he times-ten option on the

spectral point counter so that each scan consisted of 61 spectral points.

Both groups of observations are summarised in Table 5.3.

The mean HB line profiles derived from the first group of observa-
tions are shown in Figure 5.1. The standard errors_of the mean intensities
are typically less than + 1 per cent for all spectral points and the spec—
tral points which were measured on the large'and small step-size scans are
represented by squares () and dots (e) reépectively while those speciral
points which were measurgd on both types of scans are represented by tri-

angles (A).

Variétioné of the emission line are evident in several respects. For
example, it is apparent that the shoulder found on the long wavelgngth side
of the emission feature (> 4863‘2) varies in both shape and width from
one profile to another. Since Y Cas is known to be a shell star (Under-
hill 1966), it is likely that this shoulder represents the red component

(R component) of a double-peaked emission line,'partly obscured by an
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Figure 5.1 HB profiles for Y Cas showing changes of the red wing and the ap-
pearance of a small emission peak at A 4856 %.
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asymmetric shell absorption feature. Variations of the R component might
arise either from changes in the emission strength or from changes of the

depth or wavelength of the shell absorption.

A small, blue-shifted, secondary emission peak can be seen developing
around A 4856 £ on the profiles measured on 1975 Feb 2, 18 and 25. Unfor-
tunately this region was not scanned with sufficient resolufion on 1974
Dec 12 and 1975 Jan>15. As well as increasing ig intensity, the small peak
also systeématically shifted towards longer wa#elength, from « A 4854.5 2
on 1975 Feb 2 through ~ A 4855.5 & on Peb 18 to ~ 4856.5 £ on Feb 25. The
error bars shown .at this feature in Figure‘5.1 represent the étandard
errors of the mean intensities at- those spectral points. Although the
error bars at the spectral points makingrup this feature actually overlap,
the fact that the peak occurs on three separate occasions, at approximate-
ly (but not precisely) the same wavelength, makes the feature more signifi-
cant. In addition, it can be seen that on Feb 25 the small peak was con-
tained entirely within the range of the small step-size scans and therefore
its presence is unlikely to be a result of combining the data from the two

types of scan.

Other less obvious variations of the profiles are seen at the "edges"
of the emission line and may be due to either changes in the emission
strength or in the underlying photospheric absorption upon which the emis-
sioh is superimposed. These variations can be seén as a filling-in effect
around A 4869 X on 1975 Feb 18 and Feb 25 relative to the other dates.
Also, the blue wing between A 4840 X and A 4855 X is least steep on 1974

Dec 12,

The observed scatter of the data (dbbs) has also been evaluated at
each spectral point for each of these profiles. The ratios of obbs to
opot 3T shown in Pigure 5f2. Values of Opnot 2T given for the emission
peak and for the blue and red wings of the line.
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It can be seen from Figure 5.2 that the observed scatter is close to
that expected f;om photon statistics and the largest value of bes/c?hot ig
only 1:37 The values of obbs/aﬁhot tend to be slightly larger across the
emission feature than on-the flatter parts of the spectrum and this might
be an indication of residual image movement due to unsteady seeing condi-
tions. However, the size of the data samples are too small to allow reli-
able statistical pafameters to be evaluated. This is evident since cbbs/

ofhot is often less than uhity when the number of samples (scans) is small,

despite the faect that do should always be at least as great as c?hot‘ The

bs
values of dbbs/oPhot are sufficiently close to unity, however, as to con-
clude that there were no rapid variations with amplitudes greater than ~

+ 2 per cent of the continuum intensity occurring during these observations.

The mean profiles obtained from the observations made after September
1975 are shown in Figure 5.3. Again the standard errors of the mean inten-
sities are mostly less than + 1 per cent and the profiles have been norma-

lised to approximately the same wavelength as those shown in Figure 5.1.

’The emission shoulder at A 4863 X is again seen on the profiles for
1975 Sept 14 and its subsequent developmeﬁt into a true double emission peak
is seen in the profiles for Nov 8 and Nov 21. 1In additién, the overall
strength of the emission decreased from &{1.35 to ~ 1.30 between Sept 14
and Nov 8 and then increﬁsed to «:%.32 again between Nov 8 and Nov 21. It.
can also be seen from the profiles in Figure 5.3 that the V/R ratio (i.e.
the comparative strengfh of the V and R emission peaks) not only changed
with the development of the R peak but also underwent a significant'varia-
tion between 1975 Nov 8 21?22 UT anq 22?39 UT. The mean profiles for these
two sets of observations were obtained from 9 scans and 30 scans respective-
ly (see Table 5.3). However, when the series of 30vscans obtained at 22?39
UT is divided into three groups of ten scans and each group averaged sepa-

rately, no statistically significant variations of the profile can be found
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Figure 5.3 HP profiles for Y Cas showing variations of the emission strength
and the development of a double peaked emission feature.
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from one group to another although each group shows the V/B ratio is less

than that given by the mean profile for‘21?22 UT.

Further comparison of Figure 5.3 with Figure 5.1 reveals that there
-was also a longer term variation in the emission strength from ~ 1.5 on
1975 Jan 15 to ~ 1.3 on 1975 Nov. 8. Table 5.4 lists the strength of the

emission relative to the blue continuum for each of the observations.

.

The observed and the expected scatter of the data for the observations
of Y Cas maae sipce September 1975vhave again been compared. It can se
seen in Figure 5.4 that the values of obbs ére again very hédrly equal to
the vélues expected from photon shot-noise and in this case there is no

systematic variation of obbs/cfhot across the emission line.

3

It can also be seen from Figure 5.4 by comparing the plots of cbbs/
Oppot £OT 1975 Sept 14 and Nov 8 (22}.‘39 UT) with those for Nov 8 (21}}22 UT)
and Nov 21, that when there are a greater number of scans (~ 30) making up

the mean profile, the range of values of obbs/o?hot is smaller and also

there are fewer spectral points for which bes is less than ofhot (i.e.

cbbs/ofhot'< 1). This indicates that although there may be some values
of o which, for a small data sample, do not agreé with the expected pho-

Obs
ton values, when the data sample becomes larger the observed statistics

more closely approach the expected photon statistics.

Nevertheless, the conclusion drawn from Pigure 5.4 is that, once again,
there were no rapid variations of the HP line with amplitudes greater than
photon noige (ﬁ*i 2 per cent) occu£§ing during these observations. The
variation in the strength of tﬁe R peak over an interval of ~ 1 hour on
1975 Nov 8 (see Figure 5.3 and Table 5.4) is only apparent after several
scans are averaged so as to redﬁce the extent of the photon noise; any
rapid variations of this amplitude would be lost in the photon noiée on a
single‘scan. Observations of Y Cas are at present being continued at

Glasgow.



Table 5.4

Variations of the HP Emission Strength for Y Cas

U - Date Emission Strength
1974 Dec 12 23001 1.475 + .004
1975  Jan 15 2111 1.500 + .007
Feb 2 19728 1.490 + .007
Feb 18 19924 1.485 + .008
Feb 25 19733 1.485 + .008
1975  Sept 14 01708 1.340 + .004
Sept 14 02%42  1.355 + .004
Nov 8 21722 (V) 1.295 + .006
(R) 1.275 + .006
Nov 8 22?39 (V) 1.300 + .004
(R) 1.295 + .004
Nov 21 18703 (V) 1.320 + .007
(R) 1.305 + .007
V = Violet peak

Red peak

140
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Compa.rlson of the observed statistics with the expected photon sta.t:.stlcs
for the observations of 7Y Cas presented in Flgure 5.3
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Z Tau Despite having an altitude at transit of ~ 550, very severe ex-

tinction due to smog and haze above the city prevented observations of Z Tau
with the Glasgow telescope on all but a few nights. However, the measure-
ments of the HB line profile which were obtained give an :indication of vari-

.ability on a time-scale of days.

For the reasons just mentioned, the observations were énly of short
duration (~ 30 minutes) and were at best only obtained at intervals of days.
Such day-to-day variations of the HP line in & Tau have previously been re-
ported by Hack and Struve (1970). No conclusions can be drawn from these

observations regarding shorter term variations in this star.

Mean profiles of the HB line in & Tau are shown in Figure 5.5 (a) for
1975 January 27~-28 and February 18-19; details of the observations are -
given in Table 5.5. These are the two best profiles obtained and the stan-
dard errors of the mean intensities are ~ + 0.6 per cent.. The profiles were
again measured by combining large and small step-size scans in the same way
as with some of the earlier observations of ¥ Cas. However, the small step-
size scans in this case consisted of 21 spectral points (~ A 4856 % -
A 4866 X), since the optional times-ten mﬁltipliers had been added but were

not used over the entire scan range.

Table 5.5 Summary of Observations of Z Tau

UT Dat o Number of scag§ Total number of | %Phot (continuum)
ave (secs) 4841 2 4856 spectral points |’ o dbbs
- 4872 3 -48662 .
1975 Jan 27-28 8 12 6 28 + 1.5%
1975 Feb 18-19 | 6 10 12 29 + 2.0%

It is clear from Figure 5.5 (a) that definite changes in the line pro-
file took place between Jan 27-28 and Feb 18-19. It appears that the
strengths of both the V and R peaks increased and the cehtral absorption

became less deep. However, there was very little or no shift in the
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expected statistics for the observations presented in a).

a).

HB profiles for' & Tau showing changes in the V and R com-
b). Comparison of the observed and
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wavelength of either the R peak or the absorption core. Because of the
method of normalising the scans, it is inevitable that there is agreement
between the levels of the blue continua, however, there is also very good .

agreement of the levels on the long wavelength side of the line.

The ratios of the observed standard deviations to the deviations
predicted by photon statistics are shown in Figure 5.5 (b) for the two
dates in question. In all cases, cbbs is less than 1.5 times o?hot and it

greater than o are again the re-

bs Phot

sult of the small data sample, since there are also a number of spectral

is likely that those values of ob

points for which Obbs is less than the expected o?hot'

»

The remaining observations which are presented in this section were
all obtained at the SAAO during April and May 1975. The profiles all con-
sist of 61 spectral points measured sequentially at single step intervals

over the entire spectral range (~ A 4838 & to ~ A 4871 %).

-

& Ara Line profile measurements of ® Ara were made on two nights with
the 76 cm telescope and on 7 nights with the 50 cm telescope at the SAAQ.

Details of the observations are listed in Table 5.6.

The mean HB line profiles derived from these observations are presented
in Pigure 5.6. The standard errors of the mean intensities of these pro-

files are all in the range + 0.2 per cent to + 0.5 per cent.

Systematic variations of the V/R ratio ére immediately obyious in these
profiles and the interpolated mean intensities of the V and R components for
each of the daﬁes are listed in Table 5.7. It would seem that most of the
variations are due to the R component increasing in strength, although there
are also smaller variations in the strength of the V component. It can be
easily seen from the profiles that V> R on 1975 April 23-24, V= R on April

29-30 and V < R on May 25-26.
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Table 5.6 Details of Observations of « Ara

UT Date T (seconds)* ngz:isof GPh:td(()continuwn)
bs
1975  April  23-24 1 4 + 1.1
April 24-25 2 6 + 0.8 %
April  28-29 2 16 + 1.1 %
April  29-30 2 6 +1.1%
Apriz%xgy 130— 5 4 +0.9%
May  20-21 3 14 +1.1%
May 21-22 3 6 + 1.1 %
May  24-25 4 8 + 1.0 %
May  25-26 3 6 +1.2%

* T is the integration time per spectral point per scan.
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Figure 5.6

A series of HB profiles for a Ara showing systematic V/R variations.
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Table 5.7
X. Oph
Star Date (1975) " Emission Strength
o Ara April 23-24 (V) 1.278 + .008 (R) 1.255 + .009
L 24-25 1.275 + .003 1.260 + .005
" 2829 1.272 +..004 1.270 + .004
" 29-30 1.285 + .007 1.285 + .006
Apr 30-May 1 1.286 + .005 1.290 + .003
May  20-21 1.273 + .003 1.285 + .003
" 21-22 1.270 + .003 1.280 + .004
" 24~25 1.280 + .005 1.295 + .005
" 25-26 1.265 + .005 “1.285 + .006
b Cen April 22-23 1.455 + .005
v 22223 1.455 + .005
" 24-25 1.492 + .005
" 29-30 (V) 1.542 + .003 (R) 1.550 + .002
Apr 30-May 1 1.538 + .005
May 20-21 1.525 + .005
" 25-26 1.532 + .010
" 25-26 1.532 + .007
X Oph April 22-23% 2.22 + .02
" 23-24 2.29 + .01
Apr 30-May 1 2.34 + .03
May  20-21 2.26 + .02
" 25-26 2.37 + .02
= Violet peak

Red peak



148

-

In addition to the V/R variations, the strength of the central (shell)
absorption can also be seen to change from night to night. For example,
the gbsorption cdre was much deeper (~ 5 per cent below the intensity of
the V and R peaks) on April 30.- May 1 than on May 21-22, when the central

absorption was barely visible.

On two occasions (April 28-29 and May 20-21) a larger number of scans
(16 and 14 respectively) were obtained. However, no rapid variations (from
scan to scan) which were larger than the statistical uncertainties were

found.

K Cen The emission at HP in U Cen is somewhat weaker than in the Be

stars discussed so far and takes the form of slight filling in of the core

of the photospheric Hf absorption line.

Three profiles of HP in p Cen were obtained and are presented in Figure
5.7; the standard errors of the mean inténsities are ~ + 0.5 per cent.
Very slight variations of the weak emission can be seen in these profiles.
On 1975 April é3-24 the emission was slightly asymmetrical and appears to
be blue shifted relative to the absorption.féature. On April 30 -« May 1
the emission was almost centrally pléced in the absérption line while on
May 20-21 it was closer to the red side bf the absorption. There also seems
to be an indication that on April 23-24 and April 30 = May 1 the emission
consisted of small V and R components separated by a central absorption but

there is little or no evidence of this on May 20-21.

48 Lib, 2;1 Scoy, & Cen and X Oph

Two mean profilés of the HB line for each of these stars are shown in
Figures 5.8 and 5.9. The profiles have been selected as showing the largest
variations observed and in each case the standard errors of the mean inten—
sities are typically in the range + 0.5 per cent to + 2 per cent of the

continuun.

-
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Figure 5.7

HB profiles for p Cen. The core of the absorption line is partly filled-in
due to weak emission which appears to be variable and may consist of V and
R components. : -
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48 Lib The profiles for 48 Lib, shown in Figure 5.8 {a), show clearly
the characteristics of a shell star; the underlying photospheric absorp-
tion, the double peaked emission line and the sharp shell absorption core

are all evident.

A total of eight mean HB profiles were obtained for 48 Lib on six
nights. Variations, mainly confined to the V component, were found bet-
ween the profiles for most nights, although the extent of the variations
was only one or two per cent. For the profiles shown in Figure 5.8 (a),
however, there is a difference of ~ 5 per cent in the strength of tbe v
component between April 22-23% and April 23-24 while the strenéth of the R

component ahd the depth of the shell absorption are almost unchénged.

It. is worth noting that in all of the observations of 48 Lib, it was
found that the V component was clearly stronger than the R component. If
the ;elative strength of the V and R components is interpreted as being
entirely due to a variable Doppler displéced shell absorption, then at

the time of these observations the shell absorption must have been red

shifted (i.e. positive radial velocity) relative to the emission line.

A similar result for the Ha line in 48 Lib was found by Poeckert (1975)
from observations made in April 1974. However, in April 1972, Gray and
Marlborough (1974) found that the R components of the Ha and HB lines were
bothvstronger than their respective V components, indicating that the shell

absorption at that time was blue shifted relative to the emission line and

the photospheric stellar line.

The radial velocity variations of the shell of 48 Lib between 1935 and
1962 have been shown by Underhill (1966) and Faraggiana (1969) to have a
period of about ten years. In addition, a correlation was found between the
shapes of the line profiles and the radial velocity; when the radial velo-
city of the shell absorption was negative (i.e. blue shifted), the R emission

component was stronger than the V component and vice versa.
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It was later found, however, (Underhill and Geuverink 1969, Geuverink
1970) that radial velocities measured in 1967 and 1968 did not fit the perio-
dic change found earlier. Further studies by Faraggiana (1971) of spectra
obtained between 1962 and 1970 revealed that the period of the radial velo-
city oscillations had become longer than ten years and that the last mini-
mum of the radial velocity had occurred in 1967-68, about two years later
than expected. The observations of Gray and Marlborough and those of
Poeckert would seem to indicate that the radial velocity crossed through
zero (from negative to positive) between 1972 and 1974 while the observations
reported here show that the radial velocity was still positive in April 1975.
Since the last reversals of the radial velocity took place in 1960 (negative
to positive) and in 1964 (positive to negative), all of these observations
are in agreement with Faraggiana's conclusion that the p?riod has become

longer than ten years and perhaps show that the period may still be

lengthening.
;1 Sco Although ;1 Sco is an early-tiype supergiant and is not a true Be

star, it has been included in this section since it shows emission at HP.
Variations in the strength and appearance of the Balmer lines (including HB)
have been reported previously for this star to be occurring on a time-scale

of years (Jaschek and Jaschek 1973).

Measurements'of'the'HB,linq were obtained on three nights and the pro-
files for two of these nights are shown in Figure 5.8 (b). The HB line has
a P-Cygni type profile and shows emission at HB together with‘a blue dis-
placed absorption line.

Obvious differences between the profiles for April 23-24 and May 25-26
can be seen in Figure 5.8 (b). The strength of the emission relative to the
blue continuum increased from ~ 1.25 + 0;01 on April 22-23 to ~ 1.37 + 0.01

on May 25-26. In addition, and possibly due to the increased emission, the

absorption depth changed from ~ 0.89 + 0.01 to ~ 0.96 + 0.01 and the intensity
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Figure 5.8 Changes of the HB profile for a). 48 Lib, b). 2! seo, c). & Cen.
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on‘the long wavelength side of the emission also increased slightly over
the same time interval. However, the shape and strength of the blue con-
tinuum between A 4838 % and A 4852 X was hardly different for the two dates.
The profile.was also measured on May 20-21 and was found to have emission

intermediate in strength between that of the profiles shown in Figure

5.8 (b).

The P-Cygn% profiles of an early-type supergiant are generally inter-
preted as arising from emission in an extended atmosphere, the outer and
cooler iayers of which are in a state of expansion, thus producing the blue

shifted absorption lines. Hutchings (1968c) has formulated ; model of the
atmosphere of 51 Sco from a study based on radial velocity measurements of
different lines formed at various levels within the extended envelope and
concludes that the atmosphere is expanding and that the star is losing mass.
Although Jaschek and Jaschek (1973) found spectral variations, they only ob-
tained one spectrogram per year and were unable to put a lower limit on the
time-scale of the variations. However, the observations reported here show
that significant variations of the HP line in 41 Sco can occur on a time-
scale as short as one month, or less, and indicate that the process of mass

loss from this star is subject to irregular activity.

5 Cen OBservations of & Cen were made on six nights and a total of
eight line profiles of HP were obtaiped. The profile no?mally consisted of
a singlé emission line superimposed on a shallow photospheric absorption
line. Significant variations in the strength of the emission were found
between the profiles for most nights and these intensity variations are

listed in Table 5.7.

Figure 5.8 (c) shows the mean profile for April 22-23, when the emis-
sion was at its weakest, and for April 29-30, when the emission was strong—
est. The profile for April 29-30 shows the emission consisted of two com-—

ponents separated by a small central absorption, indicating the temporary
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development of a shell spectrum. In-addition to the changes in the emission
strength, it was also found that as the emission became stronger, the under-
lying stellar absorption line became more filled-in (due to the emission

wings) on both sides of the emission line.

X Oph The strongest HP emission of the Be stars measured, was found in
XOph (~ 2.2 times the continuum intensity). frofiles measurgd on five
nights again showed large variations in the emission strength. These vari-
ations are listed in Table 5.7. No variations were found in the structure

of the line.

The mean profiles given in Figure 5.9 show the emission at its weakest
(April 22-23) and at its strongest (May 25-26), the difference being ~15
per centﬁ(in units of the continuum intensity). The standard errors of

these mean profiles are about + 2 per cent.

Other Be Stars

Two of the remaining six Be stars whiéh were observed showed no sig-
nificant variations; w Car was measufed on only two nights and n Cen was
measured on four nights. Mean line‘profiles for these and the four other
Be stars, each of which was measured on only one ocdasion, are shown in

Figure 5.10.

These stars showedlé variefy of HB profiles. Only one star, HD 91465,
had emission at HB which reached above the level of the adjacent céntinuum.
The others showed different degrees of emission; HD 102776 merely had a
small blue shifted emission hump near the core of the photospheric absorp-
tign; A Cru showed definite filling-in on the blue side of the core of the
’absorption line; 3 Pup showed some emission on the red wing and also had
a very sharp, possibly shell, absorption core; (y Car featured V and R emis-
sioh components separated by a shell absorption; finally, 7 Cen did not

show any evidence of emission. In addition to the various degrees of
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' Variation of the strength of HB in X Oph



156

-

Normalised Normalised
Intensity Intensity
HDIO2776 1975 April 22-23 w Car 1975 May 25-26
10 + - [
I I
09 1 > 09
08 08 -
0-7 F o7
0:6 . ro-e
;'40 43;0 4a'so 4a:ro 40140 48:’:0 42;'60 46'70 .
A Cru 1975 April 23-24 n_Cen 1975 April 29-30
10
I
Fro-9
L o8
o 0.7
064 - 06

49;0 48'50 48'60 48'70 43;0 4960 4860 4870
3 Pup 1975 April 24-25 HD 91465 1975 Apr 30-May |

08 1

07

4840 4850

"Figure 5.10

L]

4840 4850

4860 - 4870

Wavelength (R)

4860 4870

HP profiles for the six remaining Be stars observed.



157

emission, there were also obvious differences between the underlying
absorption lines of these six stars. The very broad lines of HD 102776,
w Car and A Cru contrasted with the sharper line of 7 Cen and the much
sharper line of 3 Pup while very little absorption was visible in the

profile of HD 91465.

The different emission strengths of these stars are probably due to
the variety of sizes, densities and shapes of their extended atmospheres,
while the different widths of the underlying absorption lines probably

indicate various rotation velocities and various aspects of their rotation

axes.

Summary

A wide variety of HB line profiles was found in the Be stars which
were observed and a ﬁigh percentage of those stars which were observed on
more than one night showed variability of the profiles on time-scales of

days and longer.

. The variations which were observed were found to take several forms
such as simple changes in the emission strength (e.g.?Q Oph), changes in
the V/R ratio (e.g. « Ara, 48 Lib, £ Tau) and changes in the structure of
the line (e.g. Y Cas, d Cen). Most of the stars were observed only once
in a particular night and the measurements yield little information re-
garding variability on time-scales of less than a day. A few runs on ¥
Cas were of longér duration but indicate that there were no rapid fluc-
tuations, between individual scans, which were larger than the expected

levels of photon shot-noise.

5.3 Observations of & UMa and 72 Vel

e UMa Observations of the Ap star ¢ UMa (AOpv,n%h= 1.8) have been
made with the Glasgow telescope on only two nights since the scanner and

observing techniques were sufficiently developed to allow reliable line

profile measurements.
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A series of 6 scans were obtained on 1975 March 24 between 22?17 UT
and 22?46 UT. The integration time per spectral point per scan was 4 sec-
onds and the scans consisted of 71 spectral points at single step intervals

between ~ A 4837 X and =~ A 4872 X.

A further two series of scans were obtained on 1975 September 13-14.
The first of these consisted of 22 scans obtained between 21?33 UT and
22.44 UT on Sept 13 while another 10 scans were obtained several hours
later, between 03?40 UT and 04?13 UT on Sept 14. The integration time for
the Sept 13-14 observations was 3 secondsvper spectral point per scan and

61 spectral points, at single step intervals, were measured.

The mean line préfiles together with their associated errors were
evaluated for the three sets of observations as before. For almost all
spectral points, the intensity differences between the mean profiles were
less than twice the sum of the standard errors, which were of the order of
+ 0.3 - 0.5 per cent, # 0.2 - 0.4 per cent and + 0.4 - 0.6 per cent res-
pectively for each series of scans. The coqclusion reaéhed, therefore,. is
that no long- or short-term changes of the HB line in ¢ UMa can be seen
from the mean profiles for these dates, to within the accuracy of the obser-
vations (i.e. ~ + 0.5 per cent). The fact that no evidence was found for
rapid variations of the type reported by Wood (1964) is consistent with the
observations of this star made at Ho by Breger (1974). The mean profiles
for 1975 March 24.and 1975 September 13-14 (21?33 - 22?44 UT) are shown in

Figure 5.11.

The ‘observed and the expected (photon) statistics have also been com-
pared for these observations as a means of determining if rapid fluctuations
were occurring. Ratios of obbs/o’Phot are shown in Figure 5.12. It can be
seen that there is reasonable agreemgnt between %Obs and SPhot and there-
fore there is no positive evidence of any rapid variations of greater am-

plitude than photon shot-noise. Although for March 24 there are somé values
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Figure 5.11

HB profile for ¢ UMa measured on 1975 March 24 (filled circles) and 1975
September 13 (open circles). No statistically significant variations can

be seen.:
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Raties of the observed and ideal photon statistics for the observations of
There is no evidence of rapid variability;
the slightly larger values of °Obs/°Phot for 1975 March 24 are probably the
result of the small data sample for that date.

€ UMa presented in Figure 5.11.
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of %0bs which are more than twice O?hot’ it seems likely that this is again
caused by the small data sample. However, there may be a slight tendency

for dbbs/ on March 24 to be larger.in the line core than in the

%Phot
wings and, since the expected standard deviation (O?hot) was slightly smal-
ler on this date, it is possible that cbbs was increased due to the pre~

sence of rapid fluctuations with amplitudes just below the level of the

photon noise («~ + 0.6 per cent for a single measurement).

72 Vel The brightest Wolf-Rayet star in the sky (mv = 1.8) is 2 Vel
(HD 68273). The spectral type is given by Conti and Smith (1972) as WC 8 +
CS9I and it is a spectroscopic binary with an ortibal period of 78.5 days

(Ganesh and Bappu 1967).

Night-to-night variations in the strength of the CIII -IV line
(A 4650 X) have been reported by Bahng (1975a) and by Lindgren, Lundstrém
and Stenholm (1975) and there have been reports also of rapid periodic vari-

ations for this line (see Chapter 1).

Variations with phase have also been found in the V/R ratios of double
emission lines, such as HeI (A 3888 %) and H. These V/R variations, first
reported for HB by Perrine (1918), have been discussed recently by de

Monteagudo and Sahade (1970) and by Niemela (1973).

The observations piésented here show night-to-night variations of the
HP emission. Variations of the V/R ratio have been observed gnd are found
to be related to the orbital phasé in the same was as found by Perriné; at
phase 21 days (0.27P) V was found to be stronger than R and at phase 54

days (0.69P) R was stronger than V.

The observations, made with the 50 cm and:76 cm telescopes at the SAAOQ,
are summarised in Table 5.8. Mean.line‘profiles were derived for each night

as before and are shown in Figure 5.13. The error bars adjacent to the
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Figure 5.13

A series of HP profiles for 72 Vel showing systematic V/R variations. Notice
also the differences between the appearance of the V and R components for
April 23-24 and April 24-25. . :
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dates of observation represent the standard errors of the mean intensities
and any variations of these errors across the profiles are too small to be
shown. In all cases, the observational errors were within a factor of two

times the expected photon errors.

The variations in the V/R ratio can be seen clearly in Figure 5.13
and the strengths of the V and R components for each date are listed in
Table 5.8. Magnitude differences between the intensity of each of the emis-
. sion components and the intensity of the continuum at A 4838 8 have been
'evaluated and are plotted against phase in Figure 5.14. Thg differences in
‘magnitudes between the intensities of the V and R components-are also plot-
ted. Although the observations cover less than half of one period of the
épectroscopic binary, the variations of the V/R ratio with phase are in
agreement with the relationship found by Perrine and the strengths of the
VY and R componeAts can be seen (Figure 5.14) to vary in anti-phase with

each other.

In addition to the V/R variations, there are also séme small changes
in tﬁe shapes of the individual emission components which can be seen in
Figure 5.13. For example, on April 24-25 the violet component had a shar-
| per peak than on the other dates and there was also a small absorption fea-
ture present on this date on the red side of the R component. On May 25-26,
the V component was definitely narrower than on any other date, although
this could be due partly to its decreased strength. Clearly, changes of
the HB line with §hase do occur and the profiles for April 23-24 and April
24-25 seem to indicate that shorter term variations are also present. How-
ever, it hasvalready been stated that the rms. scatter of the data from
which the mean profiles in Figure 5.13 were derived, is not much larger
than what would be expected from photon noise. Further observations are
required to investigate if any rapid variations, such as.those reported by
Sanyal et al (1974) for the CIII-IV line, are occurring at HP in addition

to the longer term V/R variations.
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Figure 5.14

Variations of the emission strength with orbital phase for the V and R com-
ponents of the HB line in 72 Vel. Upper: brightness (in magnitudes) of the’
V and R components relative to the continuum intensity. Lower: 'relative
brightness (in magnitudes) of the V and R components.
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5.4 Conclusions

Summary

The various chapters of this thesis have.presented and discussed the

design, performance and application of a novel line profile scanner.

The technique of tilt-scanning with narrow band interference filters
has been studied in detail and applied with sﬁccess to measurements of line
profile variations in some early-type gtars. 'Variations of the filter pass-
bands brought about by tilting, illuminating with non-collimated light,
Qariable seeing conditions and telescope tracking errors have all been

considered.

Observationally; the emphasis has been mainly on Be stars and a large
percentage~of those observed have been found to show night-to-night varia-
iions of the HB line profile. Although variability of the type found has
been obseived previously by others to be occurring on time-scales of months
and years, the results of this study indicate that time-scales of days are
not uncommon. No evidence has been found for the very rapid profile varia-
tions repérted by Hutchings and Bahng, although only a short time interval
has been covered by the observatiogs. It is believgd that for some of the

observed Be stars (e.g. a Ara, d Cen) night-to-night variations have not

been previously reported.

A few observations were also obtained for the Ap star € UMa but no
variations of the HP profile were found. If the variations reported for
this star by Wood were intrinsic, it is possible that they have since

subsided.

Variations of the V/R ratio were observed for the HB line in the Wolf-
Rayet star 72 Vel and these variations fit the known relationship between
the V/R ratio and the orbital phase for this spectroscopic binary. Other

less obvious night-to-night variations are also suspected for this star.
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Areas for Improvement

. The performance of the scanner could be improved in a number of ways,
- most of which are related to the tilt-scanning technique. The effects of
variable seeing conditions and of guidance errors have been discussed a
number of times and several modifications. could be made to lessen these

effects.

The importance of the angular magnification of the telescope/colli;
mator system has been.mentioned in relation to the angular size of the
seeing disc and its angular displacement from the optical ax;s as séén by
the scanning filter. At present, the magnification is ~ 80/1 (i.e. FT/FC)
for the Glasgow telescope and was even greater for the other telescopes '
used (see Table 5.1). However, since the filters are not fully illumina-
ted, the magnification could be reduced by use of a longer focal length

collimator, without suffering any light loss.

The adverse effects of variable seeing and guidance errors might be
further reduced by physically imposing more stringent limits on the maximum
size or displacement of the seeing disé by use of a smaller diaphragnm,
almost matching the size of a typical star image. There would, of course,
be somé light loss if the seeing disc became larger than the diaphragm or
was allowed to drift partly out of the field and such variations of the
illumination of the filéers might be a source of noise. Howevef, the
monitor beam of the scanner would provide a good deéree of compensation-
against these variations and it is felt that the resultant noise on the
recorded profiles would be less than that produced by the larger movements

and changes in the size of the seeing disc which can occur at present.

If a smaller diaphragm was used in the focal plane, very accurate
guiding would be necessary. Because of difficulty in seeing both the cross-

wires and the edges of the diaphragm with the dichroic viewer, it might be



168

necessary to replace this with a system of off-axis guiding on a nearby
field star but care would be required to guard against differential image
movement between the guide star and the programme star. With better equip-

ped telescopes it would perhaps be possible to use an auto-guider system.

Improvemegts could alsp be made to thgnmethod of wavelength/tilt
calibration. A smaller wavelength step;size.would be useful when deter-
mining the positions of maximum inteﬁsity for the calibration spectrum lamps.
There is also a possibility that the optical‘axis of the scanner Qill-not be
collinear with the axis of the telescope resulting in differept wavelength/
tilt relatiqnships for stellar sources and for the piped calibration light.
However, calibration with the laboratory lamps and the fibre optic pipe
allows the wavelength of peak transmittance af:normal incidence (Ao), the
effective refractive ‘index of the filtér (p#)'and also the fiduciary of the
tilt scale reiative to the axis of the scanner to be determined. If meas-
ufements of the angles of tilt were then made on either side of normal inci-
dence corresponding to the HP line centre for a star having zero radial
velocity (i.e. an undisplaced HP line), the angle between the two optical
axeé could- then be found by substitution in Equation 2.4. This equation
could then be used for stellar wavelength/tilt calibrations since the values
of A s p*, @ and a would be known (the latter two quantities defining the
angle which the opticalhaiis of the telescope makes with the optical axis

of the scanner).

Future Studies

(N

Be Stars: The observations which have been made in this study have shown
that a large percentage of thevBe stars measured show variations of the HP
line on time-scales at least as short as one day. Obviously, further obser-
vations of these stars should bé made so as to determine the true time-
scéles of the variations. These future observations should be of ionger

duration and, if possible, should be made with larger collecting apertures



so that improved photometric accuracy can be achieved with higher time
resolution. Use of larger telescopes would also allow the study to be

extended to other, fainter, Be stars.

In'ité present form, the scanner can be used to obtain profiles of
any other spectral lines, merely by using the appropriate interference
filters, and future studies should also incluae measurements of Ha and HY
in addition to HB. Indeed, it would be desirable to obtain simultaneous
scans of at ieast two lines so that correlations between any variations
might be found. However, this would require cénstructing a qompletely

new photometer head with perhaps three 6r four beams.

Ap Stars: The observations of Ap stafs are very far from being complete
since only one star has been observed. Howefer) to extend the study to
other Ap stars would require the use of larger telescopes. If any varia-
tions can be found at.HB it would again be useful to obtain measurements

of other lines, both by themselves and simultaneously.

Wolf-Rayet Stars: Further high time resolution observations of 72 Vel

should be made, in both a scanning mode and also in a non-scanning mode
at particular wavelengths in the profile (e.g. the V and R peaks) or with
perhaps a broader passband centred on the HB line, so that the rapid peri-

odic variations reported for other lines in this star might be investi-

gated at HB.

It has been proposed that many Wolf-Rayet stars of type WC might be
spectroscopic binaries. Measurements should be made of the profiles of
emission lines in these stars with the aim of detecting possible V/R vari-
ations. Any variations which were found to be periodic might piovide evi-

dence of the binary nature of these stars.

The entire study of rapid line profile variations is very important

to our understanding of the evolutionary stages being witnessed in these

169
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stars. The time~scales involved are verylshort in comparison to the
stellar life times and yet many of the profile variations are probably
the resuit of large scale changes ‘in th¢ atmospheres of these very active

stars.

Although the measurement of rapid profile variations poses many
technical difficulties, there is clearly a great deal of astrophysics

to be learned from studies of these phenomena.
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APPENDIX T

CONTROL ELECTRONICS - LOGIC DIAGRAMS

Logic symbols used: Truth Tables
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I.C. Type Function
7400 Quad 2-input nand gate
7402 Quad 2-input nor gate
7404 Hex inverter
7408 Quad 2-input and gate
7410 Triple 3-input nand gate
7420 Dual 4~-input nand gate
7425 Dual 4-input nor gate
T432 ' Quad 2-input or gate
T437 Quad 2-input nand buffer
7472 ' J-K Flip-flop (divide by 2) -
7473 Dual J-K flip-flop
T475 4-bit Latch
7486 Quad 2-input exclusive-or gate
7490 o Decade counter
7492 Divide by 6 / Divide by 12
7493 Hexa~decimal counter (4-~bit binary counter)
T4121 Monostable
74123 Dual monostable
74150 Data selector / multiplexer (1 from 16 lines)
74180 Parity generator ¥

74192 7 Up/down counter
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Data Format:

Tape I.D. N°*
Date code

APPENDIX ITI
DATA FORMAT - FORTRAN PROGRAMME

Background signal —>
" 1"

"

Star signal

v

End of tape

filter

code beam 1 posn. U.T. beam 2

» 0N1610 00000 018 013538 00000
——% 123040 00000 018013607 00000
500330 00022 018.-013704 00002
500330 00024 018 013707 -00002
500330 00027 018 013711 poooe
500330 00023 018 013714 00002
500330 00022 018 013717 00002
500330 00025 018 013720 00002
500330 00025 018 013724 00002
500330 00024 018 013727 00001
500330 00024 018 013730 00002
500330 00026 018 013733 00002
500330 00024 018 013737 00003

500330 00023 018 013740 00002 °

——> 400330 02277 018 013816 25815
400330 02268 019 013819 25779
400330 02266 (020 013822 25601
400330 02249 021 013826 25876
400330 02241 022 013829 25718 -
400330 02258 023 013832 25888
400330 02231 024 013835 25706
400330 02207 025 013839 25590
400330 02198 026 013842 25685

. 400330 02189 027 013845 25710
400330 02147 028 013848 25459
400330 02181 029 013852 25571
400330 02166 030 013855 25513
400330 02149 031 013858 25606
400330 02096 032 013901 25444
400330 02123 033 013905 25682

. 400330 02043 034 013908 25754
400330 02009 035 013911 25457
400330 02006 036 013914 25626
400330 01977 037 013918 25689
400330 01955 038.013%921 25512
400330 01876 039 013924 25443
400330 01839 040 013927, 25749
400330 01785 041 013930 25524
400330 01716 042 013934 25644
400330 01635 043 013937 25449
400330 01559 044 013940 25458
400330 01491 045 013943 25508
400330 01506 046 013947 25544
400330 01557 047 013950 25492
400330 01651, 048 013953 25469
400330 01728 049 013956 25658
400330 01755 050 014000 25689
—> 90g§§0 00000 050 014005 00000

wave star
plate code

‘posn.

181



. C

Fortran Programme:

*FORTRAN
C
C AVERAGE DARK.

101

2
100

201
200

SUBROUTINE AVDARK(DATA,FLAG,ND,D1,D2)
INTEGER DATAC1000,7)

IF(FLAG.EQ+1.0)PRINT3

FORMATC1HO» 40HTOO MUCH DARK // AV. OF LAST 1000 VALS.)

PRINT 1
FORMATC1HO» 40X» 10C1H*)»2X» 1 THBACKGROUND SIGNAL»ZX:IO(IH*)/

'11H0:9X:4HDATA;lAK:SHBEAMl;AX;4HAV 15 4X»5HS.DEV, 5X» SHS. ERR>

26X:5HBEAM2:4X:4HAV 2, 4X5»SHS+«DEV, SX» SHS«ERR» 6X» 4HVALS/ 1H0)

ZI1G1=0.0

Z21G2=0.0

Z1GSQ1=0.0

Z1GSQ2=0.0

SD1=0.0

SD2=0.0

DO 100 I=1,ND

ZI1G1=ZIG1+DATACI, 1>
ZIGSQ1=ZIGSQ1+DATACI, 1) *%2
Z1G2=7Z1G2+DATACI., 6D
ZIGSQ2=ZIGSR2+DATA(I»56)**2

IFCI.EQ.1) GOTO 101
SDI1=SARTC((ZIGSQI-(ZIGI*ZIGI/1)>/¢CI-1))
SD2=SORT((ZI1GSQ@2~ (ZIGQ*ZIGQ/I))/(I'I))
SE1=SD1/SQRT(I*1.0)
SE2=SD2/SQRT(I*1.0)

Di=zI1G1/1

D2=Z1G2/1
PRINTZ:(DATA(I:J))J—1:6))DATA(I:I)JDIJSDI
1,SE1,DATACI,6), D2,5D2,8E2,1

182

FORMATC(1H »IS:IX,I2;1X:2(12»!H.);12;lX:IS;Q(dXIIS;QX,F7s1,2X4

1FBe2,2XsF8e2)54Xs14)
CONTINUE

DO 200 I=1,ND

DO 201 J=1,7
DATACI,J)=0

CONTINUE

RETURN

END



c

183

AVERAGE SIGNAL ,

*FORTRAN

100

101

o000 O0

199

201

SURROUTINE AVSIG(DATALNS,D1,D2,NORMP,BKSIZE)D
INTEGER DATAC1000,7),BKSIZE,FTRPSN,VALS(200%, WP
REAL MEANR,MEANB

DIMENSION BLOCK(100-,2),FINALC20054)

LOGICAL NONE

DO 1000 NWP=1,10

WP=NWP- 1

NONE=.TRUE.

EVALUATE MEAN RATIO FOR NORMALISING PT.
NVAL=0

RNORMP=0.0

DO 100 I=1,NS

IF(DATACT, 7)) NE.WPYGOTO 100
NUNE= . FALSE.

IF(DATACI»2) .NE.NORMPYGOTO 100
RNORMP=RNORMP+ (DATACI»1)=D1)/(DATACI,6)>-D2)
NVAL=NVAL+1

CONTINUE

IF(NONEY>GQOTO 1000

- IF(NVAL.NE.0>GOTO 101

CALL NUNORM(DATA,NORMP, WP)
GaOT0 99
RN=RNORMP/NVAL
PRINT 1, WP>NORMP, RN, NVAL
FORMAT(1H0, 19HWAVE PLATE AT POSN ;II/IHO 21HRATIOS NORMD TO POSN

113,10X,23KMEAN RATIC AT THIS PT ,»F8.5,5X,14,5H VALS)

PRINT TABLE HEADS
EVALUATE NORMD. RATIOS FOR EACH LAMBDA

DO 200 J=1,200

DO 199 JJd=1,4

FINALCJ»JJ)=0.0
VALS(JY=0

DO 201 K=1,100 o
BLOCK(K,1)=0.0
BLOCK(K»2)=0.0
NBLOCK=0

NVAL=0
FTRPSN=J-1
SUMR=0.0
SUMSOR=0.0
RB=0.0
SUMB=000
SUMSQR=0.0

,MEAN8=0-0

DEVB=0.0
ERRB=0.0

DO 202 I=1,NS §
IF(DATA(I,2) .NE.FTRPSN.OR.DATACI,7).NE.WP)GOTO 202
R=(DATACI. 1>-D1>/(DATACI,6>-D2)>/RN

»



207

[eNeNP]

204

203

206

202

184

SUMR= SUMR+R

SUMSQAR=SUMSQR+R* %2

DEVR=0-.0

NVAL=NVAL+1

IF(NVAL.EG.1)GOTO 207 ' ,

DEVR=SQRTC(ABS((SUMSQR- (SUMR**2/NVAL))>/ (NVAL-12))
ERRR=DEVR/SQRT(NVAL*1.0) .

- MEANR=SUMR/NVAL

IF(NVAL.EQ.1)PRINT3,FTRPSN, WP

FORMATCIHO,22C¢C1HR*)/1H 5 1H*,20Xs 1H*/1H 5 1H*,10H FILTER
110HPOSITION > 1H*/1H > 1H*,20Xs 1H®/1H :lH*:7X:IS:10X:lH*/
D1H ,1H*, 16H WAVE PLATE AT ,I1,3Xs,1H%x/1H ,22C1H*), 45X, SHBLOCK, 44X,
35HTOTAL/ 1H0,9X, 4HDATA,9X,6H1-DARK»3Xs» 6H2=-DARKoS

44%5, SHR 172, 4X5, 4HVALS, 3X» 4HMEAN, SX» SHS.DEV, SX»

SS5HS.ERR, 55X, SHR l/ga4XL4HVALS:3X04HMEANJSX;

65HS.DEV, 5X, SHS . ERR)

NEW HEADING AT EACH LAMBDA

AV. OF MOVING WINDOW
NBLOCK=NBLOCK+ 1

IF (NBLOCK.LE.BKSIZE)>GOTO 203

DO 204 K=2,BKSIZE

KK=K=1
 BLUOCK (KK, 1)>Y=BLOCK(K,> 1)

BLOCK (KK»2)>=BLOCK(K,2)

NBLOCK=BKSIZE

BLOCK (NBLOCK» 1)=DATACT»1)-D1

BLOCK (NBLOCK»2)>=DATA(I,6)-D2 _
IF(NBLOCK.LT.BKSIZE)NB=0 o
IF(NBLOCK.EQ.BKSIZE)NB=NVAL+1-BKSIZE T
IF(NB.EQ.0>GOTO 205

SUMB1=0.0

SUMB2=0.0

DO 206 J1=1,BKSIZE : -

SUMBI=SUMB1+BLUOCK(J1, 1)
SUMB2=SUMB2+BLUOCK(J1,2)

RB=SUMB 1/ (SUMB2%RN)

SUMB=SUMB+RB

SUMSQB=SUMSQB+RB**2

IF(NB.EQ.1>G0OTO 208

DEVB=SQRT(ABS((SUMSQAB- (SUMB**Q/NB))/(NB‘I)))
ERRB=DEVB/SQRT(NB*1,0)

MEANB=SUMB/NB

GOTO 2469

PRINT 7,DATACI, 1), (DATACILL)Y,L=3,6),

1 (BLOCK (NBLOCK,L)»>L=1,2),R>,NVAL>MEANR>DEVR, ERRR
FORMATCIH »15,1X52C1251He)512,1X51552X5F 7415
12X5F 7415 4TXF8e5,2X513,3C2X5F8.5))

GOTO 202

PRINT 4,DATA(I>1),(DATACI,L)»L=3,6),
1(RLDCK(NBLOCK:L))L=1)2))RB:NB:MEANB;DEVB:
2ERRBsR>NVAL,MEANR,DEVR, ERRR

FORMATCIH 515, 1Xs2C¢12,1H),12,1X515,2X>F71

12XsF71,2(2X,F8+5,2X5,13,3(2X,F8.5)))

CONTINUE



401

. 400

1000

301
308

[F(NVAL.EQ.0)GOTO 200

FINALCJ> 12=MEANB

FINALCJ,2)=DEVB
FINAL C(J,3)=MEANR
FINAL (J» 4)=DEVR
VALS (J)>=NVAL
CONTINUE

PRINTS, WP :
FORMAT(1H0O/1490,25HFINAL VALUES AT EACH POSN,

16X> 19HWAVE PLATE AT POSN ,I11/1H0,17X,SHBLOCKS31X»SHTOTAL/1HD,
"22HFP,»7Xs 1HR>7X» SHS«DEV, 5X5 SHS.ERR» 4X» 4HVAL S, 6X5 1HR» 7X,

354HS.DEV, 5Xs 5SHS . ERR» 4X s 4HVALS)
DO 400 J=1,200

PSN=J- 1

IF(VALSCJ)-£Q. D)GGTD 400

NB=VALS(J>+1-BKSIZE _

ERR2=F INAL (J> 4) /SORT(VALS(J)*1.0)
IF(NB.LE.0)GOTO 401
ERRI=FINALCJ,2)/SORT(NRB*1.0)
PRINT6,PSN,FINALCU» 1)>FINALCJ,2),ERRILNB,FINALCJIS3)0
1FINAL (Js 4, ERR2,VALS(JD .
FORMATC(IH »13,2¢3X53(F8.5,2X2514))

GOTO 400 :
PRINT8,PSN,FINAL(Js3), FINALCJs 4)» ERR2, VALS CJ)
FORMATC(1H :IS:4UX:3(F8 S,2X),14)

CONTINUE

CONTINUE i . .
- DO 300 M=1,NS

DO 301 N=1.,7

DATAMLNI=(

CONTINUE Co . , -

RETURN
END

185
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TAO MUCH DARK

* FORTRAN

¥ OO

C
C
" C
*

SUBRUUTINE XSDARK (DATA»ND>FLAG)
TEGER DATAC1000,7)

FORTRAN

FORTRAN

N =ND- 1
DO 1 LL=2,ND
L=LL-1
DO 2 J=1,56
DATACL,J)=DATACLL,J)
CONTINUE
FLAG=1.0
RETURN
END
TOO MUCH DATA
SUBROUTINE XSDATA(CDATA»NS,D1,D2,NORMP,»BKSIZE)
INTEGER DATAC1000,7)
NS=NS-1
"CALL AVSIG(DATA,NS,D1,D2,NORMP,BKSIZE)
NS= 1 '
_PRINT3
FORMAT(1HN,30HTOO MUCH DATA ~ MORE TO FOLLOW)
RETURN
END
SELECT NEW NORM. POINT
SUBROUTINE NUNORM (DATA» NP WP)
INTEGER DATAC1000,7),WP
PRINT1,NP, WP
FORMAT C1HO, 17HND DATA AT POSN
11 1HWAVE PLATE »I1/1H »
227HNORM PT TAKEN AS FIRST POSN.
. 320H FOR THIS WAVE PLATE)
I=1
IF(DATACI>7>-EQ-WP)>GOTO 3
I=1+1
GoTa 2 T
NP=DATA(I,2)
RETURN

END |

186



c MAIN ROUTINE
FORTRAN '

INTEGER BKSIZE,DATACIN00,7)

DIMENSION LINEC12>,STARC9)

LOGICAL NUDARK,NUSIG

c
READ1,NTAPES
DO 1000 NDONE=1,NTAPES

c .

READ1,NORMP,BKSIZE

1 FORMAT(80Z)
NUDARK= « TRUE »
NUSIG=.TRUE.

DARK1=0.0

DARK2=0 .0

XSD=0.0

. READZ’(STAR(I)II=1J9)

2 FORMAT(9AR)

PRINT 50, (C(STARCII,I1=1,9)

50 FORMAT(1H1,9A8)

c i

c _READ ! LINE 0OF DATA

300 READ3, (LINECI)»I=1,12)

3 FORMAT(611,16,14,13,212517) :
JUMP=LINE(C1)+1
GDTD(100;200:300:300;400:500:300;300:300:900);JUWP
TAPE l.D. CODE

00 PRINTS1, (LINECI)»I=2,5)
1 FORMATC1H »6HTAPE ,411)
GOTO 300

C DATE CODE

200 PRINTS2, (LINECI)»1=2,5)

52 FORMAT(1H »6HDATE  52¢211,1H/),2H*%)

GOTO 300 )

c

c DARK SIGNAL

5040 IF (NUDARK)>GQTO 502

: NDARK=NDARK + 1
IF(NDARK.GT.1000)>CALL XSDARK(DATA;NDARK:XSD)
DO S01 K=1,6"
KK=K+6
501 DATA(NDARK,K)I=LINE(KK)
GOTO 300

C ' . .

C RESET DATA FOR NEW DARK AND AVERAGE PREVIOUS SIGNAL

502 IF¢.NOT.NUSIG)GOTO 503 .

C FIRST DARK NO PREVIOUS SIGNAL
NDARK= 0
NUDARK= « FALSE.

GOTO 500

C : .

C AVERAGE PRECEEDING SIGNAL

503 CALL AVSIG(DATA,NSIG,DARK1,DARK2,NORMP,BKSIZE)

NUDARK= . FALSE.
NUSIG=.TRUE.
NDARK=(

GUTO 500

187
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401

OrOOO

403

OO0

1000

188

ACCUMULATE SIGNAL
TF(NUSIGYGOTO 402

" NSIG=NSIG+1

IF(NSIG.GT.1000)CALL XSDATA(DATA:NSIG:DARK1:DARK2;NDR%P;BKSIZE)
DO 401 K=1,6

KK=K+é

DATA(NSIG,K)Y=LINEC(KK)

DATA(NSIG,7)=LINE(2) : : o

- GOTO 300 . _

NEW SIGNAL AV. ANY PREC. DARK
[F¢.NOT.NUDARK)GOTO 403
NO PREVIOUS DARK

"DARK1=0.0

DARK2=0.0 .

NSIG=0 ‘ )
NUSIG=.FALSE. ' '

GOTO 400 ’

AV. PREC. DARK |
CALL AVDARK(DATA,XSDsNDARKDARK 1, DARK2)
NUDARK= « TRUE .

NUSIG=.FALSE.

NSIG=0 ,

GOTD 400 >

END OF DATA
CALL AVSIG(DATA,NSIG;DARKI»DARKeaNORWP;BKSIZE)
CONTINUE

CALL EXIT

END ¢
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SUMMARY

During the past few years the literature has contained several
reports concerning rapid line profile variations of some Be, Ap, Wolf-
Rayet and other early-type stars. In some cases the time-scales of the
variations have been reported to be as short as minutes or even seconds
and clearly, if such variations are intrinsic to the stars, the processes
giving rise to them must be accounted for by any future theories regard-

ing the stellar structures and atmospheres.

However, some of the earlier observations are open to criticism and
the reported variations may, in some cases, be the result of various in-
strumental errors which have not been fully appreciated. The work reported
in this thesis was undertaken in order to investigate further the varia-

tions reported for the HP line in some of these stars.

A considerable amount of the work has been concerned with developing
a novel stellar line profile scanner. By tilting a narrow band 2 X
half-width) interference filter in a collimated beam, a moderate resolu-
tion wavelength-scanning monochromator is achieved. The tilt-scanning
technique has been explored in some depth and it is believed that this
work is the first intensive application of the technique to the measure-

ment of stellar line profiles at this wavelength resolution.

The indications are that the scanning range of one filter may be of
the order of 200 X. Although there is a degree of distortion of the recor-
ded profiles caused by the filter's transmittance decreasing and its pass-
band broadening with tilt, the application for this study was concerned
only with detecting line profile variations rather than making absolute
measurements. However, over the smaller wavelength range normally scanned
(**>30 X), the distortions 0f the recorded 1ine profiles are sufficiently

small as t0 be neglected.

i *
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More important, however, are the changes of the filter passband, and
hence of the recorded profiles, brought about by wvariations in the angular
size and movement of the stellar seeing disc in the telescope's focal plane
due to unsteady seeing conditions and telescope tracking errors. Both of
these topics have been considered as sources of photometric noise and it is
felt that some of the variations of the Be stars reported previously by
others may be the result of similar effects, especially since the extent

of the noise becomes greater as the spectral gradients increase.

A special purpose double-beam photometer has been designed and built.
One beam passes through a narrow band scanning filter while the other beam
passes through a broader band 50 X) fixed interference filter whose pass-
band is centred on the continuum adjacent to the scanned line. This second
beam acts as a reference and after subtracting sky and dark contributions,
the ratio of the signal in the two beams is largely free of atmospheric
noise. The scanning filter is moved automatically along a series of dis-

crete wavelength points by a stepping motor and both the step-size and the

number of spectral points can be set on the electronic control. Pulse
%
counting photometry is employed; the signals in both beams are recorded

simultaneously and, after preset integration times, are punched on paper
tape together with a record of the filter position and the Universal Time.
Wavelength/tilt calibration is performed by piping light from laboratory

lamps into the photometer by a fibre optic tube.

Observationally, the main emphasis of the work has been on measurements
of the HP line in Be stars, several of which have been found to show night-
to-night profile variations. Although variations of this type have been
reported previously for some of the stars observed (e.g. 7 Cas, £ Tau), it
is believed that there are no previous reports of night-to-night variations
for several of the others (a Ara, 6 Cen, n Cen, Sco). No evidence of

very rapid variability was found.



Other observations were made of the Ap star e UMa but these showed
no signs of any of the variations reported earlier. The Wolf-Rayet star
. . 2 . L
and spectroscopic binary Y Yel was also observed and in addition to the
known variations of the H(3 line with phase, night-to-night wvariations

were also indicated.

The main advantages of the tilting-filter scanner over other line
scanners with comparable resolution are its simplicity of design and its
small physical size which, together with a high overall transmittance of
the optical components, allows it to be used with small telescopes. Al-
though the spectral purity of the recorded profiles is not as good as can
be achieved with more sophisticated scanners, the technique clearly has a

useful application for the detection of line profile variations.



