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Supervisor: Dr. C.D. Scarfe.
ABSTRACT

The Cassegrain spectrograph attached to the 72-inch
reflecting telescope at the Dominion Astrophysical Observatory,
Victoria was used to obtain spectra of the Delta Scuti star 20
CVn (HD 115604). Altogether 230 spectra were taken on five nights
using the 21121 camera of the spectrograph.

Only 216 spectra, representing four night's observations
were measured for radial velocity on the B. G. & Z. (Erower, Grant
and Zeiss) Oscilloscope Measuring machine at the Observatory.

The same tﬁelve stellar lines were measured on all the spectra.
Results obtained indicated a variable radial velocity with an
amplitude of approximately 2 km/sec. A statistical analysis of the
result confirmed this vsriability.

Thirty-two spectra of the non-variable star 70 LIi
(HD 90277) were also taken for comparison purposes. This star
was chosen as being as similar in properties as possible to 20 CVn.
These spéctra were taken and measured under the same conditions
as those of 20 CVn. The results were treated in the same way, and
then compared with those obtained for 20 CVn. o variation was
detected in the case of 30 ILMi.

An attempt to determine the period of 20 CVn using the
radial velocity observations resulted in two estimates of the period,
one = Oq155 and another in the vicinity of OQl76. The former value
appears to fit the data slightly better, and is suggested here as
the true period.

Simultaneous photometric and spectroscopic observations

were taken on one night in an attempt to determine the phase relation-
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CHAPTER 1

INTRODUCTION

1.1 The Delta Scuti Stars

The Delta Scuti variables are described in the General
Catalogue of Variable Stars (Kukarkin, et al, 1958) as pulsating
stars of spectral type F. In actual fact spectral types vary
between about A2 and F6. The general properties of this group
of stars can perhaps best be descrited by calling them short-
period, small amplitude pulsating variable stars, since both
light and velocity variations are very small, and the period
of variation is very short. As an example consider the star )
Scuti itself. It has a period of Oq19, an amplitude in V light
of approximately O?}O, and an amplitude of velocity variation
ranging from 7.4 km/sec to 1l2.4 km/sec (Fath, 1935, 1937;
Colacevich, 1935). The DLelta Scuti stars are fainter than the
RR Lyrae veariable stars, and range in absolute magnitude, Kv,
from about +170 to +2%6. This places them in a region of the
instability strip, Just above the main seguence in the Hertzmprung-
Russell diagram.

Apart from the difficulties in detection caused by the
small amplitude in both light and velocity variation, matters
are further complicated by the fact that the light and velocity
curves frequently exhibit beat phenomena. This was first shown
by Colacevich (1935) who found that, although the period was
constant, the form of the velocity curve of d Scuti was variable.

At the same time Fath (1935, 1937) noticed that the amplitude




2
of the light curve of this star varied with a period 26 times
that of the light period. Leter work has shown that this
multiple periodicity is a property of virtually all the Delta
Scuti stars. So far the only known exception to this fact is
P Puppis. This multiple periodicity is not unicue to the
Delta Scuti stars, since many of the RR Lyrae variables also
exhibit a similar phenomenon (Freston, 1C64).

One explanation for this wodulation effect has been
put forward by Fitch (1966) who suggested that the modulation
is produced by the tidal effect of a faint companion in a very
eccentric orbit about the primary. In connection with this
suggestion Bessell (1969) has shown that J Scuti, P Fuppis and
d Delphini have high microturbulent velocities as well as
appearing to be overabundant in the iron-group elements, and
underabundant in calcium and scandium. These properties are
similar to those of the metallic-line stars, all of which,
according to Abt (1961) are probable spectroscopic binaries.
Further, Preston (1965) has suggested A‘Delphini is a double-
lined spectroscopic btinary with a highly elliptical orbit. He
has not, to the writer's knowledge, however, published any data
on the orbit, and no evidence for the binary nature of d Delphini
has been found on any of the spectra of this star taken at the

Dominion Astrophysical Observatory (v. rreston, 1965).
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Breger (1970) has undertaken a survey of Am stars
in the Delta Scuti Instability Strip and has shown them to be
stable against pulsation. He discusses the possibility that
(a) Am characteristics tend to inhibit pulsation or (b)
pulsation destroys the observable Am characteristics.

At this stage, therefore, any conclusions reached
about either the binary nature of the Delta Scuti stars or any
similarity between the spectra of these stars and the Am stars
must be considered as preliminary.

The light and velocity curves of both Cepheid and ER
Lyrae variables are approximately mirror images of each other
in that minimum light corresponds approximately with maximum
velocity and vice-versa. The first simultaneous photometry and
spectroscopy of Delta Scuti stars was performed by Fath (1935),
and Colacevich (1935) who obtained two nights of simultaneous
observations of d Scuti and showed that the rhase relationship
for this star is the same as that for the Cepheid and RR Lyrae
stars, since minimum light occurs within 0.10P of maximum
velocity. lNore recently Wilson and Walker (1956) demonstrated
that the same relationship exists for CC Andromedae. Since
then, however, further investigation has shown that for the
Delti Scuti stars the phase relationship between light &and
velocity curves is not as rigid as for the longer period

pulsating varisbles. TFor P Fuppis (Struve, Sahade and Zebergs,
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1956) minimum brightness occurs halfway along the descending
branch of the velocity curve, while in the case of Dg Cephei
(Sahade, Struve, Wilson and Zebergs, 1956) minimum brightness
occurs about halfway along the ascending branch of the velocity
curve. Thus for the Delta Scuti stars it would appear as if
minimum btrightness occurs within 0.25F on either side of maximum

velocity.

l.2 Previous Observations of 20 CVn

Photometric observations of 20 CVn
(o= 132 1503; § = 40° 50" (1950); ¥ '= 4%94; B-V = +0.30)
have previously been reported by Danziger and Dickens (1967)
and Breger (1969b). Danziger and Dickens report a range of
0?051 in V in Oq092 on JD 2,439,149. From their light curve
it appears that these observations covered a little more than
half a complete cycle, and as a result they suggest a period of
approximately 0?14. More recently Breger has reported a
variation of 02022 in V in 09096 on JD 2,439,302. Ee made no
attempt to determine the period, but his results also appear to
cover a little more than half a period.

At the time of writing no detailed radial velocity
observations had been reported.

The aim of this investigation was to obtain & large
number of spectra of 20 CVn over a short period of time in
order to :- (a) confirm the presence of a variable radial
velocity; (b) examine the nature of any variation; and (c)
attempt to determine the period of this veriation. OSimultaneous

photometric and spectroscopic observations were taken with the
aim of determining the phase relationship tetween the light &and

velocity curves.
R O I I R R R =~
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CHAPTER 2

THE RADIAL VELOCITY MEASURES

2.1 The Observations

The variation of the Delta Scuti stars is fast and
as a result exposure times have to be short and a fairly fast
photographic emulsion used. Fortunately 20 CVn is a bright star
and is thus ideal for this type of work. ZFurther, it 1is a sharp-
lined star, with a projected rotational velocity (i.e. vsini)
of less than 10 km/sec (Danziger and Dickens, 1967), and thus
it was not necessary to use plates with a very fine-grained
emulsion. The type of photographic plate best satisfying the
above criteria’is the Kodak IIaO plate, and all spectra were
taken using this type of plate.

Several spectrograph combinations were available for

this project. These combinations are listed in Table 2.l.l.

TABLE 2.1.1
SFLCTROGRAYH CCMBINATICNS

Telescope Camera Dispersion Exposure Time
A/mm min
72=inch 21121 15 2
(Cassegrain) 2161 30 1
48-inch 32121 1C 10
(Coude) 3282 €.5 15
%6821 2.4 60

Notess= (i) Exposure time is the approximate exposure time for 20
CVn when using 1Ia0 plates;

(ii) For a description of the spectrographs themselves,
see Richardson (1968).

The system used for naming the spectrograph cameras
is perhaps best described by means of an example. The 21121

camera, for instance, derives its name from the following:-
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(a) The focal length of the camera is 21 inches; (b) The
diffraction grating is ruled with 1200 lines/rm; and (c) the
first order spectrum is used, hence 21121. Further, a mosaic
grating is used with the 9682M camera, hence the M. This is a
combination of four gratings, each ruled with about 800 lines/uw.

A multiple-exposure plateholder can be used with both
telescopes. This device enables more than one spectrum to be
exposed on the same photographic plate by moving the plate in
a direction perpendicular to the dispersion after each exposure.
In the case of the 72-inch telescope eight or nine spectra per
plate can be obtained in this way, while with the 48-inch
telescope only three spectra per plate can be obtained. This
device increases efficiency, since the process of moving a
photographic plate within the plateholder takes far less time
than removing a plate from the plateholder after each exposure
and replacing it with another plate.

After consideration of the above information it was
decided that the 21121 camera was best suited for providing the
combination of accuracy and speed needed for this project, and
this camera was used for all observations.

The slow motion controls of the telescope were used
to trail the image of the star back and forth along the slit
of the spectrograph dﬁring each exposure. This is a departure
from the normal technique of allowing the image of the star to
drift along the length of the slit by introducing a slight error
in the drive rate, and is necessary because the short exposure
time does not allow sufficient time for the image of the star

to drift the whole length of the slit with the result that
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unevenly exposed spectra are produced.

The iron arc spectrum used as a comparison was
generally exposed midway through each exposure.

Altogether 230 spectra of 20 CVn were taken during
1968 and 1969 by various observers as described in Table 2.1.2.

Initial results indicated that the variation in
velocity of 20 CVn was rather small. Therefore, for comparison
purposes it was decided to take a series of spectra of a non-
variable star under similar conditions. 30 LMi (HD 90277;
=100 2381; § - 34° 03' (1950); V = 4093; B-V = 4+0.26), a
star with properties similar to those of 20 CVn was chosen for
this purpose. The properties of the two stars are compared in
Table 2.1.%3. The author and Dr. C. D. Scarfe obtained a run of

32 spectra of 30 LMi on 1970 March 5.



TABLE 2.1.2

OBSERVATIONS OF 20 CVn DURING 1968 AND 1969

DATE No OF SPECTRA OBSERVER
1968 April 16 56 Dr. D. Crampton
1969 April 8 31 Dy, €. D. Searfe,

.the author

April 12 14 Dr. D. Crampton

April 15 91 Dr. D. Crampton

May Zi 32 Drs €. D. Scarfe

TABLE 2.1.3

PROPERTIES OF 30 LMi AND 20 CVn

Visual magnitude 4773 (i) 4574 (i)
Spectral type FO V (i) FO II-IIIp (i)
Rotational velocity (vsini) 30 km/sec (ii) £ 10km/sec (iii)
Radial velocity 13 km/sec (i) wvariable

References: (i) Bright Star Catalogue (Hoffleit, 1964);
(ii) Slettebak (1955);
(iii) Kraft as quoted by Danziger and Dickens (1967).

and




2.2 The Choice of Lines

To obtain some idea of the range of velocities
involved, and the accuracy which could be expected ten spectra
were first measured on the Zeiss Abbé Comparator visual messuring
machine. The stellar wavelengths and settings used were the
same as those used by Niehaus (1970) for the FO V star P; Bootis.
Twelve stellar lines were measured on each plate. Line
velocities were calculated in each case. Lven at this stage
it was obvious that some of the lines measured were :oing to be
very unsatisfactory. For instance the line X5935.682 £ (the
K line of Ca) was very broad and, as a result, very difficult
to set on visually. This produced a large scatter in the
velocities measured using this line. Results obtained from these
measures are éﬁmmarized in Table 2.2.1. Differences in mean
velocities for different lines are substantial, indicating the
unsuitability of these wavelengths and settings for this stear.

To choose twelve stellar lines suitable for measuring
on all the spectra the following procedure was carried out.

One of the above spectra, which appeared to be of average cuality,
was chosen and measured visually for a second time. On this
occasion the positions of many stellar and iron arc comparison
lines were measured. Including the original twelve lines, the
positions of a total of 41 stellar lines were measured. The
displacement corresponding to the mean velocity of this plate,

as measured earlier, was removed from all the readings for the
stellar lines. This provided 'zero velocity' settings for all

the lines. Using the iron arc comparison lines as standards the
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dispersion at various positions on the plate was calculated.
This enabled approximate wavelengths to be calculated for each
line. All the lines measured were then identified using the
Second Revised ILdition of Rowland's Solar Wavelengths (lioore,
et al, 1966), and a table of wavelengths for the lines in the
F5 Ib star « Persei (Wright, 1951). Of the 41 lines measured
nine were rejected because of doubtful identification or blending.
The wavelengths provided in the relevant tables were then used

to calculate settings for the remaining thirty-two stellar lines.
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This was done by direct, linear interpolation using the known
wavelengths and standard settings of the iron arc compsrison
lines. The dispersion is not quite constent along the plate,
so a check was made to ensure that the errors introduced by
this method were not too large. Typically the difference in
setting between successive iron arc lines of 0.0003 mm. Since
the internal error of measurement is larger than this, this
error cannot be considered to be significant. 1In addition to
the above 32 lines, wavelengths and settings were obtained for
a further 25 lines using a table for F-type stars provided by
Dr. D. Crampton of the Dominion Astrophysicel Observatory. T1rus
there was a total of 57 lines from which to choose.

The_ten spectra which were originally measured visually
were then remeasured using the B. G. & Z. (Brower, Grant and
Zeiss) oscilloscope measuring machine at the Dominion Astro-
physical Observatory (see Appendix B for some notes on the use
of this measuring machine). The rejection of lines with very
asymetrical profiles accounted for twenty-one lines. The
remaining 36 lines were measured on each of the ten spectra.
The results are given in Table 2.2.2.

Once all ten plates had been measured a residual in
the sense (line velocity-plate mean velocity) was calculated
for each line. A meaﬁ residual and a standard deviation about
this mean were calculated for each of the %6 lines (see Table
2.2.3). Twelve of the 36 lines were then chosen according to
the following criteria:- (a) Smallest standard deviation atout
the mean residual; (b) The lines should be reasonably uniformly

distributed throughout the region of the spectrum to be measured
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(Approximately )\3800A-X46OOA); and (c) Symmetrical lines,
i.e. the lines should be easy to set on using the oscilloscope.

In an attempt to obtain greater accuracy adjustments
were made to the settings of some of the lines. Tor those
lines where the mean residual was considerably larger than the
standard deviation about the mean, the setting was adjusted
80 that the mean residuvual was zero (see Table 2.2.4). It was
decided not to use a t-test at this stage since it was sapparent
that fewer than half the lines needed adjusting.

At the same time twelve comparison lines were chosen
which were reasonably uniformly distributed throughout the
region of the spectrum to be measured. A list of all lines
used, their wavelengths, final settings and rVs factors (where
applicable) is given in Table 2.2.5.

2.3 The Measurements

All spectra were measured using the same steller and
comparison lines. In calculating plate mean velocities, unit
weight was given to each line on the plate. In an effort to
eliminate incorrectly measured lines it was decided to reject
all those lines with vy, =¥ > 2.507

the individual line velocity;

where, vy

v the plate mean velocity;

g standard deviation of a single observation.

Given a set of values Vi distributed normally about z mean v,

4 occurring by chance such that

Ivi V|2 2.580° is 0.01. Therefore the occurrence of such a

the probability of a value v
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CORRECTION TO THE SETTINGS

TABLE

16

2oids

4

OF THE STELLAR LINES USED

A First Mean o rVs Correction
Setting Residual MR- pactor
R mm km/sec mm
3865.5 78.1447 3.16 d 0 [ | 1196.4 0.0026
4012.4 87.6731 1.02 1.03 1151:4 -
4045.8 89.8427 -0.93 0.75 1140.8 -0.0008
4101.7 93.4774 1.26 1.21 1124.5 -
4163.7 97.5029 0.09 1.19 1107.6 -
4215.5 100.8797 L+i87 1102 1093.0 0.0017
4254.3 103.4067 2.41 0.99 1081.7 0.0022
4351, 8 109.7626 -0.43 0.65 10557 -
4404.8 113.:2190 0.99 1.16 1042.1 -
4501.4 119.5386 -10.04 0.388 1017.8 -0.0099
4508.3 119.9867 0.94 0,92 1016.1 -
4563.8 123.6192 0:5.79 0.96 1002.7 =
TABLE, 2.2.5
FINAL COMPARISON (C) AND STELLAR (S) LINES USED

Identification )\ Setting rVs Factor

3C 3849.969 77.1365

S2 3865.526 78.1473 1196.4

4C 3930.298 82.3445

5C 3969.260 84.8726

88 4012.390 87.6731 1151.4

9€ 4045.815 89.8427

S10 4045.803 89.8419 1140.8

10C 4063.596 90.9978

S13 4101.737 93.4774 1124.5

13C 4132.060 95.4477

S15 4163.654 97.5029 1107.6

15¢ 4202.031 100.0000

s17 4215.545 100. 8814 1093.0

17¢C 4235,943 102.2080

S20 4254,346 103.4089 1081.7

21¢ 4325.765 108.0620

21 4351.833 109.7626 1055.7

24C 4404,752 113,2173

S28 4404,778 113.2190 1042.1

28C 4494 ,568 119.0884

S32 4501.449 119,5287 1017.8

S33 4508.283 119.9867 1016.1

29C 4528.619 121.3169

S35 4563.761 123.6192 1002.7

Final
Setting
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value is probably caused by an error in measurement. First
a mean velocity and a o were calculated for each nlate. Then
all those lines with vy ~V|>2.50 were rejected, and a new
mean velocity and standard deviation calculated.

The spectra taken on the nights of 1968 A
and 1969 April 8, April 15, and Ilay ¢l were all measured once
by the author. The fourteen spectra taken before cloud intervened
on 1969 Aprril 12 covered too short a period of time (aboutbt
minutes) to be of any value, and were not meassured. Th ectra
of 30 LMi taken on 1970 March 5 were also measured once
by the author.

All results were treated in a similar wey whe
possible. Normal points were calculated from each night’
observations by combining all unrejected lines on four successive
spectra. The interval between these normal points is generally
10-20 minutes ( 0.05P - 0.10P, assuming the period is about
OQI4 as suggested by Danziger and Dickens, 1967). Normal points
calculated using less than four spectra produced a rather large
scatter, which tended to mask the variation. Cn the other hend,
normal points from more than four spectra, although showing
an even smaller scatter, covered too long a period of time (up
to 0.20F). and also produced too few poirts on some nights to
show anything conclusive.

The method described above for calculating meen
velocities helps to reduce the rundom scatter of observetions,
but introduces two difficulties in the estimation of errors.
The presence of a variable redial velocity means that the

velocity varies from plate to plate and thus the mean velocities
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and standard deviations about these mesns are calculated
using four sets of twelve observations rather than 48
independent observations. This results in an underestiwate
of the true error. Further, the velocities over a period of
ten to twenty minutes are averaged and during this time the
velocity may change by up to 1 km/sec; this is assuming s
sinusoidal variation with a period of about 5@5, and an
amplitude of about 2 km/sec. Tris latter effect causes an
overestimate of the true error. The first effect is dominant
if the individual lines on four successive plates are uced to
calculate the standard deviation of the mean. Alternatively,

if the plate mean velocities over four successive plates are

(@F

used the first effect is no longer present and the standar
deviation of the mean is an overestimate of the true error. L
better, though arbitrary, estimate of the true error for each
night's observations is obtained Ly taking the root-mean-scuare
(R.M.S.) value of the standard deviations obtained during the
night by each method, and then taking a mesn of these two
R.M.S. wvalues.

Results of measurements of both 20 CVn and 30 LlI.i are
given in Tables 2.3%.1 - 2.3.6, and velocity curves are plotted
in Figures 2.%.1 = 2.3%3.6.

The %2 spectra obtained on 1969 lay £1 were also
measured by Dr. C. D. Scarfe, who used the same measuring
instrument and settings as the author. The results obtained
by Scarfe are given in Table 2.3.5, and Figure 2.3.5. The
individual plate mean velocities obtained by both measurers
after lines with |v-¥|> 2.50 were rejected, are plotted against

each other in Figure 2.3%.7.
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TABLE 2.3.1

HELIOCENTRIC RADIAL VELOCITIES OF 20 CVn FOR JD_  2,439,962.0 + t
(April 16, 1968)

t Velocity (S.E.M.)l (S.E.M.)2 n
days km/sec km/sec km/sec

0.844 6.06 0.18 0.39 48
0,852 6.51 0.21 0.48 48
0.864 6. 91, 0.14 0.10 48
0.873 7.56 0.21 0.25 48
0.883 6.92 0.15 0, 2L 48
0.892 6.82 0,19 0.50 48
0.901 7.18 0.18 0.36 48
0.908 6.68 0.20 0.44 48
0.917 7.56 0.23 0.61 48
0.924 6.95 0.22 0. 71 48
0.939 7.49 0.21 0.47 48
0.949 6.84 0.0 25 0.70 48
0.962 7:20 0 17 0.39 48
0.972 8.18 0.23 0.70 48

R.M.S. value = 0.20 0.49

Estimated error = % 0.35 km/sec

(S.E.M.) ié the standard error of the mean velocity using all the
line velocities.

(S.E.M.), is the standard error of the mean velocity using the
plate mean velocities.

n is the number of lines involved in taking the mean.

TABLE 2,3.2
HELIOCENTRIC RADIAL VELOCITIES OF 20 CVn FOR JD 2,440,319.0 + t
(1969 April 8) o
t Velocity (8.E.M.), (8.E.M.), n
days km/sec km/sec km/sec
0.776 5425 0.20 0 1.2 48
0.784 4,95 0.22 0.28 48
0.842 7.00 0.28 0.34 45
0.851 5430 ' 0.27 0.24 46
0.904 4,87 0.25 0.43 48
0.915 5.80 0.19 0.15 48
0.933 6.07 0.34 0.58 48
0.944 6:25 0.36 0.29 35
R.M.S. value = 0.27 0.33

Estimated error = % 0.30 km/sec
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Figure 2.%3.1 Heliocentric Radial Velocities of 2C CVn
1968 April 16.
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Figure 2.%3.2 Heliocentric Radial Velocities of ZC CVn for
1969 April 8.
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TABLE 2.3.3

HELIOCENTRIC RADIAL VELOCITIES OF 20 CVn FOR JD0 2,440,326.0 + t
(1969 April 15)

t Velocity (S.E.M.)l (S.E.M.)Q n
days km/sec km/sec km/sec
0.766 5.93 0.32 0.34 48
0772 6.85 0.30 0.40 48
0.779 6.04 0. 27 0.32 46
0.785 6.60 0.30 0.35 48
0.792 7«23 0. 22 0,32 47
0.797 6.43 0.28 0.26 46
0.804 6.66 0.30 0.47 47
0.811 6.19 0. 31 0.73 47
0.817 Sy | 0.24 0.18 48
0.823 5.66 0.24 0.41 46
0.829 w 6.50 0.27 0.12 47
0.838 6...25 0132 0.49 47
0.843 6.23 0:25 0- 33 47
0.850 6.72 0.28 0.42 46
0.857 6.0l 2 0.32 0.50 47
0.865 7.04 0.26 0.27 48
0.871 6.91 0.30 05 75 48
0.879 702 0.28 0h Bl 48
0.885 6.80 0,22 020 46
0.892 7525 0.32 0.56 48
0.901 B2y 0.29 0.68 47
0.909 7.35 0.21 0.19 46
0.907 T a3 0.21 019 46
0.915 6.99 0,21 0.40 46
0.922 7.10 0.23 0453 58

R.M.S. value = 0.27 0.44

Estimated error = ¥ 0.35 km/sec
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TABLE 2.3.4

HELIOCENTRIC RADIAL VELOCITIES OF 20 CVn FOR JD 2,440,362.0 + t
(1969 May 21)

E
days

0.711
0.723
0.743
0.758
0.776
0.789
0.811
0.826

HELIOCENTRIC

days

0.711
0.723
0.743
0.758
0.776
0.789
0.811
0.826

Velocity (S.E.M.)
km/sec km/sec
5.45 0.25
5.68 0 21
k2 0.20
6.28 0.23
6.03 0.20
6.87 Q.22
6.16 0.23
5,81 0.21
R.M.S. value = 0,22

Q

(S.E.M.)
km/sec

0.30
0.11
0.17
0.16
0.40
023
0.24
0.18

ik

0.24

Estimated error = * 0.23 km/sec

TABLE 2.3.5

47
48
46
48
46
46
48
47

RADIAL VELOCITIES OF 20 CVn FOR JDo 2,440,362.0 + t
AS MEASURED BY SCARFE

Velocity

km/sec

5.89
5.88
6.02
6.40
6.40
7.42
6.40
6.16

R.M.S.

(S.E.M.)
km/sec

0.30
0,27
0.27
0.27
0.27
0.28
0.26
0.19

value = 0,27

(s.E.M.)
km/sec

0.:27
0.18
0.23
0.29
0.33
0.38
0.44
0.13

1

0.31

Estimated error =% 0.29 km/sec

47
48
48
48
47
47
46
48
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Figure 2.3.4 Heliocentric Radial Velocities of 20 CVn for 1969 May 21
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Figure 2.3.5 Heliocentric Radial Velocities of 20 CVn for 1969 May 21,

as measured by Scarfe.



HELIOCENTRIC RADIAL VELOCITIES OF 30 LMi FOR JD 2,440,650.0 + t

days
0.843
0.853
0.871
0.885
0.903
0.927
0.957
0.978

Estimated error =

TABLE 2,3.6
(1970 March 5) o
Velocity (S.E.M.) (8.E.M.)
km/sec km/sec km/sec
1332 0.85 0.41
13.98 0.78 0.74
13,27 0l 70 0.29
13.39 0.68 0.41
13.33 0.73 0.32
14,11 0.56 0.25
14,22 052 Q.42
13,07 0.64 0.23
" R.M.S. value = 0.69 0.41

t 0.55 km/sec

48
48
48
48
48
48
48

48



26

15.0p—
- -
(9]
g i ) —
Ul
<~
_E 0
~ 140 9 _ Q
b T e e
-5 Q N N Q -
g Q

13.0}— It

1
] I 1 1 [| | | 1 | £ 1 I 1 1 -
.85 90 95
JD® 2,440,650.0 +

Figure 2,3.6 Heliocentric Radial Velocities of 30 LMi for 1970 March
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Figure 2.3.7 Comparison of the Velocities of 20 CVn for 1969 May 21, as

measured by Penfold and Scarfe. The line drawn represents

VPenfold - VScarfe.
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2.4 Statistical Analysis of the Results

In 8ll cases the range of the velocity veriation
is very small (of the order of 2 km/sec), while a typical
standard error in a single normal point is of the order of
0.33 ku/sec. It was decided to do an analysis of variance
test on the resilts to determine whether the scatter in
velocities from plate to plate is significently sreater than
the scatter within a plate, i.e. to determine whether the
variation is "real".

Any systematic errors in line settings, which may
artificially increase the scatter within a plate, should hsve
been removed earlier during the process of choosing the lines
to be measured. To determine whether any systematic errors
were still preéént a t-test was performed on the line velocities
before doing the analysis of varicuce test.

2.4.1 The t-test

Let there be N, spectra taken during any one night,

k
with the same m lines measured on each of these spectra, i.e.
a total of Nkm lines were measured on any one night. Now, the
'night mean' is the wean of all Nkm velocities; and the 'line
mean' is the mean velocity of the Nk velocities for a particuler
line.

Any of the line wmeans may differ from the night mean
because the setting from which the line velocity is calculated
is systematically too high or too low. However, if there is a

large scatter in the line velocities for that perticular line

a difference tetween line mean and night mesan may not be

Significent. It is to determine whether this difference is
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significant that the t-test is used.

Define, —4£—iL-/N -

where, Gik = mean velocity of the i®™ line on the kB night;
M = the night wean;

whence, Vik - fk = the mean residual of the ith line on the

k*® night, B ;

Nx

— &
<§(ng—R¢)
N, |

also, Sm -

Sik is the standard deviation of the residuals about the above

mean residual;

th th

R. ., 1is the rééidual of the i line on the jth plate on the k

ijk
night from the plate mean.
Note the use of residuals in the t-test; this eliminates any
effect a possible varieble radial velocity may have on t.
The above discussion deals with each night separately.

A more reliable result can be obtasined by combining the results

of all four nights and performing a t-test on ttese combined

results.
R, /¢
In this case, t, = — 2 N
SL k=1
P Z:Z‘le th
where, R;= —:EFL———- the mean residual of the i”" line over
Ni

all nights; k!
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1

k

M=z

(Rijk -Ry)’

Nk = |

=]

3
Si = k=

K

M+

k=1

Si is the standard deviation of the residuals sbout this meen.

Goodman (1960) gives tables of the significant
values of t at various levels, and for various numbers of
degrees of freedom. If ti is significant then each wvelocity
for that rarticular line has to te adjusted by ;ﬁi' When this
has been done for 2ll m lines new night means, new plate means
and standerd deviation have to be celculated before the analysis
of variance test can be performed.

Results of the t-test on toth stars are given in
Table 2.4.1. {nly velocities meesured by the author were used
for this part of the work. The values of t underlined ere
those which are significant at the 99% level, i.e. the mean
residual has 99% probability of beinp significantly different
from zero. As a result of this test the adjustments indicated
in Table 2.4.2 were made before performing the snelysis of
variance test. These adjustments were made to the celculcted
line velocities directly and not to the settings of each line.
New night means, new plate means and standard devistions were
calculated for each night before proceeding to the anslysis of

variance.
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TABLE 2.4,1

t-TEST RESULTS FOR 20 CVn AND 30 LMi

Line 20 CVn 30 LMi
386545 3.16 0.76
4012.4 2,28 1.19
4045.8 7.10 0.62
4101.7 2.01 3.04
4163.7 3.23 2.58
4215.5 2.87 8.86
4254.3 1.13 1,15
4351.8 6.34 0,12
4404 .8 4.26 3.87
4501.4 0.43 1.83
4508.3 7:62 1.32
4563.8 8.26 1.90

Significant values of t are:-
(1) 2.60 for 215 degrees of freedom (20 CVn) ;

(ii) 2.74 for 31 degrees of freedom (30 LMi).

TABLE 2.4.2

ADJUSTMENTS TO LINE VELOCITIES FOR 20 CVn AND 30 LMi

20 CVn 30 LMi
Line km/sec km/sec
3865.5 40 .25 -
4012.4 - -
4045.8 +0.47 -
4101.7 - +2.08
4163.7 +0.30 -
4215.5 -0.18 -3.70
4254,3 - -
4351.8 +0.51 -
4404 .8 _ -0.34 +1:97
4501.4 - -
4508.3 -0.67 -

4563.8 -0.98 =
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2.4.2 The Analysis of Variance

Once systematic effects have been removed the
analysis of variance test can be used to determine whether the
variance between plates is significantly greater than the

variance within a plate.

Ni

m 2 (=)
N

The estimate of the variance between plates, ka =
k i '

where all the symbols are as defined previouely.

Since there are Nk plates there are Nk'l degrees of freedom:=vbk

i (thk " )1

J=l &=l d

N (m - 1)

The estimate of variance within a plate, Vwk =

In this case there are Nk(m-l) degrees of freedom =0wk

Vuk
Vo

Finally the variance ratio, I =

Goodman (1960) gives a table of significant values of F at the
5% and 1% levels, and for various numbers of degrees of freedom.
hs was the case with the t-test, a more reliable
result is ottained for 20 CVn by combining the analysis of
variance results of all four nights and performing an enalysis
of varience test on these combined results. In this case, the

estimate of variance between plates,



Vbc

N = |

k=1
where, V = the mean velocity over all nights

and the other symbols are as defined earlier,

&
and, \)bc = E_ N =1 = total number of plates - 1.
=1
The estimate of variance within a plate,
4 Nk m <
£ & (Vq'k "\/J'k)
k=) g=t =
we x
= Ny (m =)
=|
&
and, \lu - gﬁNk(m-'O = total nurmber of lines - nuwber of plates.
Vl»c

Finally the variance ratio, FC =
The results of the analysis of variance test on

both stars are given in Table 2.4.3. 4Also given in this Table

are the significant values of the variance ratio at both the

5% and 1% levels (Goodman, 1960).



TABLE 2.4.3

RESULTS OF THE ANALYSIS OF VARIANCE TEST

20CVn 30 LMi
v, Oanfeee)” 12.43 8.40
N be 215 31
2
Vwc (km/sec) 3.31 21.78
N we 2376 352
F 3.76 0.39
C
F oy 1.10 1.48
1.14 1.74

Fia
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2.5 The Period of 20 CVn

An attempt was made to determine the period of
20 CVn using a computer program provided by Dr. G. Iill of the
Dominion Astrophysical CObservatory. This program fits a curve

of the form:

v =V + A, cos _E_I_E_ +4& sin 2t
? . E . T

to the data, where, V Observed velocity,

Vo = 'Systemic' wvelocity,
Al’ A2 = Constants,
t = Time elapsed from some arbitrary zero
point; usually the first observation.
P = Trial period.

Starting at PO and proceeding in steps of AF to Pl a curve of
the above form is fitted to the data and the constants V_, 44,
A2, calculated. A theoretical curve is celculated and at each
step the sum of the squares of the deviations from this cur&e
( where deviation = observed-calculated velocity ) is calculated.
The period at which this sum is the smallest is assumed to be
the correct period, and a wesh with AP smaller by a factor of
ten is then constructed about this point, and the above procedure
repeated to obtain a final estimate of the period.

It was essumed that the period of 20 CVn was of the
order of Oql4 as suggest ¢ by Danziger and Dickens (1667). 4
step-size of OQOOB was used with the period range from OQO9O

to 09200, and all the radial velocity observations were reed in.
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Using the above method a period of 0?176 was obtained. It weas
noted, however, that in the vicinity of the correct period
several good period fits should be obtained. This means that
if the sum of the deviations squared is plotted against the
value of the period, a broad minimum should occur in the vicinity
of the true period. A plot of this nature using the sbove data
showed a very narrow minimum at ¥ = 04176, but a brosder and
shallower minimum about F = OqlBB. Initial step-sizes of
OgOS, OQOI and OqOOl were also tried, and in each case, except
for AF = OQO5, a very narrow minimum was obtained in the range

d

0.1e4 < P < Oq176, but never at the same value, while the

minimum obtained about 0?155 was always broader but shallower.
For a step-size of Oq05 the deepest and broadest minimum does
occur at P = Og155, however. Thases were calculated using
periods of Oql76 and OQIBB, and disgrems of velocity against

phase were plotted in each case. These results are given in

Table 2.5.1 end Figures 2.5.1 end 2.5.2.
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TABLE 2.5.1

COMPLETE RADIAL VELOCITY OBSERVATIONS OF 20 CVn

& Velocity d Phase q t Velocity Phase d
JDo km/sec P=0.135 P=0.176 JDo - km/sec P=0,135 P=0.176
2,439,962.844 6.06 0.00 0.00 2,440,326.797 6.43 0.95 0.88
.852 6.51 .06 «05 . 804 6.66 .00 . 92
. 864 6.91 15 211 .811 6.19 .05 .96
+873 7.56 VALl .16 817 5.41 10 .00
.883 6.92 «29 22 .823 5.66 .14 .03
..892 6.82 .36 o2 .829 6.50 «19 .06
=201 7.18 42 «32 .838 6..25 25 <2
.908 6.68 47 .36 . 843 6. 23 « 29 .14
. 917 1.56 .54 41 .850 6.72 .34 .18
.924 6. 95 w .45 2857 6.72 <39 o 22
-939 7.49 .70 .54 .865 7.04 .45 . 27
. 949 6.84 .78 .60 . 871 6.91 .50 +80
+ 962 1620 «'87 +a =879 7. 52 .56 .35
<972 8.18 +95 “ 13 .885 6.80 .60 <38
2,440,319.776 Die 23 ) .00 . 892 Za23 .65 42
.784 4.95 O 61 .04 .901 125 vl 47
.842 7.00 44 «37 + 907 7:35 516 .91
s 851 5.30 .50 42 . 915 6. 99 .82 53
.904 4.87 .90 o4 2922 710 .88 « D0
+915 5.80 .98 .79  2,440,362.711 5.45 « 99 - 95
»933 6.07 2 [ ) .89 <123 5.68 .08 .02
. 944 625 19 « 95 .743 Sis 12 -23 =13
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CHAFTER 3
SINMULTANEQUS FPHOTOMETRY AND RADIAL VLLOCITY MEASURES

3.1 Fhoto-electric Reductions

%3.1.1 Atmospheric Extinction

The light from a star is partially absorbed in
passing through the earth's atmosphere. The megnitude of the

star above the atmosphere is given by the equation (v. Herdie, 196¢

o, = - kX 3.1
where, g = magnitude above the atmosphere,
il = oObserved magnitude,
k = extinction coefficient,

and, X is the path length, given in terms of the air rass at
the observer's. zenith (i.e. X = 1.0 at the zenith).
The relative air mass, X, in units of the thickness at the zenith
is piven to a high degree of accuracy by the secant of the
zenith distance, z. The error introduced by replacing X with
sec z is only 0.005 at z = 60°. Thus except for zenith distances
greater than 600, the air mass can be replaced by sec z.

. m = m - ksec 2z B

(0]

where, sec z (sin¢ sind + cos¢ cosd cos h)_l,

¢
d

h

Observer's latitude,

Declination of the star,

Hour angle of the star at the time of observation.

Thus k is the slope of the straight line obtained when plotting

the observed magnitude, m, against sec z.
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By taking a number of observations of the same star
on one night the slope of the line can be determined and a
value obtained feor the extinction coefficient. However, the
extinction over the whole sky is not uniform. Further, the
extinction in one part of the sky varies during any one night.
Thus, to minimize the effect of any unusual atmospheric
phenomena, it is better to make a number of independent
determinations of k, either during one night or, even better,
over a number of nights to obtain an average value.

2.1.2 Extinction as a Function of Colour Index

In the empirical determination of the extinction for
the various wavelength bands it is found that the values of
these coefficients are dependent on the colour index of the
star. This afﬁses from the fact that the shorter wavelengths
are attenuated more than the longer wavelengths in the atmosphere
(the scattering of light by molecules is roughly inversely
proportional to the fourth power of the wavelength).

When working in a system of several bands at once it
is convenient to work in terms of a single megnitude and one
or more colour indices, and to treat extinction in a differentisl

manner for the colour indices,

- C, = C=-kX 3.3
where, C0 = Colour index above the atmosphere,
C = Observed colour index,
and, kc’ the colour index extinction coefficient, is merely

the difference between corresponding magritude extinction

coefficients.
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Generally it is possible to determine the manner in
which the extinction varies with the colour index by using a
numter of stars. The result can be expressed as a linear
function of the magnitude coefficient, k, thus:-

k = k' + k"C 3.4
where, k' is the magnitude extinction coefficient for a star of
zero colour index,

k" igs the increwment in this coefficient for a star of

colour index, C = 1.0,
Similarly, for the colour index extinction coefficient,

kc = ké+kgC 25
where, ké is the colour index extinction coefficient for e star
of zero colou;'index,

kg is the increvent in this coefficient for a star of

colour index, C = 1.0.

Thus, my = m - k'X - k"CX % ¢6
1 - = 17 - 1"
and, CO = C kCJ kCCX Be'p
. . i = 1y
therefore, CO = C(1 kCX) kX 3.8

To determine all the coefficients two sters of
widely differing colour indices, but close together in the sky,
can te observed through a number of different air masses. If
the two stars have essentially the same position then differential
measures of magnitude and colour will be given by,

Am am - k"(AC)X 3.9

o)
and ,. ACO

]

ac - kg(AC)X 3.10
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Thus from the observations plots of (i) am vs (AC)X, snd
(ii) aC vs (AC)X, will produce straight lines with slopes k"
and kg respectively. Cnce the second-order coefficients have
been obtained the first-order coefficients can be determined
from the same observations by plotting

(i) (m - k"CX) vs X, and (ii) C(1 - kgCX) vs X

3.1.%. lMeasures of Varisble Stars

When observing variable stars a constant comparison
star is chosen, and differential measures of magnitudes znd
colours are used. It is customary to choose a comparison
star close enough to the variable star in position so that
their air masses are virtually identical. Further, if the
two stars have almost the same brightness and colour index then,
to a first approximation, it can be assumed that all the colour
extinction effects are eliminated between the two. Second
order terms need only be considered in work requiring a very
high degree of accuracy (of the order of thousandths of a
magnitude). The equipment used for this project is capsble of
measuring stellar wagnitudes to the nearest hundredth of a
magnitude. Thus second order and higher effects need not be
considered.

From eguation (3.6), .
VO =V - kGX - k;CX
for each star, where,
V = observed magnitude in the V-band,

VO= magnitude in the V-band above the atmosphere,

and, the other symbols are as defined earlier.
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With the use of (%.4) this becomes,

Vo =V = kvX

and, since differential extinction effects are assumed to
be eliminated, the differential measures are given by,

AVO = AV = kvAX Sedl

Similarly, using (3.7) and (3.5) and applying them to the
two stars to obtain differential measures,
ACO = AC = ].CCAX

or, A(B -V)_ =a(B -V) -k

(0]

BVAX 312

where, A(B - V) Observed difference in colour indices,

A(B - V)o = Difference in colour indices above the
atmosphere,
and, kBV = Colour index extinction coefficient for (B-V).

3.2 The Observation

Simultaneous photometric and spectroscopic observations

of 20 CVn were obtained on the night of 1969 lMay 21. The
photometric observations were taken using the twelve-inch
reflecting telescope at the University of Victoria. This
telescope is equipred with an Astrometrics AP-4 Fhotometer,
which includes an EMI 6250SA photomultiplier. Auxiliary
equipment consists of an Astrometrics RR/F-2 D.C. amplifier,
a Heath Servo-recorder (Model EU-20B), and a Heath lNulti-speed
Chart Drive (lModel EU-20-26). The high voltage is provided by
a lModel 3K10 High Voltage Fower Source by lower Designs Facific,
Inc.

The photometric observations were taken in the yellow

and blue regions of the spectrum using Corning glass filters
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numbers 3384 and 5030 respectively. Ilereinafter the
observations using these filters will be referred to as VP and
BP respectively, and the colour index as (B - V)P' The |
yellow filter is the same as the V filter used in the
standerd UBV system of Johnson and lorgan (195%). Only one
part of the Johnson and lorgan B filter was used (viz. Corning
glass filter no. 5030). The other part of the filter consists
of a 2mm thickness of Schott GGl3 glass.

The star HR 5110 (o = 13% 32%6; 4 - 37° 26' (1950);
V = 5?01; B -V = +0.38) was used as a comparison star.
Danziger and Dickens (1967) used this same star as a comparison
for their work on 20 CVn and found it to be sztisfactory for
this purpose.

Although differentisl measures were used it is still
necessary to teke readings of sky brightnesses. Different
regions of the sky are observed, and there is no reason to
assume that sky brightnesses are the sazme in these regions.
Cbservations were wade in the order Vsky, Vstar, Bster, Bsky,
Vsky, etc. Each observation lasted for avproximetely thirty
seconds. The observations were reduced by hend. To 'integrate'
the readings straight lines were drawn through the tracings
of btoth sky and star readings at what was judged to be the
mean reading (v. Fig. 3.2.1). The differences between sky and

star readings were then read off in centimetres.

Then, - AVp =V, - VS = 2.510@;‘]1:_:
where, Vc’ Vs = the magnitudes of comparison and progrsm stars
respectively,
1§ I = intensity readings in V from the chart recorder.
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Similarly, for the B observations:-
ABP = Bc - BS = 29 1og%—
whence, A(B - V) = (B - V)c - (B =~ ¥}
=ABP - AVP
In this way AV, 8Bp, and A(B - V)P were calculated
for each program star observation. A set of three program star
readings was taken between each comparison star reading. I'or
the second observation in each set the compariosn star intensity
reading was taken to be the mean of the readings taken tefore
and after that set. A total of twenty-five program star
observations were taken in nine sets (two each in the first and
last sets). Each set covered a period of about seven minutes
(approximately 0.03 reriod), and thus it is reasonable to teke
a mean for each set, giving a total of nine 'normal observations'.
The time of each normal observation was taken to be the time
of the second observation in each set. The results of the
radial velocity observations taken at the seme time are
tabulated along with these photometric results in Teble 3.2.1.
£s mentioned earlier the spectra obtained at the
same time as the photometric observations were measured by

both the author and Dr. C. D. Scarfe. There is an obvious

correlation between the two sets of results (v. Fig. 2.3.7),

and this Jjustified combining them in calculating normal points
for this part of the work. The velocities in Teble 3.2.1 are
derived by taking the mean of all unrejected lines on two
successive spectra as measured by the author along with the
same two spectra measured by Scarfe.

The aim of the photometric observations was to
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Figure 3.2,1 Example of Output from the Chart Recorder
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TABLE 3.2.1
OBSERVATIONS OF 20 CVn FOR JD 2,440,362.0 + t
o
(a) PHOTOMETRIC OBSERVATIONS
t av AB - V)
days m m F

0., 727 0.265 0.095
0.737 0.270 0.080
0.749 0.250 0.073
0:759 0.247 0.073
0.770 0.250 0.073
0.781 0.243 0.077
0.791 0.247 0.073
0.805 0.247 0.083
0.814 0.235 0.095

(b) RADIAL VELOCITY OBSERVATIONS (Penfold and Scarfe combined)

47
46
48
48
46
48
48
48
47
46
47
46
46
48
48
47

o Velocity (S.E.M.)1 (S.E.M.)2

days km/sec km/sec km/sec
0.708 5,61 0.30 0.54
0:715 5.85 0.26 0, 10
0.720 5.81 0.26 0.20
0.726 5l D 0.23 0.10
0.740 5.92 0.25 0.38
0.746 5.83 0:23 0.10
0.753 6.13 0.23 0.18
0,759 6.54 0.26 0,22
0.772 5.88 .25 0.41
0.779 6.56 0.22 0.19
0.786 6.67 0.21 0.06
0.792 1.:63 027 0.25
0.807 6.83 0.24 0.23
0.816 5.75 0.22 0.10
0.822 5.91 0.18 0.15
0.829 6.07 0.23 0522

R.M.S. value = 0.24 0.25

Estimated error = ¥ 0.25 km/sec
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determine the phase relationship between the light and
velocity curves. As this was the only information needed
from the photometric observations no attempt was made to
reduce the photometric results from the natural system of the
instrument to the Johnson and lorgan UBV system.
According to Johnson (1963) this transformation may not be
linear and it was felt that errors introduced in any transformation
would be of the same order as, or larger than the expected
amplitude of light variation of the star, and might very well
mask the variation.

Freliminary observations of ER 5110, the comparison
star, and a selection of other stars of similar brightness
and colour index to 20 CVn were taken on different nights to
determine values of the extinction coefficients (Eguations (3.2
and (3.3)). Values obtained for the magnitude extinction
coefficient and the colour index extinction coefficient were
-0.0014 and -0.0026 respectively. On the night that the
simultaneous observations were taken the maximum difference in
sec z between comperison and prograum stars was 0.02 at any one
time. "'This indicasted maximuir corrections to AVI and A(B - V>I
(Equations (3.11) and (3.12)) of 0%003% and 05005 respectively.
Since observations were taken to the nearest o%01 these
corrections were neglected.

To cdetermine internal errors the standard deviation
of a single observation was found for both the VP and (B - V)I
observations of the comparison star during the night the
simultaneous observations were obtained. In addition observations

of two eclipsing variables, 44i Boo and VW Cep (Scarfe and
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Brimacombe, 1970) and the comparison stars used in observing
them were used to obtain an urper limit to the estimate of
internal errors in AVP. A good night's observations of each
variable was chosen, AVP light curves were plotted and smooth
curves drawn through the points. The root-mean-scuare deviation
i R AVP(observed)—ANP (from the curve) ) of a single
observation was calculated for each night. All results
indicated that internal errors were of the order of + ool
and less. These results are given below.
HR 5110:- Standard deviation of a single observation in VP = CTOO?

Standard deviation of a single observation in (B—V)P

= 09007
44j Boo:=- R.M.§. deviation of a single observation in VP = 0%o07
VW Cep:=- R.IN.5. deviation of a single observation in VP = 0%70C9
Internal errors in both Vy and (B—V)P were assumed to be 0TCCS8.

The VP and (E-V)P light curves are given in Figures
3.2.2 and %.2.3 respectively. #lso shown in these figures are
the light curves obtained by Danziger and Dickens (1$67) and
Breger (1969b), and the (B-V) curve of Danziger and Dickens.
Figure 3.2.4 shows the simulteneous photouetric and radial

velocity observations plotted on the same time scale.
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Figure 3.2.2 Photometric Observations of 20 CVn; V Observations.
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Figure 3.2.3 Photometric Observations of 20 CVn; (B-V) Observations.
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CHAPTER 4

DISCUSSION iND CONCLUCICNS

The velocities plotted in Figures 2.3.1 - 2.3.5 all
show a range during each night which is approximately seven
times lerger than their estimated error. Further, from the
shape of the curves it would appear that this effect is due to
a systematic variation in velocity rather than to any random
variation. In the case of the velocities plotted for 30 Llii
(I'ig. 2.3%.6) the range during the night is only atout twice as
large as the estimated error. The overall range of measn
velocities for 30LMi (~1l.1 km/sec) is also about half that of
those obtained for 20 CVn (~2.0 km/sec).

Since %0 LMi is a known constant velocity star and
has broader lines than 20 CVn, a smaller range in velocities,
or at worst a range of the same order is expected for 20 CVn
if the velocity is not variasble (4bt and Swmith, 1969).

The results of the analysis of variance test for 20 CVn
(Table 2.4.%) clearly show that the variance between plates is
significantly larger than the variance within plates at the 1%
level. As an indication of the results to be expected from a
constant velocity star, the analysis of variance test on %0 LIMi
produces a variance ratio of 0.39 (Table 2.4.3) compared with
a significant value of 1.74 at the 1% level.

We conclude that the radisl velocity of 20 CVn is
variable, as suggested by the earlier photometric results
(Danziger & Dickens, 1967; Breger, 1969b), which indicate that

this star is a variable of the Delta Scuti type.
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On the average the range in velocities is about 2.0 km/sec,
which wculd suggest an amplitude of the order of 1.0 - 1.5 km/sec.
It is interesting to note that if individual anzlysis
of variance tests are performed on each night's observations
of 20 CVn, the test on the velocities of 1969 lay 1

(JD 2,440,562) produces a result which is barely significant

Q
at the 1% level. This would suggest that the variation in
velocity is very small on that night. A4 glance at the relevant
velocity curve (Figure 2.3.4) shows that this is not necessarily
so. There is epparently a systematic effect which on this

night affected the two lines A4508.% and A45658 causing these
two mean line velocities to be vastly different from th
porulation mean compared with other nights (+1.17 km/sec and
+2.46 km/sec respectively). It ie this which helps to produce
the lerge values of t for these two lines (v. Table 2.4.1);

it also increases the internal variance, and hence the low
value of I on this night. This effect was seen by btoth neasurers,-
and since there is a correlation between the results of the

two (v. Fig. 2.3.7) this effect must be real. Whatever the
effect, it hes apparently affected only the iron arc compsrison
lines or only the stellar lines in this region of the svpectrum.
If the effect Lhad been the same on both sets of lines no
abnormality would have been noticed. The effect would merely
have been 'corrected out' when applying corrections from the
calculated correction curve. This shows the advisability of
doing a 'combined' t-test and analysis of veriance test to
minimize nightly effects such as this.

Velocity curves of some lelta Scutli type variasble
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stars are :iven in Iigures 4.1 and 4.2. The arrows in
Figure 4.2 indicate the times of alternate maxima and miniua
as calcuvlated by the authors of the paper from which these
data were taken. Comparison of these curves with those obteined
for 20 CVn show that the velocity curves of 20 CVn are typical
of stars of the lelta Ycuti type, viz. veriable smplitude, and
irregular curves in general.

The technicue used to obtein the velocities of 20 CVn
appears, in general, to be suitable for the observation of
Delta Scuti variables provided the amplitude of velocity
variation is larger than about 1.5 km/sec. Further, it is
obvious from the observations of 20 LIMNi that such small
amplitudes will not be detectable in the broader lined stars
(i.e. fast rotators), where errors in measurement are larger.
This apparently applies even for moderate projected rotational
velocities (i.e. vsini) of the order of 30 km/sec and more.

The period estimated using Hill's program aipears,
in this case, to be rather dependent on the step-size chosen.
From the two phase diagrams (Figs 2.5.1 and 2.5.2) it would
appear that a period of OQIBS fits the data slightly vetter
than a period in the vicinity of Ogl76, and as a result we
suggest that the period of 20 CVn is 0?135 as determined from
the radial velocity observations. Unfortunately the combination
of very short period and widely spaced photometric observations
taken by various observers does not allow these observetions
to be used to confirm the above period. Further, none of the
sets of photometric observations covers a large enough part
of the cycle for them to be used individuelly to confirm the

period.
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The photometric observations of 1969 lley 21 result
in a light curve which has a similar shape to that obtained
by Danziger and Dickens (1967). The amplitude of 09055 found
is the largest found for this star so far. Leximum light
occurs at approximately 1969 May 21.2% (U.T.), while maximum
velocity occurs near 1969 llay 21.29 (U.7.). This suggests
that maximum light occurs on the rising branch of the velocity
curve near uinimum velocity. This puts 20 CVn in the scme

group as A\Delphini and f Fuppis.
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AFFENDIX A

THE COMIUTER FROGRAM FOR THE RuDUCTION CF RaDIAL VELCCITIHS

In its original form this program was written by
Dr. D. Crampton of the Lominion sstrophysical Cbservatory,
and was solely for the vurpose of reducing radial velocities.
Crampton's version of the procram was a genersl one and it
could be used to celculate radisl velocities of & number of
different stars during the same run on the computer. However,
for this project radisl velocities of only two stars were
being mneasured, and a few modifications were mace to the
original program so that standerd deta such as wavelengths
and standard settings only had to be read in once, since these
were the same for both stars. Co-ordinates of each star also
had to be read in only once each.

This basic program was later rodified further by
the author to calculate the paremeters for verforming the
t-test (Chapter 2.4.1) and to calculeste the variance rsetio in
the analysis of variance test (Chapter 2.4.2).

'Corment' cards within the vrogram itself describe
the operations performed.

The data are read in the following form:-

Block 1l:- Curvature correction, the number of comrsrison lires
and the number of steller lines for which stendard
data are to be read in (Fote: Curvature correction
= 0.0 km/sec for spectra taken using & grating).

Block 2:- (a) Wwavelengths of all comparison lines;

(b) Standard settings of these comparison lines;
(¢) Wavelengths of all stellar lines;

(d) Standard settings of the stellar lines

<y
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(e) rVs factors for the stellar lines.

Block 3:- HD number (or some other identification), right
ascension hours, right ascension minutes, declination
degrees, declination minutes.
£11 the above need only be read in once. Thereafter

for each plate:-

Block 4:- Flate number, time of observation (hours and minutes),
hour angle hours, hour angle minutes (both positive
for west), longitude of the sun (degrees snd minutes,
for 1650), and precession for that year.

Block 5:= Number of comparison lines measured, number of
stellar lines measured, correction for reducing the
velocity to the sun (if this is read in as 0.C the
correction will te cslculated), and check (a parsmeter
which is zero if there is another plate on the saue
night still to be reduced; negative if this is the
last plate for a particuler night but there is anotlier
night's observations still to be redvced; positive
if there is no more data after this plate.).

Elock 6:- Observed settings of comparison lines.

Block 7:- Cbeserved setting and weight of each steller line.

Note: Each data block starts on a new card irrespective of where

the last block finished.

The final version of the ppogram is listed below.
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AFPENDIX B

NOTES ON THE BROWER, GRANT AND ZEISS OSCILLOSCOPE MEASURING NMaCHINE

This instrument displays, on an oscilloscope screen,
the profiles of the line being measured and its mirror image.
To set on a particular line the two profiles have to be made
to coincide as nearly as possible. This is done by moving
the spectrogram in the direction of the dispersion. DLescriptions
of the instrument have already been given by Laskarides (1970),
and by.Niehaus (1970), and as a result will not be repeated
here. A brief discussion of the advantages and disadvantages
of this instrument as applied to this research project follows.

LAdvantages

(i) Because of the large numbter of spectra to be measured it
was necessary to find a fast, efficient way of weasuring all
the spectra. The B. G. & Z. machine provides Just this.

(ii) This device enables the profiles of lines to be seen.
This was a great help in deciding upon the acceptability of
lines during the initial stage of choosing a set of lines.
(iii) Because of the nature of the machine it is necessary

to measure the spectrogram in one direction only, whereas
visual methods require a measurement in both directions along
the spectrum. Use of the B. G. & Z. shortens both the measuring
and calculating times since no average readings have to be
calculated.

(iv) This method is also much easier on the measurer's eyes
than visual techniques, and this results in a further speeding

up in the measuring process. As many as twenty spectra can be
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measured in one day without difficulty.

Disadvantages

(i) One problem is to decide how to match the lines. The
aim should be to obtain settings which are as close as possible
to the 'visual' settings, i.c. the settings obtained if the
spectra are measured visually. This generally meant that the
core of the lines was being used. In some cases, the stronger
lines (eg. HE ) had no well-defined core, and the wings had to
be matched. Examples of some settings are given in Figure El.
(ii) Grain effects in the photographic emulsion can have some
effect on the exact position and shape of the minima of the
stellar absorption lines. aAlthough this effect is very smell,
it can be avoided by not using the extreme minima of lines in

matching their profilecs.
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Line
Line
Mirror Mirror
Image Image
Matched up Matched up
Profiles Profiles

Figure Bl. Examples of Settings Made with the B. G. & Z.
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