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ABSTRACT 

The Cassegrain s pectrograph at t a ch ed to the 72- inch 

r e flecting tel es c ope at the Dominion h Strophysic a l ObservatorJ', 

Victoria wa s used to obt a in spectra of the Delta Scuti star 20 

CVn ( HD 117604) . Altogether 230 spectra were t ak e n on five nights 

using the 21121 c amera of the spectrogra ph . 

Onl y 21 6 spectra , repres enting four night' s observations 

were measured fo r radial velocity on t h e B . G. & Z. (Lrower, Grant 

and Ze iss ) Osci l loscope Measuring machine a t t h e Observator2. 

Th e s a me twe lve stellar lin es were measu r ed on al l the s~ectra. 

Results obt a ined indicated a v a riable radia l ve l oc i tJ with an 

amplitude of appr oxima tely 2 km/sec~ A s tatist ica l analisis of the 

result confirmed th i s variability. 

Th irty-two spec t r a of the non-variab le sta r 30 Lfi 

( HD 90 277) were a l so taken f or c omparison purposes. This star 

wa s chosen as be i ng as simi lar in properties a s poss i b l e to 20 CVn . 

These s pec tra were taken and me a sured under the same conditions 

a s t h o~e of 20 CVn. The results were tre a ted in the same way , and 

then compared with those obtained for 20 CVn. No var i a t ion was 

detected i n t he c ase of 30 LMi . 

An attempt to determine the period of 20 CVn using the 

r a dia l vel ocity observations resulted i n two est i mates of the period, 

one= 0~1 35 a nd another in the vicinity of 0~1 76 . The former value 

a pp e a rs to fit the data slightly better, and i s s u ggested here as 

the true p eriod . 

S imulta n eous photometric and spectro s cop ic observations 

were t aken on on e n i ght i n an attempt to determine the phas e relat i on-



ship between the light and velocity curv"Jf, of~' () Cln. J r-1 ,:,(;'r,1,n 

light apparently occurs somewhere on the rising branch of the velocity 

curve . This places this star in the same class as the Delta Scuti 

stars cf Delphini and f Fuppis. 
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CHAFTEH 1 

I NTRODUCTION 

1.1 The Delta Scuti Stars 

The Delta Scuti variabl es 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 described b~r 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 J 
d Scuti itself. It has a period of 0.19 , an amplitude in V light 

d of approximately 0.30, and an amplitude of velocity variation 

ranging from 7.4 km/sec to 12.4 km/sec (Fath, 1935, 1937 ; 

Colecevich, 1935). The Delta Scuti stars are fainter than the 

RR Lyrae variable stars, and range in absolute ma~·nitude ~ 
c.. ' v' 

from about +l~O to +2~6. This places them in a re~ion of the 

instability strip., just above the main sequence in the Hert2Eprun[­

Russell diagram. 

ADart from the difficulties in detection caused by the 

small ~mplitude in both light and velocity variation, □atters 

are further complicated by the fact that the light and velocity 

curves frequently exhibit beat phenomena. This wss first shown 

by Colacevich (1935) who found that, although the period was 

constant, the form of the velocity curve of J Scuti was variable . 

At the same time Fath (1935, 1937) noticed that the amplitude 
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of the light curve of this star varied with a period 26 times 

that of the light period . Later 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 

f 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, 1SG4). 

One explanation for t h is modul ation effect has been 

r ut forward by Fitch (1966) who suggested that the modulation 

is produced by the tidal effect of a faint companion in a v ery 

eccentric orb i t about the primary. In connection with this 

suggestion Bessell (1969) has shown that cf Scuti, f l·uppis and 

J Delphini have high microturbul ent 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 Ab t (1961) are probable spectroscopic binaries. 

Further, Preston (1965) has suggested J Delphini is a double­

lined spectroscopic binary with a hishly 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. Preston, 1965). 
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Breger (1970 ) has undertaken a survey of hm stars 

i n the Delta Scuti Instability Btrip and has shown them to be 

stabl e against pulsation. He discusses the possibility that 

(a) Am characteristics tend to inhibit pulsat ion or (b) 

pulsation destroys the observable Am charac t eristics. 

At this stage, therefore, any conclusions reached 

about either the binary nature of the Delta Scuti stars or any 

s i milari ty between the spectra of these stars and the A~ stars 

must be considered as preliminary. 

The light and velocity curves of both Cepheid and RR 

Lyr a e variables are approximately mirror images of each other 

i n that minimum light corresponds approximately with waximum 

veloc ity and v~ce-versa. The first simultaneous photometry and 

spectroscopy of Delta Scuti stars was performed by ~ath (1935), 

and Cola cevich (1935) who obtained two nights of simultaneous 

observat ions of i Scuti and showed that the phase relationship 

for this star is the same as that for the Cepheid and HR Lyrae 

stars, sinc e minimum light occurs within O.lOP of maximum 

velocity . More recently Wilson and Walker (1956) demonstrated 

that t he 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 

veloci ty curves is not as rigid as for the longer perjod 

pulsat ing variables. For f 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 DQ Cephei 

(Sahad e, Struve, Wilson and Zebergs, 1956 ) minimum briEhtness 

occurs about halfway along the asc end ing branch of the velocity 

curve. Thus for the Delta Scut i stars it would appear as if 

minimum brightness occurs within 0.25P on either side of maximum 

velocity. 

1.2 Previous Observations of 20 CVn 

Photometric observations of 20 CVn 

( d.. = 13h 151;13; J' = 40° 50' (1950); V = 41:174; B-V = +0.30) 

have previously been reported by Danziger and Dickens (1967) 

and Breger (1969b ). Danzi~er and Dickens report a range of 

01;1031 in Vin 0~092 on JD 2,439 ,149. From their light curve 

it appears that these observations covered a little more than 

half a compl ete c:1cle, and as a r esult they sue;gest a period of 

approximately 0~14. More r ecently BreEer has reported a 

variation of 0~022 in Vin 0~096 on JD 2,439,302. He made no 

attempt to determine the period, but his results also appear to 

cover a little mo r e t han half a period. 

At the time of writing no detailed radial velocity 

observations had been r eported. 

The aim of this investigation was to obtain a l2rge 

number of spe c tra of 20 CVn over a short period of time in 

order to :- (a) confirm the presence of a variable r ad ial 

velocity ; (b) examine the na t ure of any variation; and (c) 

attempt to determine the per iod of this variation. Simultaneous 

photometric and spectroscopic observations were taken witb the 

aim of d etermining the phase rel ationship between the liEht rnd 

velocity curves . 
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CHAPTER 2 

THE RADIAL VELOCITY r·,EASURES 

2.1 The Observat i ons 

The var i at ion of the Del ta Scuti stars is fast and 

as a re sul t exposure times have to be short and a fairly fast 

photogr aphic emul s i on used . For tunate l y 20 CVn is a bright star 

and is t hus i deal for this t;ype of work. Further, it is a sharp­

lined star , with a projec ted rotat i onal velocity (i.e. vsini) 

of less than 10 km/ sec ( Danziger and Dickens, 1967), and thus 

it wa s not ne c e s sary to use pl ates with a very fine-Brained 

emulsion. The type of photogr aphic plate best satisfying the 

above criteria" i s the Kodak I IaO plate, and all spectra were 

taken using this type of plate . 

Severa l spectr ograph comb i nations were available for 

this project. Th es e combinations ar e l isted in 'l'e.ble 2.1.1. 

Telescop e 

72-inch 
(Cassee; r a in) 

4-8-inch 
(Gou de) 

Notes;- ( i ) 

TABLE 2 .1.1 

SFl;CTROGRAFH cmmINA':t:'IC!\S 

Camera Di spersion 

A/mm 
21121 15 

2161 30 
32121 10 

3282 6.5 
9682M 2 . 4 

Exuosure t i me i s the approxi mate 
CVn when us i ng I I aO pl ates ; 

Exposure Tirre 

n,in 
2 
1 

10 
lS 
60 

exposure time for 20 

(ii) For a descript ion of the spectr~graphs themselves, 
see Richardson ( 1968) . 

The system used for naming the spectrograph cameras 

is perhaps bes t describ ed by means of an example. The 21121 

camera, for instance, derives its name from the following:-
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(a) The f oc al l ength of t he camera i s 21 i nches ; (b ) The 

dif f r action gr at i ng i s rul ed with 1200 lines/~m; and (c ) the 

fir s t order spec trum i s used, henc e 21121. Further, a mosa ic 

gr ating is used wi th the 9682~ camer a , hence the ~ . This is a 

combination of four gr a tings, each rul ed with abou t 800 l ines/rr.m . 

A mul tipl e- exposure ri l a teholder can be used with both 

telescopes. This device enables more than one spectrum t o be 

exposed on t he same photographic pl a te by moving t he pl ate i n 

a direction perpendicular to the disper sion after each exposure. 

In the c ase of t he 72- inch t el escop e eight or nine spec t r a per 

plate can be ob t a ined in thi s way, while wi t h t he 48-incb 

telescope onl y t hree spectra per pl a te can be obta i ned . Tl1i s 

device increa~ es efficiency, since t he process of mov i ng a 

photographic pl a t e within the plateholder t akes far l ess time 

than r emoving a pl ate f r om the pla teholder aft er each exposure 

and replacing it with another plate. 

After consideration of the above informat ion it was 

decided that t h e 21121 c amer a was best sui ted f or providing t be 

combina tion of ac curacy and speed needed for this pro ject, and 

this camera was u sed f or all observat ions. 

The slow motion controls of the tele s cope were u s ed 

to trail the image of the s tar back and forth along t he s l i t 

of the spectrogr aph during ea ch exposure. This is a departure 

from the normal te chniqu e of a l lowing the imag e of t he s t ar to 

drift along the length of the slit by intr oducing a s light error 

in the drive r ate , and i s ne cessary because the s hort exposure 

time does not allow sufficient t ime for the image of t he star 

to drift the whol e lengt h of the slit with the re sult t ha t 
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unevenly exposed spec t ra are produced . 

The i ron 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. 

I ni t i al results indicated that the variation in 

velocity of 20 CVn was rather small. Therefore, for comp2rison 

purpos es it was decided to take a series of spectra of a non­

v ariab l e star under similar conditions. 30 LI1i (HD 90277; 

<A= 10h 23'1;11; J = 34° 03' (1950); V = 4~73; B-V = +0.26), a 

s tar with pr opert ies similar to those of 20 CVn was chosen for 

t h is 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. 
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TABLE 2.1. 2 

OBSERVATIONS OF 20 CVn DURING 1968 AND 196 9 

DATE No OF SPECTRA 

1968 April 16 56 

1969 April 8 31 

April 12 14 

April 15 97 

May 21 32 

TABLE 2.1. 3 

PROPERTIES OF 30 LMi AND 20 CVn 

Visual magnitude 4~73 

Spectral type FO V 

Rotational velocity (vsini) 30 km/sec 

Radial velocity 13 km/sec 

(i) 

( i ) 

( ii) 

(i) 

OBSERVER 

Dr. D. Crampton 

Dr. C. D . Scarfc, 
. the author 

Dr. D. Crampton 

Dr. D. Crampton 

Dr. c. D. Scarfe 

4~74 (i) 

FO II-IIIp ( i) 

,( lOkm/sec (iii) 

variable 

References: (i) Bright Star Catalogue (Hoffle i t , 1964); 

(ii) Slettebak (1955); 

(iii) Kraft as quoted by Danzige r and Dickens (1967). 

and 
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2 .2 IJ.'he Choice of Lines 

To obtain some idea of the range of velociti8s 

involved, and the accuracy which could be expected ten spectra 

were f irst measured on the Zeiss Abbi Comparator visual ~e~surint 

machine. The stellar wavelengths and settings used were tLe 

same as those used by Niehaus (1970) for the FO V star fl Bootis . 

Twelve stellar lines were measured on eact r•lete. Line 

velocities were calculated in each cas e . Even at this staEe 

it was obvious that some of the lines ~easured were toinE to be 

very unsa t i sfactory. For instance the line ~39 33.682 l (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 a re summarized in Table 2 . 2.1 . Differ·ences in ~ean 

velocitie s for different lines are substantial, indicating the 

unsuitabili ty of these wavel engths and settings for this star. 

To choose twelve stellar lines suitable for measuring 

on all the s pectra the following procedure was carried out. 

One of the above spectra, which appeared to b e of average ~uality, 

was chosen and measured visually for a second time. On this 

occasion the posit ions 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 

displ acement corresponding to the ~ean velocity of this plate , 

as measured e a rlier , was removed from all the re adings for the 

stellar lines . Tb is provided 'zero velocity' settings for all 

the lines. Usin~ the iron arc comparison lines as standards tLe 
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dispersion at var i ous positions on the plate was calculated. 

Th is enabled approximate wavelengths to be c2lculated for each 

line. All the lines measured were then identified using the 

Second Revised Edition of Rowland's Solar Wavelengths (Moore, 

e t al, 1966) , a nd a table of wave lengths for the lines in the 

F5 Ib star~ Perse i (Wright , 1951) . Of the 41 lines ffieasured 

nine were r ejected because of doubtful i dent ification or blending . 

The wavelengths provided in the r elevant tables were then used 

to calculate settings for the remaining thirty-two stellar lines. 
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TABLE 2.2.1 

, 
INITIAL RESULTS US ING THE ABBE COMPARATOR 

DATE OF OBSERVATION, 1968 APRIL 16 

He liocentric ve locities (km/s ec) 

Pla t e Number, 64,000 + 

755 759 762 766 773 77 7 781 785 789b 793 Mean CT 

3933 . 7 -3.1 12 . 2 7. 8 10. 9 8 . 6 6 . 0 13 . 7 - 7 . 5 - 3.7 17.1 6.2 8.3 
4005. 3 -4.9 -1.5 -0 . l - 2.5 - 4 .0 - 2. 1 -1.5 -0. 4 - 7.2 -0.8 -2.5 2.2 
4030. 8 4 . 4 5. 9 6 . 3 4 . 3 3 .0 3 .7 6 .1 2.8 4 . 7 8.7 5.0 1.8 
4045. 8 2.2 8 . 2 4 . 7 5 .4 3 . 6 4 . 9 6 . 2 5 . 8 3 . 3 10.6 5.5 2.5 
4063~6 ··. 5.6 2.4 6 .4 1.9 2. 5 4 . 3 6 . 2 3 . 6 0 . 7 10.2 4.4 2.8 
4101. 7 5 . 5 8.4 11. 4 7 .8 9 .7 1.4 13 . 4 11.1 7.9 12.0 8.9 3.5 
4254. 3 6 . 1 8 . 5 130 9 7.0 9 . 3 7 .4 9.0 7. 6 8 . 4 12.0 8.9 2.4 
4271.5 8.6 7.6 14 .7 5.8 10.7 10.4 5 .0 11. 3 7 . 9 15 . 0 9. 7 3.4 
4325.8 7. 2 8.0 8.7 7 . 5 9. 8 9.1 8.5 9.0 8 . 5 12. 7 8 . 9 1.5 
4340.5 7. 3 10.l 10.8 7 . 2 14 . 0 13. 8 8 .1 8 . 6 5 . 5 8 . 2 9. 4 2 . 8 
4351.8 6. 2 5 . 7 7.0 5.2 10.3 7 .4 7.1 8.6 8 . 2 7.8 7 . 4 1.5 
4404.8 7. 9 8 . 3 7.6 7.2 7 . 0 6 .3 10 . 4 9.3 7 . 8 4 . 3 7. 6 1. 7 

Mean 4.4 7 .0 8.3 5 . 6 7 . 0 6 .0 7.7 5.8 4.3 11. 2 
<r' 4 . 3 3 . 6 4.1 3.4 4. 9 4.2 4.0 5 .5 5.2 4 . 4 

Cf' = The standard deviation of a s ingl e observation about t he mean. 
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Th is was done by direct, linear interpolat i on using the known 

wavel engths and s t andard se t tings of the i ron arc comparison 

lines. The dispers ion is not quit e c ons t ant along the plate, 

so a check was made t o ensure that the errors introduced by 

this method we r e not too l ar5e . Typ ically the difference in 

setting between s uc c ess i v e iron arc lines of 0.0003 mm. Since 

the int ernal error of measurement i s larger than tLis, this 

error c annot be considered to be si~nif i cant. In addition to 

the above 32 l ines, wavel engt h s and settings were obtained for 

a fur ther 25 lines u s ing a t abl e fo r F- type stars provided by 

Dr. D. Crampton of the Dominion Astrophysical Observatory. ~tus 

there was a t otal of 57 lines f r om which to choose. 

The ten sp ec t ra which were or i ginal ly measured visually 

were t h en r emeasured using the B. G. & Z. (Brower, Grant and 

Zeiss) os c i lloscope mea suring machine at the Dominion lcstro­

physical Observatory (see Append i x B f or some notes on the use 

of t h is measuring ma chine ) . Th e r ejection of lines with very 

asymetrica l profiles accounted f or t went y- one lines . The 

remaining 36 l ines we r e measured on ea ch of the ten spectra. 

Th e result s are g iven in Table 2. 2 .2. 

Once all t en pl a tes had be en ffi easur ed a residual in 

the s ens e ( l ine velocity- pl a te mean v el oci ty) was calculated 

for each line . A mean re s i du al and a standard deviation about 

this mean were ca lculat ed for each of the 36 lines (see Table 

2. 2 . 3) . Twelve of the 36 l i nes were then chosen according to 

the foll owing criteria:- (a ) Smalle st s t andard deviation aLout 

the me an r esidu a l; (b) The lines should be r easonably uniformly 

dis t ribut ed throughout the r eg ion of the spec trum to be measured 
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( Appr ox imately A 3800A- A4600A); and ( c) Symmetri cal lines, 

i. e . the l ines should be easy to set on using the oscilloscope. 

In an attempt to obtain Breater accuracy adjustments 

were made to the settings of some of the lines. For those 

lines where the mean residual was considerably l arger than the 

s t andard deviat ion about t he mean, the setting was adjusted 

~o that the mean residual was zero (see Table 2.2.4). It was 

decided n o t to use at-test at this stage since it was apparent 

t hat f ewer than half the l ines needed adjusting. 

At the same time twelve c omparison lines were chosen 

which were reasonably uniformly distributed throughout the 

r eg ion o f the spectrum to be measured. A list of all lines 

used, their w9:yelengths, final settings and rVs factors (where 

applicable ) is given in Table 2.2.5. 

2.3 The Me asurements 

Al l spectra were measured using the same stellar and 

compar i son lines . In calculating p l a te mean velociti es , unit 

weight wa s given to each line on the plate. In an effort to 

elimina te i n correc tly measured lines it was decided to reject 

all t h ose l i nes with Iv . 
l 

-vi ) 2.5 er 

where, v. 
1 

= the individual line velocity ; 

V = the plate mean v e locity ; 

(J = standard deviation of a single observation. 

Given a set of values v 1 distributed normally about a mean i, 

t he probab i l ity of a value v 1 occurring by chance such that 

lvi -vi~ 2 . 58 cr is 0.01 . Therefore the occurrence of such c1 
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TABLE 2 . 2 . 2 

MEASUREMENT OF 36 LINES PER PLATE, B. G. & z. 

DATE OF OBSERVATION, 1968 APRIL 16 

He liocentric velocities (km/sec) 

Plate Number, 64,000 + 

A 755 759 762 766 773 777 781 785 789b 791 

3759 .3 4.6 5.5 7.7 7.7 8 . 1 7.0 6.6 7.6 5.5 5.9 
3865 .5 8.2 8.7 11. 2 9.6 12.7 9.4 9.4 10.7 11. 3 11.1 
3913 .5 9.5 8.7 10. 8 16.2 11. 9 9.3 15.1 10.0 9.6 9.J 
3922.9 8.4 6.4 9.9 8.6 7.2 7.8 7.5 10.2 9.2 7. 
3933.7 -3. 2 8.1 14.0 1. 9 -4.1 3.6 8.9 4.9 5.2 5. 
3944.0 4.0 6.1 11.1 6.9 7.0 6.4 9.1 10.1 9.6 8.: 
4005.3 -1. 6 3.4 6.2 2.8 4.0 2.1 1.0 3.9 1. 6 n. 
4012.4 6.9 5.4 8.5 8.7 9.2 9.5 9.1 7.6 7.h l 

4030.7 5.2 5.0 9.5 5.9 5.6 4.4 5.4 4.8 4.8 h. 

4045 .8 3 .9 4. 8 7.1 6.8 6.0 7.3 6.4 5.5 6.8 ) . 
4063 .6 7.2 ) 3.1 6.9 9.6 6.2 6.0 5.7 6.5 4.5 I • 

4077. 7 3 .2 4.9 4.8 6.0 5.7 7.7 5.2 4.2 6.6 6. 
4101. 7 6.8 5.1 8.6 9.1 9.9 3.0 11.1 8.5 7.8 8. ' 
4149.4 -1.5 0.8 1.1 -1.3 0.1 1.6 1.0 -3.0 1. 5 2. L 
4163.7 6.8 5.4 8.2 6.4 5.4 8.2 7.6 9.9 6.6 I.'-' 

4181. 8 11 .0 11.0 13.7 11. 7 9. 2 10.7 12.3 15.3 13. 7 11.J 
4215.5 8.4 8.3 9.0 8.3 8.5 9.0 8.6 11.4 fl. 5 9.J 
4226.7 4. 7 2.4 5.4 4.4 5.0 4.1 5.9 7.0 S.b - • .J 
4235.9 3 .0 3.8 6.9 4.7 5.9 4.3 7.9 7.2 9.2 3.7 
4254.3 6.6 8 .1 11.5 10.4 8.9 8.4 12.4 10.2 9.1 9.? 
4271.5 7 .6 4.1 8.7 8.7 8.1 8.0 9.3 10.8 9.9 10.9 
4307.9 4 .3 5.3 4. 7 3.4 6.0 ·1 . 0 6.8 7.8 5.9 5.5 
4314.1 11. 9 12.8 14.9 12.9 15.5 11. 8 14.8 15.6 16.0 14.6 
4315.1 1.8 1.1 2.8 0.5 7.0 1.8 1. 9 3.0 1.6 2.3 
4325.8 5.0 5.5 7.5 4.3 7.5 6.4 7.2 8.9 6.5 5. ') 
4340.5 3.7 8.3 8.4 5.6 8.8 12.1 9.8 11. 2 4.9 9.7 
4351. 8 6.2 5.6 7.6 6.2 6.9 6.3 7.6 6.0 7.2 6.7 
4404.8 6.9 6 .7 9.6 7.4 5.7 9.7 8.9 8.5 9.6 7.5 
4468.5 8.2 6.6 11.6 7.2 10.0 9.9 12.2 8.8 10.4 9.8 
4476.0 10 .6 11.5 11. 9 ' 9. 9 10.9 11. 2 6.8 8.2 9.8 
4481. 2 -0.8 7.1 6.2 8.0 6.2 7.4 6.3 6.2 7.2 
4501.4 -4.7 -3.2 -3.3 -2.7 -2.7 -2 .6 -3.0 -2.3 -3.7 -1. 6 
4508.3 7.6 5.6 7.9 9.1 7.8 7.5 8.8 8.4 9.0 8.4 
4528.6 7.6 6.0 8.6 7.2 7.4 5.8 8.3 9.3 7.0 8. 7 
4563.8 5 .9 6.0 9.5 8.6 7.7 5.4 9.3 9.4 8.8 8.0 
4572.0 5.9 9.8 11.3 15.1 8.7 6.9 8.9 10.3 9.5 9.2 

Mean 5 .3 5.9 8.4 7.0 7 .1 6.9 7.9 7.7 7.3 7.2 
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TABLE 2 .2.3 

RESIDUALS (km/ sec) 

Velocities from Table 2.2 . 2 

Plate Numbe r , 6t, ,000 ·, 
if., ~ 755 759 762 766 773 777 781 7 85 789b 791 Mt a jvl. R. 

3759.3 -0.7 -0.4 -0.7 0 .7 1. 0 1.1 -1.3 -0 . 1 -1. 8 - 1. 3 -u. 15 1.01 
3865 .5 2.9 2.8 2 . 8 2.6 5.6 2.5 1.5 J . 0 4.0 3 _q l. 10 1. I 

3913. 5 4.2 2.8 1.6 9.2 4.8 2.4 7 . 2 2.3 2.3 2.1 'I 9 • "> 
3922.9 3.1 0.5 1. 5 1.6 0.1 0.9 -0.4 2.5 1. 9 0 . 0 l.l/ 1. l 

3933.7 -8.5 2.2 5.7 - 5.1 - 11. 2 - 3.3 1.0 -2.8 - 2. 1 - 1. 9 - . t,( • , J 

3944.0 -1. 3 0.2 2.8 - 0 .1 - 0 . 1 -0.5 1. 2 2.4 2. 3 O.CJ r,. / 8 1 ,.,6 

4005.3 -6.9 -2.4 - 2. 2 - 4.2 -3.1 -4.8 -6.9 -3.8 - 5. 7 6 . '5 - r, ' 1 ( 

4012.4 1.6 -0.5 0 .1 1. 7 2.1 2.6 1. 2 -0.l 0 . 3 1. L 
1. ,,, 1 ) ) 

4030~7 -0.1 -0.9 1. 1 -1.1 - 1.5 -2.5 -2.5 -2 . 9 - 2.:> - C. / 1. 1. .... 

4045.8 -1.4 -1.1 - 1.3 - 0.2 - 1.1 0.4 -1.5 -2.2 -0 .5 - 0. '+ -0 C ) (I.' ' 

4063.6 1. 9 -2. 8 -1. 4 1.6 -0.9 -2.2 -1. 2 - 2 . 8 - 0 . 9 -l•. 2 \.J l 

4077. 7 -2.1 -1.0 - 3 . 6 - 1.0 - 1.4 0.8 -2.7 -3.5 - 0 . 7 ('. 4 - 1. 
, 

1 

4101. 7 1.5 0. 8 0 . 2 2.1 2 . 8 1.1 3.2 0.8 0.5 1 L. 1. 1 

4149.4 -6.8 -6.7 - 7 . 3 -8.3 - 7 . 0 -5.3 - 6.9 -10.7 - '1 . 8 - ) . 1 - t, 4c, 1 
4163.7 1.5 -0.5 -0.1 -0 . 6 - 1. 7 1. 3 - 0.3 2.2 -0.7 -0 . 2 .{ 

4181.8 5.7 6.0 5 .3 4 . 7 2.1 3.8 4.9 7.7 6.4 /. . ) l. 

4215.5 3.1 2.4 0. 6 1.3 1.4 2. 1 0.7 3.7 1. 2 2. 2 l. 1. 
4226.7 -0.6 -3.5 - 3. 0 - 2. 6 - 2.1 -2 . 8 -2.0 -0.7 -1. 7 - l.. I ) • 'I/ l. 

4235.9 -2.3 -2.1 -1.4 - 2. 3 - 1. 2 -2 . 6 0.0 -0.5 1. 9 - 3.5 -1.'H) 1. ",", 
4254.3 1. 3 2. 2 3. 1 3. 4 1. 8 1.5 4.5 2.5 1. 8 2.0 J • If, (l. q C, 

4271. 5 2.3 -1.8 0.3 1. 7 1.0 1.2 1.3 3.1 2.6 3. I 1 . )~j. 1. ,r1 

4307.9 -1.0 -0.6 -3.7 - 2 .6 - 1. 1 0 . 1 - 1.1 0 . 1 -1. 4 -1. I - 1. .>0 l. 1) 

4314.1 ,. 6 .6 - 6. 9 6.6 5.9 8.4 4.9 -6.9 7 . 9 8.7 7 .4 7. 02 1. 14 
4315.1 -3.5 -4.8 -5.6 - 6.5 - 0. 1 -5 . 1 -6,0 -4.7 -5. 7 -4. 9 -4. 69 1. 8: 
4325.8 -0.3 -0.4 -0.9 - 2 .7 0.4 - 0 . 5 - 0.7 1. 2 -0 .8 - 2 . 0 -c.n l.10 
4340.5 -1.6 2.4 0.0 -1.4 1. 7 5.2 1. 9 3.5 - 2. 4 2.5 1. 18 2.t+"> 
4351. 8 0.9 -0.3 -0.7 -0. 8 - 0 . 2 -0 . 6 - 0 . 3 --1. 7 -0.l -0.5 -0. 4'3 0. t ."> 

4404.8 1.6 0.8 1.3 0.4 -1. 4 2 . 8 1.0 0 . 8 2 . 3 0.3 0.Y9 1.16 
4468.5 2.9 3.2 3.2 0.2 2 . 8 3 . 0 4. 4 1.1 3.1 2.6 2. 64 1. 10 
4476.0 5.3 5.6 3.5 2. 8 4 .0 3.3 - 0 . 9 0.9 2.6 3.0] ) .Ll4 
4481.2 -6.1 1. 2 0.8 0. 9 - 0 .7 - 0 . 5 -1. 4 -1.1 0. 0 - C,,c1I, :. . 12 
4501.4 ,,.10.0 -9.l -11.6 -9.7 - 9 . 8 - 9.5 -10. 9 -10 . 0 - 11.0 -8.8 -10.04 (1. Sf 

4508.3 2.3 -0.3 -0.5 2.1 0.7 0.6 0. 9 0 . 7 1. 7 1. 2 0 . CJ'+ u.CJ2 
4528.6 2.3 0.1 0. 2 0.2 0. 3 -1. 1 0.4 1. 6 -0.3 1.5 0 . ':>2 1.00 
4563.8 0.6 0.1 1.1 1.6 0.6 1.5 1.4 1. 7 1.5 0.8 0 . 79 0 . % 
4572.0 0.6 3.9 2. 9 8.1 1.6 0 .0 1. 0 2. 6 2.2 2.0 2. 49 2 . 2t 

ifi M.R. = Standard devia tion about the mean residua l . 
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TABLE 2.2.4 

CORRECTION TO THE SETTINGS OF THE STELLAR LINES USED 

)\ First Mean 0: rVs Correction Final 
Setting Residual f-J.R. Factor Seltin0 

A mm km/sec mm 

3865.5 78.1447 3.16 1.11 1196.4 0.0026 78.1471 
4012.4 87.6731 1.02 1.03 1151.4 <:i7 .ot ll 
4045.8 89.8427 -0.93 0.75 1140. 8 -0.0008 b9.84lq 
4101.7 93.4774 1. 26 1. 21 11 24. 5 93.477!+ 
4163.7 97.5029 0.09 1.19 1107.6 97.5 
4215 .5 100.8797 1. 87 1. 02 1093.0 0.0017 :c C • ~Fl i-

4254 . 3 103.4067 2.41 0. 99 1081.7 0 . 0022 lf 'LL Oc 9 

4351. 8 109.7626 - 0.43 0.65 1055.7 Qt • l :? 
4404.8 113.2190 0.99 1.16 1042.1 11 L 21 
4501.4 119.5386 -10. 04 0.88 1017.8 -0.0099 LS.:) 
4508 . 3 119. 9867 0.94 0. 92 1016 . 1 11c_9 
4563.8 123.6192 0.79 o. 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 
SC 3969. 260 84. 8726 
S8 4012.390 87.6731 1151.4 
9C 4045.815 89.8427 
SlO 4045.803 89.8419 1140. 8 
lOC 4063.596 90 .997 8 
S13 4101. 737 93.4774 11 24.5 
13C 4132.060 95 .4477 
S15 4163.654 97.5029 1107. 6 
15C 4202.031 100.0000 
S17 4215.545 100.8814 1093.0 
17C 4235.943 102.2080 
S20 4254.346 103.4089 1081.7 
21C 4325.765 108.0620 
S27 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 
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value is probably caused by an error in measur effi ent. Fir st 

a mean v eloci ty and au were calculated for each : l ate. ~l en 

all those lines ·with lvi -vl:::>2o5if were rcJeCCt;d, ,,n q rew 

mean velocity and st cl lldcird deviat i on calculated . 

and F)69 April 8, 11pril 1 5 , a nd Im ~ ;-1 were nll I ec, ~l. s l c., 

by the author. The fourteen spectr a takEn lefcre cl 

on 1969 April 12 covered too short a period of lice 

minutes) to be of any value , and were not uub-UrPu. 

of 30 LMi taken on 1970 Narch 5 were also ue~ ,urfu 

by the author. 

All results were trea ted in a ~irnilar We, 

possible. Normal points were calcul a ted from eRch • L 

observations by combinin~ all unrejected lines on for 

spectra. The interval between these norma l poirts 

10-20 minutes ( 0.05P - O.lOP, assuming t he period is a out 

V 

V ., 

0~14 as suggested by Danziger and Dickens, 1967) • i,orr 8-l 110 Jr. tf: 

calcul a ted u sing less than four spectra produced a ratl1er :~rce 

scatter, which tended to mask the variat ion. On the otlnr .~Ln, 

normal points from more than four spectra, al though s110, ir €: 

an even smaller scatter, covered too long a period of ·i~e lu· 

to 0.20~). and also produced too few r oi r t s on so~e rithts to 

show anything conclusive. 

The rnetbod described a1' ,)Ve fo r c c1 l c11l, tint LP' r~ 

velocities he)ps to reduce the r,~ndom s ea tt er of obs0rv · t ior s, 

but introduces two difficulties in the est imation of errc.,r•.._, . 

The presence of n var i ab le radial velocity ~eans tha~ tle 

velocity varies from plate to plate and t~us the mean velocities 
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and standard deviations aLout the se aeans are calcul&ted 

using four sets of twelve observations rather than 48 

independent observations. This results in an underestikate 

of the true error. Further, the velocities over a reriod of 

ten to twenty ffiinutes are averaged and during this tiffie the 

velocity ma;y change "Ly up to 1 km/sec; tLis is asEur::ir r, & 

h sinusoidal variation with a period of about 3.5, and £1Il 

amplitude of about 2 km/sec. Tr is latter effect cm,St'[. m! 

overestimate of the true error. The first effect is , or..irn Lt 

if the individual lines on four successive plates are t~ec to 

calculate the standard deviation of the n.ean. _..i.ltern, ivel, , 

if the plate me8n velocities over four s~ccessiVP rlr ~er {re 

used the first effect is no longer present a11d the :·t· r. i~ .rd 

deviation of the mean is an overestimnte of the true rrJr ■ _ 

better, though arbitrary, estimate of the true error for e,c,. 

night's observations is obtaine~ LJ takinr the root-~ean-scuare 

(R.M.S.) value of the standard deviations obtained during the 

night by each method, and then taking a me2n of these two 

R.I"'i.S. values . 

Results of measurements of "Loth 20 CVn snd 30 J,. i c.1re 

given in Tables 2.3.1 - 2. 3.6, and velocity curves are ~lotted 

in Figures 2 . 3 .1 - 2 . 3. 6 . 

The 32 spectra obtained on 1969 LaJ ?l were also 

measured by Dr. C. D. Scarfe, who used the same ~easurinc 

instrument and settings as the author. The results obt~ined 

by Scarfe are given in Table 2. 3.5, and Fisure 2.3.5. 1he 

individual plate mean Vt?loci ties obtained b;y toth n,easurers 

after lines witb Iv-vi) 2.50" were rejected, ere plotted ac:;2inst 

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) G 

t Velocity (S.E.M.) 1 (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 0.21 48 
0.8 92 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 
o. 917 7.56 0.23 0.61 48 
0.924 6.95 0.22 o. 71 48 
0. 939 7.49 0.21 0.47 48 
0.949 6.84 0.25 0.70 48 
o. 962 7.20 0.17 0.39 48 
o. 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. ) l is the standard error of the mean velocity using all the 
line velocities. 

(S .E.M.) 2 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) 0 

t Velocity (S.E.M.) 1 (S.E.M.) 2 n 
days km/sec km/sec km/sec 

o. 776 5.25 0.20 0.12 48 
0.784 4.95 0.22 0.28 48 
0.842 7.00 0.28 0.34 45 
0.851 5.30 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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TABLE 2.3.3 

HELIOCENTRIC RADIAL VELOCITIES OF 20 CVn FOR JD 2 ,440, 326 . 0 + t 
~ 

(1969 April 15) 

t Velocity (S . E .M.) l (S.E .M. )
2 

11 

days km/s e c km/s e c km/sec 

0 . 766 5. 93 0.3 2 0 . 34 48 
0 . 772 6 . 85 0. 30 0 . 40 48 
0 . 779 6.04 0 . 27 0. 32 46 
o. 785 6 . 60 0.30 0. 35 48 
o. 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 5 . 41 0. 24 0 . 18 48 
0 . 823 5 . 66 0. 24 0 . 41 46 
0. 829 . 6 .so 0 . 27 0 .12 47 
0 .838 6 . 25 0. 32 0.49 47 
0.843 6 . 23 0.25 0.33 47 
0 .850 6. 72 0 . 28 0. 42 46 
0 . 857 6 . 72 0.3 2 0.50 47 
0.865 7 . 04 0. 26 0 . 27 48 
0 . 871 6 . 91 0.30 0. 75 48 
0 . 879 7 . 52 0. 28 0.31 48 
0 . 885 6 . 80 0. 22 0.50 46 
o. 892 7 . 25 0.32 0.56 48 
0 . 901 7 . 25 0 . 29 0. 68 47 
0 . 909 7 . 35 0 . 21 0 . 19 46 
0. 907 7 . 35 0 . 21 0.1 9 46 
o. 915 6 . 99 0 . 21 0.40 46 
o. 922 7 . 10 0.23 0.53 58 

R. M. S . value 0.27 0.44 

Esti mated error = ± 0.35 km/se c 
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Figure 2.3.3 Heliocentric Radial Velocities of 20 CVn for 1969 April 15. 
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TABLE 2.3.4 

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

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

o. 711 5.45 0. 25 0.30 47 
o. 723 5.68 0.21 0.11 48 
0.743 5. 72 0.20 0 .17 46 
0.758 6.28 0.23 0.16 48 
o. 776 6.03 0.20 0.40 46 
0.789 6.87 0.22 0.23 46 
0.811 6.16 0.23 0.24 48 
0.826 5.81 0.21 0.18 47 

R.M.S. value= 0.22 0.24 
Estimated error=± 0.23 km/sec 

TABLE 2.3.5 

HELIOCENTRIC RADIAL VELOCITIES OF 20 CVn FOR JD
0 

2,440,362.0 + t 

AS MEASURED BY SCARFE 

t Velocity (S. E.M.)
1 

(S .E.M.) 2 
n 

days km/sec km/sec km/sec 

o. 711 5.89 0.30 0.27 47 
o. 723 5.88 0. 27 0.18 48 
0.743 6.02 0.27 0.23 48 
0.758 6 . 40 0.27 0.29 48 
o. 776 6.40 0.27 0. 33 47 
o. 789 7.42 0.28 0.38 47 
0.811 6.40 0.26 0.44 46 
0.826 6.16 0.19 0.13 48 

R.M.S. value= 0.27 0.31 

Estimated error =±0.29 km/sec 
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Figure 2.3.4 Heliocentric Radial Velocities of 20 CVn for 1969 May 21 
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as measured by Scarfe. 
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TABLE 2.3.6 

HELIOCENTRIC RADIAL VELOCITIES OF 30 LMi FOR JD 2,440,650.0 + t 
(1970 March 5) 0 

t Velocity (S. E. M.) l (S .E.M.) 2 
n 

days km/sec km/sec km/sec 
0 . 843 13.32 0.85 0.41 48 
0 . 853 13.98 0.78 0.74 48 
0.871 13.27 0.70 0.29 48 
0.885 13. 39 0.68 0.41 48 
0 . 903 13.33 0.73 0.32 48 
o. 927 14.11 0.56 0.25 48 
0. 957 14.22 0.52 0.42 48 
0. 978 13.07 0.64 0.23 48 

R.M.S. value = 0.69 0.41 

Estimated error=± 0.55 km/sec 
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2 . 4 Statistica l Analys is of t h e Results 

In all cases t h e r anEe of t h e veloc ity variation 

is very s mal l ( of the order of 2 km/ sec) , while a typical 

standard er ror in a singl e normal point i s of the orde r of 

0 . 33 km/ s ec. It was decided t o do an analysis of variance 

test on the res t l t s t o det ermine wh e ther the s catter in 

v el ocities fr om pl at e t o pl a t e i s s i gni f icant l y Lreater than 

the sc2tter within a pl ate , i . e . to determine whethe r the 

var i a tion is "real" . 

Any s y stema tic errors in line s ettings , which may 

artificia lly increase t h e s ca t ter with i n a plate , should have 

be en r emoved earlier during t he pr oces s of choosing the lines 

to b e measured . To det ermine whether any sys t ematic errors 

were stil l present at-test wa s perfo r med on the line velocities 

before doing t he analysis of vari ~1 11c0 te s t. 

2 . 4.1 The t -test 

Let there be Nk spectra t aken during any one ~i ght, 

with the s ame m l i nes measured on ealt of these spectra, i.e . 

a t otal of Nkm lines we r e measured on any one night . Now , the 

'night mean' is the mean of all Nkm ve l oc i t i es; 8nd the 'line 

me an' is the mean v el ocity of the Nk velocit i es for a ps rticuler 

line . 

Any of the l i ne means may differ from the -r1 i ght me2n 

b ecause t h e s etting fr om which the l jne velocity is calculated 

is systematically too high or too low. However, if t here is a 

l a r ge s ca t ter in t he line veloci t ies for t hat particular line 

a difference between line mea n and night mean may not be 

§ignifican t . It is to determine whether this diff erence is 
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significant that the t-test is used. 

Def i ne , 

wher e , v .1 lC 

whence , v.l lC 

1 ·t f the i· th 1· ~h k th . ht = mean ve oci :,, o ine on \, e nig ; 

= the ni~ht mean; 
.th 

= the mean residual of the i line on the 

k
th 

night , Rik; 

a l so , 

Sik is the standard deviation of the residuals about the above 

mean residual; 

R . . 1 is the residual of the i th line on the j th pl&te on the k th 
lJ { 

ni~ht from the plate mean. 

Note the use of residuals in the t-test; this eliminates any 

effect a possible variable radial velocity way have on t. 

The above discussion deals with each ni5ht r-:e_parately. 

A more reliable result can lie obtained by combinine; tlle results 

of all four nights and performing at-test on ttese combined 

resultso 

In this case, t· = l 

where, R-= ( the mean residual of the i th line over 

all nights; 
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S-t 
4-

L Nk-1 
k:01 

S. is the standard deviation of the residuals about ~his mean. 
l 

Goodman (1960) fjives tables of the significant 

values oft at various levels, and for various nu~bers of 

de gre es of freedom. If ti is significant then eacb velocity 

for that ~articular line has tote adjusted by -R .• When this 
l 

has been done for all m lines new night means , new p l ate ~eans 

and standerd deviation have to be calculated before the analysis 

of v ariance test can be performed. 

Results of the t-test on both stars are g iven in 

Table 2.4.1. Cnly velocities ~eesured by the author were used 

for this part of the work . The values oft underlined are 

those which are significant at tne 99% level, i.e. the rnen.n 

residual has 99% probability of beinc significantly different 

from zero. As a result of this test the adjustments indicated 

in Ta.ble 2 .4. 2 were made before performing tlie anelysis of 

variance test. These adjustments were ~ade to the celculrted 

line v e locities directl31 and not to the settings of each line. 

New night means , new plate means and standard deviations were 

calcul a ted for each night before proceeding to the analysis of 

variance. 
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TABLE 2.4.1 

t -TEST RESULTS FOR 20 CVn AND 30 LMi 

Line 20 CVn 30 LMi 

3865.5 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 oft are:-

(i) 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 +0.25 
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 +l. 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 

analys is of variance test can be used to determine whether the 

variance between plates is significantly greater than the 

v ariance within a plate. 

Th e est i mate of the variance between plates, Vbk = 

Ni,_ l 

m J'fi (~k -/K) 

NK - I 

wher e all the symbols are as defined previously. 

S i nce there are Nk plates there are Nk-1 dee;rees of freedom = 'Vbk 

The estimate of variance within a plate, V k = w 

~ ~ 1 ( Vtjk - ~-kr 

In t h i s case there are Nk(m-1) decrees of freedom =~wk 

Finally the variance ratio, Fk 

Goodman (1960) gives a table of si~nificant values of F 8t the 

5% and 1% levels, and for various numbers of degrees of freedom. 

As was the case with the t-test, a more reliable 

result is obtained for 20 CVn by combininc the analysis of 

variance r esults of all four nishts and rerforming en analysis 

of variance test on these combined results. In this case, the 

estimate of variance between plates, 
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.i. H~ (- _):t 

m L L V;1c_ - \J 
l,= I j=I " 

=---------

t N1, - I 
1<=1 

where, V = the mean v elocity over all nights 

and the other 

and, 'V = 
be 

symbols 
4-

~ Nk -I 
I<== I 

are as defined earlier, 

= total number of plates - 1. 

The estimate of variance within a plate, 

vwc 

if Nk rn ( - )J.. 
'L L I: vi · k - vj k 
k=I J"' t"I J 

= 

and, \) 
we. 

= total nurr,ber of lines - nurr1b er of plates. 

Finally the variance r a tio, = 

The results of the analysis of vRriance test on 

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

are the significant values of the variance ratio at both the 

5% and 1% levels (Goodman, 1960). 
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TABLE 2.4.3 

RES UL TS OF THE ANALYSIS OF VARIANCE TEST 

20CVn 30 LMi 

vbc (km/sec) 2 12.43 8.40 

~ be 215 31 

2 3.31 21.78 V (km/sec) 
WC 

~ WC 2376 352 

F 3.76 0.39 
C 

F5% 1.10 1.48 

F 1% 1.14 1. 74 



35 

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. liill of the 

Dominion Astrophysical Cbservatory. This program fits a curve 

of the form: 

V 

to the data, where, 

Al, 

V = 

Vo = 

A2 = 

t = 

2 71 t 
p 

+A 2 

Observed velocity, 

'Systemic' velocity, 

Constants, 

sin 2 71 t 
F 

Time elapsed from some arbitrary zero 

point; usually the first observation. 

F = Trial period. 

Starting at P
0 

and proceeding in steps of AP to r-1 1:1 curve of 

the above form is fitted to the data anc1 the constants V
0

, A1 , 

A2 , calculated. A theoretical curve is c~lculated and at each 

step the sum of the squares of the deviations from this curve 

( 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 mesh with 6P smaller by a factor of 

ten is then constructed about this point, and the above procedure 

repeated to obtain a fina l estimate of the period. 

It was pssumed that the period of 20 CVn was of the 

d order of O .14 as suc;gest ,~ by Danziger and Dickens ( 1967). 1-,._ 

step-size of 0~005 was used with the period ranee from 0~090 

d to 0.200, and all the radial velocity observations were reed in. 
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Us ing the above metbod a period of 0~176 was obtained. It was 

noted , however, that in the vicinity of the correct period 

s evera l good period fits should be obtained. This means that 

if tl1e sum of the deviations squared is plotted against the 

v alue of the period, a broad minimum should occur in the vicinity 

of the true period. A plot of this nature using the above data 

d showed a very narrow minimum at F = 0.176, but a broader and 

shallower minimum about F = 0~135. Initial step-sizes of 
d d d 0 . 05, 0 . 01 and 0 . 001 were also tried, end in each case, except 

for ~ F = 0~05, a very narrow minimum was obtained in the range 

0~164 < P < 0~176, but never at the same value, while the 

minimuffi obtained about 0~135 was always broader but shallower. 

For a step-size of 0~05 the deepest and broadest minimum does 

d occur at P = 0 . 135, however. Phases were calculated using 

periods of 0~176 and 0~135, and diagrams of velocity against 

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

Table 2.5.1 and Figures 2.5.1 end 2.5.2. 
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TABLE 2.5.1 

COMPLETE RADIAL VELOCITY OBSERVATIONS OF 20 CVn 

t Velocity Phase t Velocity Phase 
JD km/sec P=O~l35 P=0~176 JD km/sec P=0~135 P=0~176 

(i) e 

2 , 4 3 9 , 96 2 . 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 .11 .811 6.19 .05 . 96 
. 873 7.56 .21 .16 .817 5.41 .10 .00 
. 883 6.92 .29 .22 .823 5.66 .14 .03 
.892 6.82 .36 .27 .829 6.50 .19 .06 
.901 7.18 .42 .32 .838 6.25 . 25 .12 
.90 8 6 . 68 .47 .36 .843 6.23 .29 .14 
.917 7.56 .54 .41 .850 6. 72 .34 .18 
. 924 6.95 . 59 .45 .857 6. 72 .39 .22 
. 939 7.49 .70 .54 .865 7.04 .45 . 27 
.949 6.84 .78 .60 . 871 6.91 .50 .30 
. 962 7.20 . 87 .67 .879 7.52 .56 .JS 
. 972 8.18 . 95 .73 . 885 6.80 .60 .38 

2,440,319.776 5.25 .95 .00 . 892 7.25 .65 .42 
• 7 84 4. 95 .01 .04 .901 7.25 . 72 .47 
. 842 7 .00 .44 .37 .907 7.35 .76 .51 
. 851 5.30 .50 .42 .915 6.99 .82 .55 
. 904 4.87 .90 . 72 .922 7.10 .88 .59 
. 915 5.80 .98 .79 2,440,362.711 5.45 .99 .95 
. 933 6.07 .11 .89 . 723 5.68 .08 .02 
.944 6.25 .19 . 95 .743 5. 72 .23 .13 

2,440,326.766 5.93 . 72 . 71 .758 6.28 .34 . 21 
. 772 6.85 .76 .74 . 776 6.03 .47 .32 
• 779 6.04 .82 .78 .789 6.87 .57 .39 
.785 6.60 . 86 .81 .811 6.16 .73 .51 
. 792 7.23 .91 . 86 .826 5.81 . 85 .60 



38 

• • o.o 

• •)( • 
• ~ xx 

• X - 7.0 ri'- .,.. "' \J • • )( 4t Cl) ~· )( 
"-ti) ..... )( • X. 'I,. 

E ¾ a 'I. y. D 
.::it. • 0 ~ ,c. A ~ - X A 

6.0 • D X • >- )I( - D A a ·u A 
0 A )( A 

~ .6 )(. A )(. 
a D D 

5.0 ~ a a 
a D 

.9 a.o .1 .2 .3 .4 .5 .6 .7 .8 .9 0.0 .1 
fl,c:;3 

Figure 2.5.1 Phase Diagram for Velocities of 20 CVn (Period 
d = 0.135). 

o.ol 0 . 

• 'i{ 0 • 
• )t 'i' )( 

• - 7.0 ~ D 
I( 

u 0 0 . ):( .f • X 
'I.. Cl,) • ti) 

"iC. X. l( 0 X ..... X 
E ~ )( ~ 
~ 

L\ )t~ A 'k - A 
6.0 - 0 )( D 0 

>- l( - A a ·g L:4 A 
~ 

~ 
A }(, A X 

IJ D a 
5..0 - a a D 

.9 0.0 .1 .2 .3 .4 .5 .6 
Fhase 

.7 .8 .9 0.0 .1 

Figure 2. 5. 2 Phase Diagram for Velocities of 20 CVn (Period 
d = 0.176). 

For both Diagrams: • = 1968 April 16; 
a = 1969 April 8; 
~ = 1969 April 15; 
6 = 1969 May 21. 
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CI-Ii,TTEh 3 

SIEULTJ\.NEOUS PHOTOMETRY AND RADIAL VLLOCITY MEASURES 

3.1 Fhoto-electric Reductions 

3.1.1 Atmospheric Extinction 

The light from a star is partially alsorbed in 

passing through the earth's atmmsphere. The magnitude of the 

star above the atmosphere is tiven by the equation (v. tterdie, 196~ 

= m - kX 

where, m
0 

m 

k 

= magnitude above the atmosphere, 

= observed magnitude, 

= extinction coefficient, 

and, Xis the path length, given in terms of the air Lass at 

the observer's. zenith (i.e. X = 1.0 at the zenith). 

The relotive air ffiass, X, in units of the thickness at the zenith 

is Biven to a high degree of accuracy by the secant of the 

zenith distance, z. The error introduced by replacing X with 

0 sec z is only 0.005 at z = 60 • Thus except for zenith distances 

greater than 60°, the air mass can be replaced by sec z. 

i.e. mo = m - ksec z 3.2 

where, sec z = (sin~ sind + cos 4> coscf cos )-1 
h ' 

~ = Observer's latitude, 

J = Declination of the star, 

h = 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 for the extinction coefficient. However, the 

extinction over the whole sky is not uniform. :Cur tr, er, the 

extinction in one part of the sky varies during any one night. 

Thus 1 to minimize the effect of any unusual atmospheric 

rihenon;ena, it is better to make a nuffiber of independent 

determinations of k, either during one night or, even better, 

over a number of nichts to obtain an average value. 

3 .1. 2 Extinction as a Function of Colour Index 

In the empirical cetermination of the extinction for 

the various wavelength bands it is fuund that the values of 

these coefficients are dependent on the colour index of the 

star. This arjses from the fact that the shorter wavelengths 

are attenuated more than the lonrer wavelengths in the atmosphere 

(the scattering of light by molecules is rou~hly 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 magnitude and one 

or more colour indices, and to treat extinction in a differential 

manner for the colour indices, 

where, C 
0 

C 

and, 

i.e. = C - k X 
C 

= Colour index above the atmosphere, 

~ Observ~d colour index, 

the colour index extinction coefficient, is merely 

the difference between correspondinc maEDitude extinction 

coefficients. 
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Generally it is possible to determine the manner in 

which the extinction varies ¼ith the colour index by using a 

numter of stars. T'he result can be expressed as a linear 

function of the magnitude coefficient, k, thus:-

k = k I + k 11 C 

where, k' is the m&gnitude extinction coefficient for a star of 

zero colour index, 

k'' is the increment in this coefficient for a star of 

colour index, C = 1.0. 

Similarly, for tte colour index extinction coefficient, 

k 
C 

= k' +k 11 C 
C C 3.5 

where k' is the colour index extinction coefficient for r 2tAr 
' C 

of zero colour index, 

k 11 is tte incre~ent in this coefficient for aster of 
C 

colour index, C = 1.0. 

Thus, ID = 1~ - k'X - k 11 CX 3.6 _u 
0 

and, C = C - k'X - k"CX 3.7 
0 C C 

therefore, C = C(l - k"X) - k'X 3.8 
0 C C 

To determine all the coefficients two stars of 

widely differinc colour indices, but close together in the SK~, 

can Le observed through a number of different air r:asses. If 

the two stars have essentially the same position then differenti~l 

measures of □acnitude and colour will be given by, 

Cim
0 

= bm - k"(t.C)X 

and,. !J.C = D.C - k"(~C)X 
0 C 

3.9 

3.10 
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Thus from the observations plots of (i) ~m vs (~C)X, and 

(ii) liC vs (6C)X, will produce straie;ht lines with slopes k" 

and k" respectively. Once the second-order coefficients have 
C 

been obta ined the first-order coefficients can be determined 

from the same observations by plotting 

( i) (m - k"CX) vs X, and (ii) C(l - k 11 CX) 
C 

3.1.3. ~ e asures of Variable Stars 

~r VS A. 

when observing variable stars a constant comparison 

star is cho sen , and differential measures of magnitudes and 

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 ha~e 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 capable of 

measuring stellar magnitudes to the nearest hundredth of a 

magnitude. Thus second order and higher effects need not be 

considered. 

From equation (3.6), 

Vo 

for each star, where , 

= V - k'X - k"CX 
V V 

V = observed magnitude in the V-band, 

V = magnitude in the V-band above the atmosphere, 
0 

and, the other symbols are as defined earlier. 
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With the use of (3.4) this becomes, 

V = V - k X 
0 V 

and, since differential extinction effects are assumed to 

be eliminated, the differential measures are given by, 

6 V
O 

= ti V - kv !'!> X 3 .11 

Similarly, using (3.7) and (3.5) and applying them to the 

two stars to obtain differential measures, 

6C = 6C - k LlX 
0 C 

or, 6(B - V)o = ~(B - V) - kBvAX 3.12 

where, 6(B - V) = Observed difference in colour indices, 

6(B - V)
0 

= Difference in colour indices above the 

atmosphere, 

and, kBV = Colour index extinction coefficient for (E-V). 

3.2 The Observation 

Simultaneous photometric and spectroscopic observations 

of 20 CVn were obtained on the night of 1969 May 21. The 

photometric observations were taken using the twelve-inch 

reflecting telescope at the University of Victoria. This 

telescope is equipped with an Astrometrics AP-4 Fhotometer, 

which includes an EI'U 6256SA photomultiplier. Auxilisry 

equipment consists of an Astrometrics RR/F-2 D.C. amplifier, 

a Heath Servo-recorder (r·lodel EU-20B), and a Heath rv:ul ti-speed 

Chart Drive (Model EU-20-26). The high voltage is provided by 

a Model 3Kl0 High Voltage Fower Source by lower DesiEns 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. Hereinafter the 

observations using these filters will be referred to as VP and 

Bp respectively, and the colour index as (B - V)F. The 

yellow filter is the sarre as the V filter used in the 

standard UBV system of Johnson and Gargan (1953). Only one 

part of the Johnson and ~organ B filter was used (viz. Corning 

glass filter no. 5030). The other part of the filter consists 

of a 2mm thickness of Schott GG13 glass. 

The star HR 5110 ( d-. = 13h 321!16; d = 37° 26' (1950); 

V = 51!101; B - V = +0.32) was used as a compBrison star. 

Danziger and Dickens (1967) used ttis saFe star as a comperison 

for their work on 20 CVn end found it to be s~tisfactory for 

this purpose. 

Although differential measures were used it is still 

necessary to take readings of sky brifhtnesses. Different 

reeions of the sky are observed, and there is no reason to 

assume that sky trichtnesses are the same in these recions. 

Observations were made in the order Vsky, Vstar, Bstar, Bsky, 

Vsky, etc. Each observation lasted for a11proxin.:2 tely thirty 

seconds. The observations were reduced by h2nd. To 'intee;rate' 

the reaJings straight lines were drawn tbrou3h the traciLLS 

of toth sky and star readings at what was judged to be the 

mean reading ( v. l!' ig. 3. 2 .1) • The differences tetween sky and 

star reaaings were then read off in centimetres. 

Then, 

where, V, V = the magnitudes of comparison and progrBm stars 
C S 

respectively, 

Ic, Is = intensity readings in V from the chart recorder. 
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Similarly, for the B observations:-
, 

I, 
b.Bp = B - B = 2.5 log -I. 

C s - C 

whence, ~(B - V)p = (B - V)c - (B - V)s 

=Lilip - AVP 

In this way ~Vp, 6Bp, and ~(B - V)p were calculated 

for each program star observation. A set of three program star 

readings was taken between each comparison star reaaing. Bor 

the second observation in each set the compariosn star intensity 

reading was taken to be the mean of the readings taken before 

and after that set. A total of twenty-five program star 

observations were taken in nine sets (~wo each in the first and 

last sets). Each set covered a period of about seven minutes 

(approximately 0.03 ~eriod), and thus it is reasonable to take 

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 same time are 

tabulated along with thes~ photometric results in Table 3.2.1. 

As mentioned earlier the spectra obtained at the 

same time as the photometric observations were raeasured 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 justified combining them in calculating normal points 

for this part of the work. The velocities in Table 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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(b) 

t 

days 

0. 708 
o. 715 
o. 720 
o. 726 
0. 71..,0 
0.746 
0.753 
0.759 
o. 772 
o. 779 
o. 786 
o. 792 
0.807 
0.816 
0.822 
0.829 

47 

TABLE 3.2.1 

OBSERVATIONS OF 20 CVn FOR JD 2,440,362.0 + t 
C) 

(a) PHOTOMETRIC OBSERVATIONS 

t llVP 6 (B - V) p 
days m m 

0 . 727 0.265 0.095 
o. 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 
o. 791 0.247 0.073 
0.805 0.247 0.083 
0.814 0.235 0.095 

RADIAL VELOCITY OBSERVATIONS (Penfold and Scarfe combined) 

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

2 
km/sec km/sec km/sec 

5.61 0.30 0.54 
5.85 0.26 0.10 
5.81 0.26 0.20 
5.75 0.23 0.10 
5.92 0.25 0.38 
5.83 0.23 0.10 
6.13 0.23 0.18 
6.54 0.26 0.22 
5.88 0.25 0.41 
6.56 0.22 0.19 
6.67 0.21 0.06 
7.63 0.27 0.25 
6.83 0.24 0.23 
5.75 0.22 0.10 
5.91 0.18 0.15 
6.07 0.23 0.22 

R.M.S. value= 0.24 0.25 

Estimated error ± 0.25 km/sec 

n 

47 
46 
48 
48 
46 
48 
48 
48 
47 
46 
47 
46 
46 
48 
48 
47 
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determi ne the phase relationship between the light and 

v el ocity curves. As this was the onl3r information needed 

fr om t he photometric observations no attempt was nade to 

reduce the photometric results from the natural system of the 

i nstrument to the Johnson and Morgan UBV system. 

Accor d i ng to Johnson (1963) this transformation may not be 

linear and it was felt that errors introduced in any transforffiation 

woul d be of the same order as, or lar~er than the expected 

ampl i tude of light variation of the star, and might very well 

mask t h e variation. 

Preliminary observations of hR 5110, the comparison 

star , and a selection of other stars of similar trightness 

a nd col our in~~x to 20 CVn were taken on different nj_ghts to 

d eter mine values of the extinction coefficients (Equations (3.2 

a nd ( 3 . 3)) . Values obtained for the magnitude extinction 

coeffic ient and the colour index extinction coefficient were 

- 0 . 0014 and -0 . 0026 respectively. On the night that the 

s imul taneous observations were taken the rna:ximum difference in 

sec z between comparison and program stars was 0.02 at any one 

t ime . Th i s indicated maximum corrections to t::. VI- and .6.(B - V)1 

(Equations (3 . 11) and (3.12)) of 0~1003 and 01;ioo5 respectivel;y . 

Sinc e observat ions were taken to the nearest 0~01 these 

corrections were net~lected. 

To deterrrine internal errors the standard deviation 

of a single observe.ti.on was found for l·oth tbe VF ond (.L- - V)-,___­

observations of the comparison star durinc the ~ight the 

simultaneous observations wer e obt0ined. In addition otservations 

of two eclipsing variables, 44i Boo and VW Cep (Bcarfe and 
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Brimacoffibe , 1970) and the comparison stars used in observing 

them were used to obtain an urper limit to the estimate of 

interna l errors in CJ. VF . A e;ood night's observations of each 

variable was chosen, ~VP light curves were plotted and sm ooth 

curves drawn through the points. The root-mean-sauare deviation 

(i.e. nVF (observed)-LiVp (from the curve) ) of a sincle 

observation was calculeted for each night. All results 

indicated that internal errors were of the order of+ 0~01 

and less. These results are civen below. 

BR 5110:- Standard deviation of a single observation in VI'= 0~007 

Standard deviation of a single observation in (B-V)p 

ID 
= 0 . 007 

44i Boo:- R.f-'1 . s. deviation of a sine;le observation in VF = 01:1007 

VW Cep:- R.L.S. deviation of a sinrole observation in VF= o1:oc9 

Interna l errors in both Vp and (B-V)p were assumed to be 01:1008. 

The VP and (B-V)F light curves are given in Figures 

3.2.2 and 3 . 2 . 3 respectively. Also shown in these figures are 

the light curves obtained by Danziger and Dickens (1967) and 

Breger (1969b), and the (B-V) curve of Danzicer and Di ckens. 

Figure 3.2.4 shows the simultaneous photometric and radial 

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



.270 

.260 

>a.. .250 

<l 

.240 -

.230-

.70 

- r u 
(l) .,., 

7.r ...... 
E 
~ -
>-

;t: 

:Ji j ~J 
0 

~ 

.70 

52 

.75 .80 

JD
0 

2,440,362.0 + 

f 
f 

H 
.75 .80 

JD0 2,440,362.0 + 
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of 20 CVn, 1969 May 21. 
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CIH\PTEB. 4 

DISCUSSION AND CONCLUSIONS 

The velocities plotted in Figures 2.3.1 - 2.3.5 all 

show a range during each night which is approximately seven 

times l2rger 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 tl1e case of the velocities plotted for 30 LLi 

(Fi~. 2.3 . 6) the range during the nie;ht is only about twice as 

large as the estimated error. The overall range of mean 

velocities for 30L~i (Nl.l km/sec) is also about half that of 

those obtained for 20 CVn (~2.0 km/sec). 

Sine~ 30 LMi is a known constant velocity star and 

has broader lines than 20 CVn, a smaller range in velocities, 

or at worst a rane.;e of the same order is expected for ?O CVn 

if the velocity is not variable (J,bt and Smith, 1969). 

The results of the analysis of variance test for 20 CVn 

(Table 2.4.3) 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 30 1Ni 

produces a variance ratio of 0.39 (Table 2.4.3) comDared with 

a significant value of 1.74 at the 1% level. 

We conclude that the radial velocity of 20 CVn is 

variable, as suggested by the earlier photoffietric results 

(Danziger &, Dickens, 1967; Bree;er, 1969b), which indicate that 

this star is a variable of the Delta Scuti type. 



54 

On the average the range in velocities is about 2.0 km/sec, 

which wculd suBgest an amplitude of the order of 1.0 - 1.5 km/sec . 

It is interesting to note that if individual analysis 

of variance tests are performed on each night's observations 

of 20 CVn, the test on the velocities of 1969 hay 21 

(JD 0 2,440,362) produces a result which is barely significant 

at the l ¼ level. This would suggest that the variation in 

velocity is very small on that night. A Elance at the relevant 

velocity curve (Figure 2.3.4) shows that this is not necessarily 

so. TLere is apparentl:1 a systematic effect which on this 

night affected the two lines >-.L.+-508.3 2nd >-.45638 causing tlrnse 

two mean line velocities to be vastly different from the 

population mean compared with other nichts (+1.17 km/sec and 

+2.46 km/sec respectively). It is this which helps to produce 

the lerEe v ~lues oft for tbese two lines (v. Table 2.4.1); 

it also increases the internal variance, and hence tte low 

value of Fon t~is night. This effect was seen by toth E1e~surers, 

and since there is a correlation between the results of the 

two (v. l1'ic;-. 2.3.7) this effect must be rec>l. Whetever the 

effect, it has apparently affected only the iron arc comfarison 

lines or only the stellar lines in this region of the s~ectrum. 

If the effect tad been the same on bot~ sets of lines no 

abnormality would have been noticed. The effect would merely 

have been 'corrected out' when applying correctj.ons from the 

calculc:1 ted correction curve. Tl , is sho"Ws the a.dvisabili t;y of 

doing a 'combined' t-test and analysis of variance test to 

minimize nightly effects such as this. 

Velocity curves of some Lelta Scuti type variable 
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stars are Liven in l•'ie;ures 4.1 and I ') 
L, • L • 

1l1he arrows in 

Figure 4o2 indicate the times of alternate maxima and minima 

as calculated by the authors of the paper from which these 

data were taken. Comparison of these curves with those obteined 

for 20 CVn show that tLe velocity curves of 20 CVn are typical 

of stars of tbe :Gel ta .0cuti t;ype, viz. vDriable amplitude, and 

irregular curves in ~eneral. 

The technioue used to obtain the velocities of 20 CVn 

appears, in general, to be suitable for tbe 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 30 L~i 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 procram ar peBrs, 

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 0~135 fits the data slightly better 

than a period in the vicinity of 0~176, 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 tbese observations 

to be used to confirm the above period. Further, none of the 

sets of photometric observations covers a large enough part 

of the c:;cle for them to be used individually to confirm the 

period. 
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Figure 4.1 Velocity Curves of cf Delphini (Struve, et al, 1957). 
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The photometric observat ions of 1969 ~ay 21 result 

in a light curve which has a similar s hape to that obtained 

by Danzi g er and Dickens (1967) . The amplitude of 0~035 found 

i s the largest found for this star so fsr . Laxirnum li[~ht 

oc curs at a~proximaLely 1969 ½uy 21. 23 (U . ~.), while m~ximu□ 

1 . t 1°6° ~• ')l 20 (D ,-, ) ve oci y occurs near ;;- .1 l le ;yr c • _ _,, • ·j_ . • '.L'his sun::ests 

that maximum lic;ht occurs on t he risins bra1ch of the veloci t:y 

curve neor r:iinimurn velocity. This riuts 20 CVn in tn e s,,me 

e:roup as cf Delphini and f 1-uppis . 
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AlTLI~DlX A 

1l11E:.; COl\llF!.1EH l-Hc<;n.l,M HOB TH.t ~""t('.,DUCTim; l1F R.,,JHAL Vj.'.,LOCJ'rl:r:.,S 

In its original form this procram was written by 

Dr . D. Crampton of the Lominion .nstroph;ysical Observatory, 

and was so l ely for the rurpose of reducing radial velocities. 

Crampton ' s version of the pro[ram was a feneral one and it 

coul d be used to calculate radic.11 velocities of e. number of 

different stars Curing the same run on the comuuter. tlo~ever, 

for this project radiHl velocities of only two stsrs were 

being measured, and a few modifications were made to tbe 

orig i nal program so that standard deta such as wavelengths 

and standard settings onl,y had to be read in once, since tl1ese 

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 rrodified further by 

the author to Cc.,lcu.L:te tl:..e parar.:1eters fer l)erforoing the 

t-test (Chapter 2.4.1) and to calculate the variance retjo in 

the analysis of variance test (Ch&pter 2.4.2). 

'Co~ment' cards within the program itself describe 

the operations perforffied. 

The data ore read in the following form:-

Block 1 : - Curv1:-,ture correction, t:-w nun;ber of cor.::c,.::.:··json liref~ 

and the number of stellc r lines for vJl:icb :-'tend 2.rd 

data are to be recid in (Note: Curvature correction 

= 0 . 0 km/sec for spectra taken using a crntin~) . 

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

(b) Standard settincs of these comparison lines; 

( c) 1-ievclengtbs of all stellc1r lines; 

(d) Standard settin~s of the stellar lines; 
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(e) rVs factors for t he stella r lines. 

Block 3:- RD number (or some other ident ification), rit:ht 

ascension hours , r i cht ascension minutes, declinat ion 

degrees , declination minutes . 

All the above need only be read in once . ~hereafter 

for each pl ate :-

Block 4:- Plate number , time of observation (hours and minutes) , 

hour angle hours , hour an~le minutes (both positive 

for west) , loncitude of the sun (degrees and minutes, 

for 1950) , and precession for that Jear. 

Block 5 : - l~ut:1ber of cornp2r ison lines veesured, number of 

stellar lines measured , correctjon for reducing t~e 

velo~i t;y to the sun ( if U-.. is is rend in 8 s O. 0 the 

correction will be calculated) , and check (a parameter 

which is zero if there is another plate on the same 

ni5ht still to be reduced ; negative if this ic the 

last pl at e for a particul 8r ni~ht but there is another 

niEht's observations still to be reduced; pos itive 

if there is no more data after this plate.). 

Block 6 :- Observed settings of comparison lines . 

Block 7:- Observed setting and weirht of each steller line. 

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

the last block finished . 

The f inal ve~sion of the pDogram is ljsted below . 
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t>: L M = ( CE U : ;,J - ,: ! Lrl ) ,;e 6 0 • 
Ci: LUN=C l:U »~'h 1 o ;:>'J:i8 
CLLD=r, I f\r (C[LIH) 
lH: T 1\ = 1-i El , \ ::;, ·., 7 o -< 9 ':l 8 
rH::TD=t\ l NT ( i.H: f!..\) 
BF T rv; .::: ( i~ E L , - 13 E T l J l ,;, (JO • 
IF ( BE TUl 411,~l4,413 

l1 1 ·1 B E T M :::: 4 L'I S ( L \~ l H ) 
Li 1 4 I C E LI J = I N f ( , .. ;:.: L i; l 

I C E U1 = I ~ T ( C U .. I", l 
I U l: T I l = I f\i l ( HI: l 0 l 
[ UEHl= I 1\i f ( lit: fi\1 l 

4/0 i{[IJ=rZ[l)+.-U';\J 
\-J 1<. I T f:: ( 6 , 1t l i l I C t-= l D , I C EL 1'\ , I G [- T U , I b E I f1 , ,,, t= D 

411 F lH.M-'\ l ( 7l·WLAM1',f11\ 1 14,13,'->H tlET1'.\ 1 213 , ?X ,i f,IP~f: IJUCflfPJ T1l SIJ ,J =, F 7. ? 
41 11//) 

COMPUT E UbSi.:RVfD - SIA\JfJAl{J) SETTINGS 

4 5 o Du 9 j ~ l , i{ 
IJ=I A(J) 
Y ( J l = C C ( I J l - !: D ( J ) 
IF ( /\ r~S ( 'r' (Jl) - ')00 .)1 0 ,12,12 

12 IF(Y(J))I J ,1 3 ,14 
13 Y(Jl =Y ( J )+L OJO. 

GD T U 10 
14 Y(Jl=Y(JJ~lOU U. 
1 L) X ( J ) = C ',J ( I J l ,:e l • Cl O O l:: - J 

AY (J) .:::Y (Jl 
9 (()NTINUE 

l·li (IT f ( b , 1 006 ) (Y( I l ,I=leJ) 
1 o I J 6 FUR MAT ( 2 3 i I \l C IJ fvi PA i<- 1 S Ui1J DR Rt C T I UN S 7 ( SF 8 • l 

FIT/\ 3RD Uf- t~REE PLJLY'WM I AL TU CtrnRE~TIU/\J CU 1!VE 



L::V CL 1, MOO 4 

l 1 U l J 2 0 J = l , ,\J 
!J l J 2 U I = 1 , r, 
A ( ,J, I l =X ( J l ;'<;'< ( 1- l l 

20 Cllf\JTlNUt 

6 
MAIN 

Cr, LL J\ R f"U\ Y ( ;., , r-. , 4 , 2 0 0 , iJ , A Ji_ I{ , J\ ) 
Ff?S= i .qi=-/ 

nAT E = 701 8/ 

CA LL LL S ' J ( AH I l 7 \ Y , '~ , 4 , J , C , I P I V , FPS , 1 ER. , I\ U X l 
W r.:( I TL ( 6, l \.JO 2 l C ( 1 l , C ( 2 ) , C ( 3 ) , C ( 4 l 

10()2 Fl;KMAT (? 0H1JL[J\ST SQUAKc CUl:FJ--ICIEtJTS /4X,4Fl.:1.'>) 
SSR=/\U<. {J.l 
hN=N 
ft{t~S=SQR 1 I SS U ( Pi~- 1t. l) 
WkITi ( 6,72/2l~~~S,IfK 

l3/l2/':i'-, 

?. ~ 2 2 F l) I~ M /\ T ( ~ ! l ,; [ GM 1\ I F ' • 2 , 6 X , 41 l I f R ' I 3 ) 
C I F ON t: C , l MP /\ 1U SO:~ LI NE I S M lJ KE TH J\f\J J S I Gr" A F K CM LI N ;::: I1 I S F~ E JET IT i J . 

L) i.l 1 l 7 L = l , 1 ~ 
XX=C (ll+ Cl 2 l *X(L)+C(3l*X lll **l+C{4)* X(Ll**3 
SUEX (Ll =XX-Y(LJ 
D [ X ( L l = J\ ' .\ S ( SI l [ X ( L ) ) 
IF(D~X(Ll-3.*t~M~)ll7,117,16 

117 CUN TI NUE 
IF(E isM'.:> -J.) l'),llil,118 

l 1 8 lJ t 1 l l '-J L = l , ·\J 
I F ( D t X ( L ) - l • 'j *ERM S ) l l -J , l l 9 , 1 6 

ll':J CllN Tl hJUF 
U lJ 1 2 0 L = l , .\J 
IF(Ot:X(L)-L0. 0 )1 20 ,1 20 ,16 

l20 CUN Tl NUI: 
1_;u TU 19 

16 I = , 1-

~IR I T f ( 6 , l l O :~ l L 
110 2 FU~MAT (l X,13,2iH COMPARISON LINE ~~J~CfE~ 

IF (L-Nl l ll ,l <l ,ll 
LG DiJ 17 J .;;: L, ~~ 

X(I)=X(l+l) 
Y(l l = Y(I+ll 

17 CDN Ti iJU F. 
11 . ' 1:i I= l N 

15 .l.Y(I)=Y(I) 
GO TU 11 

l 9 UJ=O 
\·JR I TE ( 6 , l l O 3 ) ( Sf) t X ( Ll , L = l , ~Jl 

l LO 3 F OR M 1\ T ( l OH U ;{ I: S I DU t\ L S / ( 8 F 8 • 1 ) ) 
C 
C COMPUTE Ll:'-JE VtLdCITil-=S 

I P LNU= lPL Nll+l 
DI J 2 5 L -= l , f·1 
K=IO(Ll 

;o RV ( L) =f{V S ( K) 
X(K)=S~(K)*L.OOOt-3 
YY(Ll=C(l)+C( l l *X ( K)+ C(3l*X (K)**2+C(4l *X(Kl**i 
SfT(L)=S/J(L)+YY(L)-1000. 

--~__.,_f_u.Q ( L)- t 000. ll fl ,38, 41 
4 1 SET(L)=Stl(LJ+LO OO . 
38 If-(St:T(Ul .37,l6,J6 
37 Sl:T(Ll=SET(Ll+lOO\l. 

GU TU 3 .8 
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L EVl:: L 1 , MUU 11 MAIN DATt = 701B7 

C 
C 
C 
C 
C 

36 D (L)= SEl (L}- SC(K) 
l F LDJL) ) 4U .,4 0 .,J9 . . 

40 O(L)=D(l )+l OOO. 
39 VEL (L}=O( L)*KV(Ll*l.GE-03 

HV EL(l)=V f L(L)+-Rf.:O 

IF (WT(L })65,25,6 5 
65 LN=UJ+l 

WTT ( U-.Jl-=Wl ( L) 
.......... VELL .. U .. NJ .:.=.HV.EL.LL1 .. 

25 CUNTi i'WE 
Wr-\ ITE( 6 ,1 U03 ) 

100 3 ffJl{MAT(lH 0 ,50X, 8HV !::UJC 1TY/66H WAVELENGTH Si:TTING crnrn S1-:TTi i,JG U l S 
10031 PL RVS C,ifO HE.LI CJ WT ) 

W1UT[(6, 1U04l ( USw(Ll , SU (l) ,YY(U ., SE T(L) , D(L) , RV (L) , Vf:L(L) , HVt:-LILJ, 
HH(Ll ,L = l,Ml 

l O O 4 r- ORM AT ( 3 X, f 7. l , 2 X, F 6. l , F 7. l , l X , F 6 . l , l X , F 6. l , 1 X , F 6 • 0 , 2 X , F- 6. l , 2 X , 
1004.Lf.6 .J,E4, Q L . 

C OM P LJ P : MI: AN V E L O C I T Y AND S I GM A , U I S C AR O V F: U JC IT I I:: S G i) E ,'\ H : R T Ht. J 
2 .50 SIG ,1A fP,(JM fvlEA\J , COMPUTe NEW MEJ\N , SH;MA AND S.f. nr f'v'[ /\ '.J 
N . n. NO L[ 'ff.S SH(JUL U l:H: RE JECTE D WHl.: N 00 1"~(; H H:: STATI S TI C~L /\\J, L YSl' 

NO=O 
62 0 M=LN 
622 T !JT.:=..O. 

SVL=O. 
S\~T=O. 
IF(M-1) 5 11, 511 , 90 

'S ' W =W T T(l 
SVL=Vl:LL(l) 
t\VE=SVL 
SM=O • 

... Gf J TO .5 1 2 
·) 0 DU 7 ':.l L N = l 1 M 

SVL= SVL +V EL L(L N } *WTT (L N ) 
s vJT = s w T + iH r ( L N ) 

__ 7,.....5"-----"'COf\;....c!Tc...;Ic-ci'..;-.,H,.,_J F'S-:~~--------------------------­
A V E= S V L / S vH 
DU 76 LN =l , M 
DEL(LN)=ABS (AV E-VE LL(LNl} 

1 
b .. rg~r 1~0~.~1..111 L!~.L>l:J)~ LJLN) .. ~.~2 • .. 

SM=M 
S=-SQRl (T U f/( SM-1 .J l 
SM=S/(SCRT(SWT}) 
l~Wl= WT 

':>12 ~UTl:. ( 6 , l OlO l M,I S1H , AVf, SM , S 
10 10 FIJR MAT (8~10 MEI\N OF ,l 3 ,10H LINfS, WT ,1'3, 211 = ,F6.1,JH "'l E tl-- ~ .l, 
1010l'tH .. SIG, F'.:i.ll . 

PLMEA '. ~ ( I P LNU l =AVf::. 
L=O 
IF ( N(l)9<:l9d, 17,LJ9<1 B 

77 NO=l'JU+l 
r~UM=f'I 
l)IJ 80 LN=l., M 
IF (DEL(L N )- 2 .. 'J*Sl / 8 ,79,79 

79 _W~ IfE(6,1 0ll)VELL(LN) 



G LEV EL l, MU O 4 MA IN DATE = 70 18 7 

C 
C 
C 
C 
C 

C 

1011 FUR MA T(gx7F7.l,9H RE J ECTED 
WTT (L N}=O., .... ... . .... 

70 ALLV l::- L(I PLNO ,l~ l =VELL(LNI 
Ill?=IFIX( WT T(LN) I 
Illl=Illl+Ill 2 

yr,:J'-)7 

DU 9997 I.::: l, M 
POPMF:=POPME+ LLVEL( IPL NlJ ,I I 
RES( I PLNO ,I l =ABS ( PLMEAN ( IPL NO )-ALLVEL( IPL ' JO , I)) 
BANG=B ANG +~~S llPL N0 ,1) **2 -
WA TE =WA TE+l. 
CONTI NUE 
GO TU 622 
lF(CH ECK . l;(J . O.) Gl) ro 1 

STA RT OF STATI STICAL ANAL YSI S 
THIS I S DON( SEPARA TELY FOi{ 1:: /ICH NIGHT'S OBSERVATIUNS 
CALCULAl E POPULATIQN_ME AN ANJ _UO_ T-TEST. 

Wk ITl:(6, 1010) 
7 0 10 F ORMAT(lH1,3X,43H WAVELENGTH RES I DUAL VA ~ IA NCE T 
9000 POPMc=POPMl::/WJ\TE 

DO 9010 I ABC= l, M 
STARMF.=O. 
Oll 90t)G IOl::F=l,IPLNO 
S fA RME=STAKME+ALLVE L(I OEf lIA GC ) _ 

9008 CONTI NUE 
STARMt=SfARM E/IPL NO 
ESS=O. 
DU 9009 IGl:II=l,IPL"l 
KES LI N=ABS (ST AKMl-POPM El 
APE=AUS( RfS(lGHI ,l AHC)-RiSL I N) 
ESS =l:SS+I\P .:: **2. 

9009 CONTINUE 
[ S S = ( 1::- S S / ( I Pl N (] - l ) I ~' * 0 . S 
T E E = ( ( S T A 1<. 11 E - P lJ P M E l * ( I P L N O - l ) * * 0 • '..> ) / I:: S S 
TtE=AUS(Tl: t l 
,"-1Ui\JCH= I PLNU-
Al ll= STA ltM.=-PurM I.: 
W H. I T f: ( 6 , 7 0 2 0 ) 0 S W '( I A B C ) , A 1 1 l , E S S , f t: !:: , M U ! ,JC H 

7 020 FURMAT(lH , 5X ,F7.l,3X,F6.2, 3X ,F6 . 2 , 2X,F6 . 2 , 3X,I 2 ) 
') 0 10 .CONTINUE 

C ES TI MATE UF VA~IA~CE. 
C 

11/12/ ')6 

AT LA S T =BA NG/ ( W 1\ Tt:: - I PL N ll ) 
\frU T t: ( 6 , 9 0 U O ) '.,UCL [ S , /\TL AS T 

y ()BO F u RM A T ( l H !J ' 1 E s T I M 1:\ T E OF VA K I AN CE 8 l: T ~ E EN p U\ r E s = ' , f- H • Lt / / ' t s T r 'v\ A 
lTE UF . VA KIANCE WITHIN A PLATE= ',f 0.4) 

G l [ V[L 1, MOD 4 MA I N 

VARRAT=SU CCES / ATLAST 
Wf{ITt: ( 6 , 9090 }VARKAT .. . . . 

9 0 9 0 F IJ RM A T ( 1 H (J , • VA l { T AN CE f{ AT J O ... ' , I- 8 • 4 ) 
IF(CH ECKJ1 000 ,Y 9Yl.J ,Y 9<J<.:, 

lJ9qq CALL i XIT 
- I 

DAP.: = 70187 
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AP1,ENDIX B 

NOTES ON 'I'HE BRO\~ER~ GRANT AND ZEISS OSCILLOSCOPE r1EASURil G l:l.ACHlNE 

This instrument dis~lays , on an oscilloscope screen, 

the profiles of the line beine; measured and its mirror imag e . 

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 t he dispersion. Lescriptions 

of the instrument have already b een given by Laskarides (1970), 

and by Niehaus (1970), and a s a result will not be repeated 

here. A brief discussion of the advantages and disadvantages 

of this instrument as applied to this research project fo llows. 

b.dvantage s 

( i ) Because ··of the la.rge number of spectra to be r:: ea sured it 

was necessa ry t o find a fast, efficient way of measuring all 

t he spectra. Th e D. G. & Z. machine provides just t his. 

( ii) This device enables the profiles of line s t o be seen . 

This was a great help in deciding upon the acceptab i l i t;y of 

lines during the initial stage of choosing a set of lines . 

(iii) Because of the nature of the machine it is nece ssar y 

t o 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 calcula ting times s ince no avera~e r eadings have to be 

calculated. 

(iv) This method is also much easier on the measurer's eyes 

than visual techniques, and t his results in a fur ther s peeding 

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

Disadvantages 

(i) One p r oblem is to decide how to match the lines. The 

aim should be to obtain settings which are as close as possible 

t o the ' visual ' settings, i. 0 . the settings obtained if the 

spec tra are measured visually. Tbis generally meant that t~e 

core of the lines was being used. In some cases, the stronger 

lines (eg. HG) had no well-defined core, and the wings hGd to 

be matched. Examples of some settings are given in Ficure 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. Although this effect is very small, 

it can be avoi1ed by not using the extreme minima of lines in 

matching their profiles. 
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Image 
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Figure Bl. 
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Mirror 
Image 

Matched up 

Profiles 

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