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Abstract
New photoelectric photometry and period 3earcﬁ§3: are -

presented ‘for . three northern delta Scut! ‘varliables: LT

Vulpeculae, V1208.Aquilae, and 63 Herculis. In past work,

.two of these three stars were shown_‘tO' exhibit - single-

perlod, high—fééduehcy, 10u anplitude 'vaflatlbhs, wlith

V1208 Aql pulsatlng with at least two perlods : éwlnglcr’a

\

(1985) modification of ‘the Jurkevich (1971) period seﬁrch

mtechnlque has been used to detcrnlne that the thrce program

‘stars appear to be pulsatlng wlth at least four, threc and -

~

" three per!ods,,respectlvely
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"A star looks down at me

And says: ‘Here I and you |
Stand, each In our degree:
What do you mean to do?'ﬁ(

< : e
from Waltling Both, st.
Thomas Hardy ’
(1840-1928)
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i _The Delta Scuti Phénomcnon

.Délta Scut] stars_arg:smaélfamplgtUQe (Ay =0 .OOS?to
‘Om.40)lshorfjperiéd.(Od.OZ'to.O .40> A to F-type pulsating .
“varlable stars residing on the IOWAiQmﬁnbsity.extenslon of
~'Ar,'h<_z‘ Cepheld‘{nstaglllty.Qtrip: Théy‘rénge'1n luminostity
from about 2.5"magn{fuéés_agove ihe ’Poéulatiﬁn f maln
sequence to juét'befow lt'(Brggef 1979 . F%gure N S U
shows thelf pos{}lén on’ the HR d;égram relaiivevto other
groups of xntringic pﬁlsators. Preséntly numbeflné arpuﬁd
300,14known "é\~ééutif sf&rs pomprise'on;vof the largest.
érbup;'ofhpqlsatprs \ﬁ'the'Calaxff secéna-in'numbeq on}y to -

known pulsating white awarfs. Most of- the large—émpllfhde

* . . . . e 1 .
Scht[ stars  belong to;Populatioq I, but a few have

mepallicities and .space velogities more fyplcal of
Popﬁ}ation 1L  The driving meéhanism for £ lscuti
tonizatlion . zones. bo?nwards hel(uﬁ diffuslon ¥ﬂn' the
. B - . \_ . “ , . . .

surface layeks leading. to hellum depleted outer zones may:

also be an’'im ortant factor in the. pulsatlion mechanisms  for

. e

a .slgnificant vfractlod of theseastafs_(Andﬁéasen- et . al
1983).

. Main sequéncq Ag—Scutiasﬁafs are somewhat ‘differeﬁp

from thelr ’‘more  luminous counterpartsf ~ On  the main

séqugncq,‘ periods. are generally about .one hour . and -

. , m RSN
Camplitudes :are less than 0 .02 In V. The more luminous

e

pulsation 1s lbelleved to orlginate In "the Hell rand H

Ve
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1. Location of intrinslc pulsating variables .on

the Hertzsprung-Russell Diagram N
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Figure 1.1.2.

-amplitude of 0.01 magni tudes.

Light:qurves'of twé samplé éq—Sdutf stars,
BN Cancri. and 'AD Canis Minoris: lﬂ'éach'

case, the 1ength'of the arrow indlcates an

R
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v

Qarlables ~tend - to have longer periods and llarger

amplitudes. Figure [.1.2. shows sample light curves of

two £\~cht\ stars: BN Cancrl, a small amplitude vakiable,.

'ahd.AD CM1, a dérgér amplitude star.

While . many '<$—Scuti .vartables ekhibit. bh]y " one

&

observed pulsatlional period, the majority pulsate with more

than one perlod. .Identlflcatlon-of multlplé per!odé mus.t

_be made on a star—by—star bastis, and consliderable amounts

of dpservlng time are necessary to accurately determine .a

\,

glven star’s pulsatlonal paraméters.

'Ffom fundamental (P ) énd .overtone (P , P,
perlbds, informatidn‘may bg éieaned apoutzthe séruciuie énd'
composition df & -scuti Qtarﬁtf For exawplc} thé perlod
éatio_ =P'/P ' prév\des a dihgnslonlessj .Feédenlng  ;nd

: 1 O~ . . '

‘distance—independent number which, tf determined accurately

’,

_‘enougﬁ, cbuld be used In.conjunctlon with Steliar models,to

construct a perlod ratfo versus mass  relatlon. - Thus, If

accurate (to wlthin 6ne'perceni) perlod ratlos could e
determined .photometrically, ‘they could be indicators of’

sterlar.‘mass -(Andreas¢n et al. ,1983; Andreagen 1983). .

Unfortpnatéfy;’ insufficient data or data with large time

. gaps’ ténd'<tql vield mlsléading resu]ts'}or' perlbdsi and,

' ‘ C M : S ' ‘ :

hence, "period patlob no ?attér‘what period search _technique
" A ' oo T CoT

is used. Thefeforé@‘a number af very accurately determined

perfod- ratios will be neceﬁsary " before the - appropriate’

‘e

.gﬁollar%models can.bggpelected. Mass-independent bﬁlsatlon
. . . % B N .

constants,

\_v\



Qa =p Vf%;_;, RN

mean Steilar.dehs[ty rélatlvé ito

]

" where P = period, (3

i}

' . P
solar. density, "and n

~

,calcuiated for - '6\ -Scuti .stars glven mean steliar

densitles previously determined from,mpdels;_ﬂhcoretlbal Q
: .. _ ) : .. “n
versus log P " dlagrams show reasonable agreement with
- . n . t . . .
emplirlical values.

2. Backgrbgnd on the Three Chosen Program Sfars,

.‘\. - ° - ) - . ' X
WAll  three stars 1n the present program were flrst

observed by Breger (1969) as part of a two-year search

‘. for (§ -Scuti variables in a sample of 300 A to F-ﬁype

field and cluster ‘stars; _bhe reported 16 new suspected .6’~

Scuti vartables. Three of‘ﬁhese, LT Vul, 63 Her, and V1208

Agl, “are’ ﬁhe"gubiéct of this "~ thesis. Breger’s (1969)
results are summarized In Téble I.2.1.

Bz:‘egef’,,s’ (1969) data for LT Vull and 63 H;r'cénéist of
only 26'and'50"V—band ‘observa@iongl'takeh, 'respéc£ivé1y,
pvér times of ~"3.‘5'hours and 2,nlghts éepéraéed by 4 days.
Since hls’obgerygtions are Qot éktenéivé, ‘gis resu1t§  for

these two stars are best takép as étartlhg peints only. - No

further photometric’ work has been done on’ these stars to

our knowledge, which makes ‘them good'Candldate,pbjécts for

& vt
-a‘mulﬁi—periodzsearch.

V1208_ Aql was the - central cbject’ of a phasé and

amplitude study by Bregér et al. (1976) because of lts..

apparenily uncompllcated,haturgvandllarge.amplytude. " Pena

.

periodicity order, can also "be
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Figure 1.2.1.-"

tndlcate the approximate borders of the

Posttlons of the 'three program stars on the

Hertzsprung-Russell Dlagram. Dashed llnes

instabillity strip.- (Adapted from Petersen

-and. Jorgensen 1972)

—
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and Warman (1979)_pérformed é-mﬁ;tl—perlod analysls taﬁd

}Qund»perlods of dd.1406'k7.112 cyciés per ‘day? aﬂd'Od.1497‘

°(61678 éy/é)f ' To our knowledgg, no furtherrperiod—séarchi
work has beéen ddge,for‘VIZQQ Aqy.‘ A o

Flgure 1.2.1.,- Showlng ‘tbe posltioné, of seléc£ed

8 -Scutl stars on the HR dlagram,.hés plqtted“from Table 3

of ‘Petex_»ée‘.rx and Jorgensen (1972) - Instablility strip (I1S)

borders were calculated from Breger (1979) and ‘aqé only
approximate . Note the positions ¢f the three program

stars. V1208 Aql, ”ihe mosat maéslve of thé ﬁhree,,rqsldeﬁ
- farthest off the hain seguehpe'ahd_is closest to the’ blde‘

" edge  of the I8. LT Vul 18 closest.to the red -edge of the

.18, and 63 Her; besides being intermedlate In temperature,

ls also the least " masslve and hence the closest to- the =

\ .

main seqguence. Discuéggbn of the HR diagram posltions 0
. e ' .
the three.program stars wlil continue in Chapter V.



- 1. Edulpment Used

Chapter LIl:  Data Acguisltlon and Preliminary

Three months of observidg’tlme on the 24-thch - f/13.5

_Ronqie Mpréan Réfyector_at_Lowgll Observatory were grénfed

in  1983- to obtaln phé phopoelgctrlc photometry for this

thesls.’ An electrically cooled, _phlge—codntlng, 3lngle-

‘channel photomneter equlipped with a 'bhotomultlpller " tube

(EMI . 62568/a opérated at.-t000 -volts d.c.) and Johnson UBV

filters was used fur the observatlons. The photomultipller

pulses passéd:through‘an amplifier/discriminator (PAR 1121)
and Qere dlsplayed, after Integration times of 10 seconds,

as a photon count which was recorded on ‘both maénetic tape

cassptteéland paper ﬁape-by a mlcrodoﬁpdter (HP“9815A).

2. Observations and Preilmlnary\Reductlon

Crawford: ‘et gl.-

(1971) Qere” obseryed Ln all {hreg

bandpasses during the nights of May 24/25 and 29/30, 1983.

‘Johnsoﬁ V-band photomqtry.oqu'was obtalned for program

~objects and thelir comparlsoh stars .on the nights of June 3-.

5, .11, and 13-15 . for 63 Her, June 17 -and ZOffor LT Vul and

Jdne028-29‘and July 4 for V1208 Aql. Only one program star

.was nonitored'an“a glvén ntght. . Each gbéenVatlén-qf’ atar

‘or sky throdgh”a given fliter conslisted of three 10-second

intégratlons, _and thelcbmhuter'dlsplayed and recorded the:



average slgbhl and lfs s;anéard ded}aplon aftdf'the three
flntégrations we%e éombieté.
Tﬁe 1two nights of standard'vsta?:'photomgtry " were
. reduced by hand usling' the methods of Hardle (1962 .
éxtincthn'.Coefflclents.and fypléa} (dbSprved - st?ndér?)
res!&uals, for ﬁhgse two nights are given.ln Table II.2=1.
'Thg- abnpf;ally =higﬁ extdnctloﬁ édgfflc&ﬁnts in ‘all three -
célours ‘seen : here ~also apéear!ln the reéuctlon. of: the
‘ prograﬁ star data, and ére presumably due to bértlculéte
;atter lefk.ln theﬁEarth’s awmoséhére after eruptlons o% El
'Chichgn in uﬂar¢h ‘aﬁd April, " 1982. .Thesé. values are
conalStént wlih'ﬂhose obtalned by.other observers at Lowell
nObséfvatofy aur!ng'tﬁersame tlﬁeiperlodsi TH}S‘ étandard.
“star photometry was perfor%ed only as a pheck.vof _fbe
equipméntﬁ the sky'conditiohs,.and the observing técﬁniqug.
No - atteﬁpt. was made to dée~tbe'sté;dard_'star data to
trénsgorm tﬁg proéram 'star”.magﬁitudeé to the Jéhn;on
gystem;'.lf was.deemcg unngceésary slnce .the §échniqqe 'of
diffefen;ial -bhotoﬁetry-‘(cf. .Secéion' IIfBLl does hoﬁ
require ';agnLtudeé transformed to a 3£andard phofémetrlp.-
.SQStém- ' R | |
Each _pfogrénlstar.was pbsérvgd,coqcurréhtly Q}tﬁ _two
ébnparlson ;qtaré' déslgnééed “éompafiéon' Ané 'ébeck'.n‘
'.Theég were chosen to be poé!floﬁédjﬁgll within half. a
-degréé of ﬁhe Qafiaﬁle and to-bé similar to It in gpectral
gtyée andiv‘magnlgude'(éf._ Tablé i;:z.é:). DHServations of

. LT Vul and 63 .Her were made In the sequence (variable,

10



Teble 1l.2:1.5 Three Celour Extinctlon Goedflclcente
‘and Reziduals for the Snndnrd Snr

; Photoge&ry
! May 24/25% -! May 29730
k ' 0.293 H 0.334
v, H - ‘
e : 0.144 ‘ 0.170
bv , :
k : 0.316 : 0.287
b : '
k- i 0.082 : 0.148
by ;
k H -0.067 : ~-0.029
“-bv : :
AV : +0.027 : +0.028
ANB-V +0.021 : +0.014
AU-B +0.020 : +0.025%

1



]

- Table 11.2.2.: The C apgt_‘iggg and Check Star

i Name .'i R.A. -! Dec.” -! V : Spec
: P (1983) 1 (1983) ! - (mag)! Type
LT Vul : : ! : :
Comp Star ! 'HR7250 : 19hoe™ : +24°137 ¢ 5.71 ! a3
Check Star: HR7207 | 19 01 ! +22 16 1.6.34.! A3
V1208 Aql ! : : : ¥
Conp Star ! HR7332 ! 19 19 ! 411 30 | 5.99 ! A3V
Check Star! HR7315 :'19 17 ! +11 34 ! 5.06 - A3
63 Her : : : ; g
Comp Star ! HR6480 | 17 23 .! 422 58 : 5.67 ! A4
Check Star! HD157087! {7 19 ! +25 33 ! 5.30 ! A3III
T
N\

s



comparison,  var1ab1é,' check, varlable, comparlison). Daia

:fof V1206 Agl wgre'obtaihed_gn.a stralghtforward sequence
bégween compafﬁson and varliable, ﬁgigbkthe check star be\ng
observéd after eyery tentE observat(on'éf the variable.

| .'The 'ef%ects of atmospherlc extlﬁctlbn Are readily
removeﬁ from'the Qata, 1é§§lng sh&t noisg assoclated with
the fandom_arrlval,of photons as a.soﬁrce of observatlional
uncertajnty.‘ A series of ﬁeésurements made !n a flxed time

fnterval resultlng In-a total bf N photons (where N > 0).1is

expected to be uncertaln by N accordlng to Polsson

statistlcs; - the mcorrkspondﬁng uncertainty in .measured

magnitude is then glven by: .-

Table -I1.2.3. shows .estimates: of the uncertalinty In
maghitudes due to shot noise for single obéervations of the

program stars and their comparison-objecté.

A FORTRAN routine REDUCE was written by the author for

5

use on the Salnt Mary’s Udiverslty VAX il/780~c0mputer to

handle Ehg program stdr_data. ~ This brogram (Appqndix D=1)

y

uses Hardlefg '(}962). metﬁod‘_tb 'fedﬁcé raw,:‘pﬁoton
q;hnﬁ/unlvers;l - timg. " data ko .eXtihé;lon—corrected"
'lnsﬁrnment;i , magnltudes using Abservatkons "of . the
comparison SQPf t5 calcdlate the é¥tlncthn_iﬁ V. The Qead
pime : for this. particular ‘diécrinPnaLor/pHo}omépér
.qamblnaflon, 1.0 310f7-$econ§%, as-wel¥ as tge-approprlate
équaé}on_ for geédtlne ‘éorreptipn',(§ﬁowg BcloQ)- Qere_

I3
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St L vrable I1.2.3.: Uncertainty in Magnitudes
'Yi\ ST . .. Due’to Shot Nolse - '

: .+ Typlcal Photon !
Star . . "t Counts.Over 3 .

10-s Integ . (mag)

. Comp Star - -
Check Star

LT vul .0 39402

¢~ V1208 AqQl ! . 104292
Comp Star | 65484 "
Check Star !' 130884

. 63 Her - . 57924
. - fomp Star ' i- - 91146
& Check.Star | . 128061




B.IThagbifferentlal Photomeﬁfy

'.bbta{néd from afbreﬁlous observer (Osborn,.1983) .-

_ -7 .
dead time corrected = counts x (1.0 + 10 X counts).’
~counts o -

A more reallistic estimate ofl-uncerLainty, ~hoﬁever,

dmight pq dbtalnéd uslng the comparlson and check stars

observed during each program night i The rodt—méangﬁquare
(RHS)'.deviatiQn  in_(comparlspn (C). - check’ (CHY). values
Ové} the span. of a nfght .would be a good.ﬁgdicaﬁof of, . for
exahpie; .éhort—te;mf-dtmdépherlc effeptq which Qould ialgd

influence observattons of tﬁe .varlableT ‘Table 124

1lstsi RMS devlatidns ln C- CH values obtalned during nlqhtsﬂ
'when 63 Her and.LT Vul were belng mon!tored,- and éMS
deyldtfons fa- cqmpqr!songstar, mggnltudes_IOnly ob;alncd;
‘duridg nlghts when Vl268'Aq1 wasABbéerved.A Average. éﬁS
'deviatlons over the 7 n!ghts (63 Her) 2 ?ightg‘(LT Vui),
andg-éF nights (V1208 Agql), which are also'lxétpd. ih_:ﬁhe-

table, . were édopted as beqt estimates of‘lobsérvatlonal

unCefta[nty >dnd .are; 1llustrated as error - bars in all

.followlng magn i tude -versus L!me dlagrams

[ ‘ r

' The‘technlqdeiof d}fferedtial photometry s to éhoose:

-a‘_odmparison star” close .enouqh tn ipositlon,; apparedtf

(\

1

Magnltude, 'and'\spectral type ro the program star 30’ thép“

differences-,lq atmospheriq' extinctlon- between the"two

. [
!

cancel out Extlnction values, howéver, were found to be
1arqer than normal throughout the entlre observlng run flt”
was decided therefore,n to .correct for average nlghtly'

15"
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Table II.2.4.: Comparlson (C) dnd Check (CH) Btar

. RHg Deviations :

Star ! Nlght - ! . RMS+, ! .CRH3)
: ¢ (mag) (mag)
63 Her. ! 830603 ! +0.0076 !
(C-Ch) ! 830604 ! %0.0072 !
¢ 830605 ! £0.0052 !
i 830611 ! #0.0074 !
’ -1 830613 I +0.0058 | -
i 830614 ! +0.0058 !
! 830615 : 10.0070 !
: T P40 ,0066
FE
' LT Val, “! 830617 ! +0.0076 !
- (C-Ch) ! 830620 ! +0.0065 !
o ST ! +0.0070
1 Ty
V1208 Aql! 830628 ! +0.0095 !
(C only> ! 830629 ! $0.0058 |
.+ - 1°830704 ! $0.0058 !



S

“*extlnctloﬁ before calculating dlfferentldl magnltudes,

alt’h'ougbjthls was prgl)bably' unnecessary since -alr mé\ss
. . . “ . L .

v,_dlfferénces be tween’ program'and compar!ison stars seldonm

Cor?qsponded to more than a few thousandths of a magnltude.

Extlnction In V remalned close to 0.3 hagnitudés per alr
mass . for the gﬁtire‘observlng run’ (cf. Table T11.3.1.).
Flgure I1.3.1. shows a typfcal’extlnétlon curve for the

night . of June 28/29, I98§luslng’the compar lson star HR

|

7932, - Flgures [1.3.2., 11.3.3., and [1.3.4. show the

Individual nights of differentlal photometry for LT Vul,

V1298_ Agl and 63'"Hér,b'brespectlvely. : Diffe}éntlal v
magnitudes ;e;;“'balcd}ated in the 'sense vafiable

comparison for LT Val and V1208 Agl, and variable - check
for 65 Hef. All figures‘%th raw} unémodthed; extincpion—

corrected ‘.data, and the error bars denote ~observatlional

uncertainties expected from RMS deviations In comparlson -

‘check (comparison ' only, .for V1208 Agl) magnitudes _(cf.

Table 11.2.4.>. - " .



Ia&ls Llh__u Eulncngn in v

-

- From Each Night of

- Brogram 3tar Photometry:

kv :
(mag/alr mass)

July -4

mean Kv
stand ‘dev

.275
.215
.268
.326
350
.245 .
.226 '
;324
.215
. 262
265

COCO00T OO0 O

. 240

o

é‘a
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Flgure I1.3.1. Atmospheric ektlnctldn in V for the.nlght-of
June 28/29, 1983, .using the comparison star .

"HR 7332
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'_'Flgure‘II..S.Z.

Differenttal V photometry of LT Vul for

‘the_nights .of a) June 16/17, 1983 and’b)

June 19720, 1983,

Jullan Day (shown) = Jullan Day - 244 5500
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o
Flgu.re 11.3.3. 'D'll.?fere"-nt‘lal v phot-omet-.ry of VlZOé»Aql for
N | _the nights o-f a) June 27/28,; 1983,' b)‘Jun'c
28729, 1983 and o July 4, 1983, |

Julian Day (shown) = Jullan Day - 244 5510
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Flgure 11.5.4. Differéntial 1% bhotometry of Qé Herhfqr
‘ ' ‘the nlghts of a) June 2/3, 1983,'>"b‘).Ju_ne
3)4,"198‘3, c) June 475, 1_953, 'a._\>

; Juﬁe

Juhe
. 10711, f983, e) Jdn? 12/13, 1983, f
.13/14, 1983land g2 June lA/l5,‘1983.
“Jullan bay (éhbwn) = Jullan Day:: 244 5480

?
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- Chaeter_IIL: Data Redugtlon Progedures

1. The Jurkevich Method of Perlod Searchlﬁg

The f Jﬁrkev{éh (1371> - befiSd " search .tcchgique
waé developed as an gld. 1niaaéférminlng pe?lddlcltles
contalined | ,oIn lrregulariy—qpaced, _ﬁimc—gqpendent_
‘ob§ervétlona1 data. - Hany.previous authors have disdﬁssed
thi$~method in éqtail (Jurke;icg 19714 Mofrls_1879; Mo?rJ;
‘and Du?uy 1980; Sw)ngler 1985a aﬁd 19855), §§ oﬁij a brilef
outline of ﬁﬁe technique will be glven here.l . :

Cpnsidéki a set of N (time, magnltg@e) déta polnts
ﬁx‘fy , ;' i to N These polints  have an A overaldl
me;n 1r;lag'r?itude of zero fsr’ s!mpiicity, énd 'contaip: a
_.perl§af§1tva4 of'haif-amp}‘tude A . . For eve;y trial
pefiod P, ° a ’magéifﬁdé' yegsus pHasé dlagram‘~.ls

constructed, where the phase, gﬁ; ,[assoélated'&ﬁth a data

~

polnt.{(x ,vy ) Is glven by: . ) : S o
t - . _ Lo .
(A: mod (x: .~-%x_ ) o.<'¢ ¢ 1, 0
{ ¢ . .
[ —mmmm—____Z% . to
- P or L
. where x 1s a Coﬁvbnient, .arbitrary staft!ng fime:" Each
S ' ' . : o
phase - dlagram Is then divided Into M Intervals, .or .bins.
‘ . : L. R » . -
~'In.the kth bin there are m “5qlnts‘w1th meah magnltude ‘mu
: : - K K

For each trlalt perlod, .the Jufkev!ch me thod assigns: a

magnitude Index, I1(P),

t=! -

oo .m - : N .
o o2 U A - :
- N ‘ I(P) "ﬂEZ yi - 2J_ m,omu . (2),
) 2 [=1! }Z:/ ) - ,
where_zj VC = a - constant  for: a glven ‘data set .

B
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1

A Jurkevich berlodogram_tﬁ a plot of I(E) agalnst P.
If P f/P , the points on tﬁelphase dlagram-wlll- be
N N O - - . . . .

fanaoﬁly scatiered; ana thé M vaiues'of mu will be <close
to zero. “If P =P ,l hbwever, 'thek poléts will
dellneate a wave fqnctlgn of perfod P and balf-amplitude
AO. in t?1s_¥attﬁ£ Case,; ?He H'leugs of muk will n?t-be
close to zero, and ,m,mul will approach a maximum value,
- =t - : . .
since the ' data :lthlg tge bins will be systematlcalli

e&thqf above or below zero. In' the perlodogram, a minimum
&hen appears at [(P >, slince TpP) ls- deflned as . a
h . 0 . K E :

differenqe. Normally, however:, - -periodograms are simply

lnverted and the basel lne shi{tea to zero, so that f(P > s

~; ;aximum. °
Figure Ille.[. is a.samﬁlé frequency éiagram plottéd

for .élset af unevenly—spaéed tlmg - magﬁifude-aaka polnts

inte which there basibeenzincorporated a slne_funcplbn of

the form

y = A 8nCTF x4 @2 4w oas, (3

0 m 0. 0 ‘ \ .
where " A = 0. 022, F = 11.36 cy/d, . ¢ = 0.000, m'= a
: 0 . S n0 . . 0 : . .
scallng factor - = 0. 500, s = randon fGausslan noise =

Y .
0. 00!, X = time and y = magnitude These artlficial data

Qere generated uslng the routlne SYNCUV (Appendlx D- 2) and
.the 327 tlme values from the Complete eet of po!nts for the
 p§ogran star 63 Her. That iq,. new Qngiﬁigigl nagnltudeq-
yére éalcuyatbd usiné obsérved, unevenly—spaced . tine

values.. The FORTRAN routlne used to perform the Jurkevich

.Calculatlons 'was obtalned fron Horrls -and DuPuy (1980)

28



Figure 11T 1.1.

"

for' artificial data generated . usling

Equation 3 (from the text). The primary

envelbpé, which . surrounds the peak at

F ., 1is marked 'witb;:circlés: The

-0

irregular system of peaks between d and 8

cy/d is due t» the .1/2 F harmonic of F
' ' ' 0

Unmodifled -Jurkevich Jfrequency“'dlagram‘

.’/' .
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Frequency . alagrqms are shown_throqghg£t._this théslg
instead of'perioddérams; . that Is,"frequencyt not perlod,
~has been p}ottéd_ aloné the absclssa. An' Ihdex versu;
.Frequeﬁc;\' diagram - s éas}er- to 'fqad ' becauég, the
cérrespona{gé " lhdex versus PérlSd-dldgrAm 1s'n6t'llnear_ln
freéue?cy: Allases_(scé below) éf.a'perloalclty'aye tﬁen.
sihplér_'to_plck out on a freqﬁepd? dlagram'sl;qe they arg»

equidistant from each:other. To express Eguatlon (3) in

"terms of perlod, P, it ls necessary to remember that

P = -
F
Equation (3) would then be written : ab \
y = A'sln ‘27Cx+QS + m s i
O - --- o ' SRS
PO : ; .
The frequency dlagram in-Figure IIT.1.1. {llustrates

 two problems with. the Jurkeblcﬁ téchnique:
15 .'-One;day allasing tends to “occur {n astronoﬁ\cal‘
_Abservapicps slﬁce data sets are 'nérmallyw obta)néd at
rodghiy ‘deay Ynfepvéls énd Qnéértqlnty Aarlﬁes in  the -
-nunﬁer of cycles wahléﬁ_havé elapséd‘durfngmtlmes"of no -

observattions. Peaks appeéf_on the Jurkevlcﬁ perlodogram

S o .0 0 - -
decreasing values of I(F) since they-do not fit_ﬁhe data as

at’ values of F.= F 4 1;- F -+ 2, F + 3, etb.; but with
' ,ﬁelll‘ For uncémpllcated data sets, - one can lgnore: thls
qute' easliy.- 'Howevgf, ‘Zfbr- data'contaynlng muitiple,
‘closgly—spéced perlodlc+ties, the interaction of two or
‘more altas ﬁhvelbpes_'ln'conjﬁnction. with the .harmontc

.phenopenbn discussed below can be dlffléuli to, sort 6Uti

.30



2)  Besldes the  allas envelope surrounding each true
frequency - other -systems of peaks also appear. These
q}é centred on values of F =nF, n= 1/2, 1/3, eté

0
correspondlng to harmonics of order n of the true frequency

F . - These harmonlcs are artifacts of the Jurkevlch me thod
O .
and their presence_only'Complicatgs thg frequency diagram

For example, In édgurg IIIil.l., a harmonlc system of .F

appears at F = 1/2F = 5.65 cy/d. - S]ncq data. contalnlng
S o 0: _ o : , -
only? one glnusotldal freguency (herelin - ’single-sine’, _or
‘one-sline’) ~are wused, - the maximum at F , its alias-
2in © o .

envelébg, and'tﬁe-hanmonlég are ver?Acléarly.Seen,
'Aé_éhown fﬁ Figure III.l.é,'the éituation beéomes_eth
more .CompliCAtea whén anbthef qrne‘funbglon'(of the“same
form as above) with~frequeﬁcy'close, but not exactly equa]
?to 1/2F -, 1s added, to the original artificial data. The
?ésulfing Fberlodogram. shows a comp}]cated §£rucﬁure of
peaks. beﬁween 0 cy/d and 9 cy/d due tolthe  jhf;récﬁion
bet;ee6 ﬁFEe_ ﬁarmbnlcs_and-thé newly Ilntréduéed overtone -
perlod, F-;_$.26'cy/d.‘ Noﬁeithe'mlsleAdlhg helght'qf the =
peak' at D;Ll4, cy/d occurrlng becauqe an‘ alias of ‘ﬁhe'
over.tone per!od happens to Co!nclde exactly with an éli§;.
.of :Fhe 5 2F  harmonic. The “two pcakgi slmply 'édd
algebralcally?- resg}tiné ln.'a,séurkodg ﬁeak of fffélse;
'hg{ght, ‘Jndiéat{ng'a §troﬁg‘peff0dfclty Qhére;odﬁ'dgéslﬁof
ffealiyj exist. Further .experinéntatlon'showed that th?
cbﬁf@s!pn: becones worse when additlonal periodlcities are-

'lntroducéd;

31
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Filgure . TIT.1.2..

Unmodeied' Jurkev ich frequency diagram -

for two—slnéa artiffbial data (see text).

SYmbols are used as n Filg. . ITT.1.1.

" The unmarked arrow indléapes'a spuflous

quak‘_due. to, the  proximity ~of the

secondary freguency envelope surrounding

the- peak' ‘at “F ~ to, the 1/2 F
. : _ | .

. o
harmonic enve}bpe.
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"Frdm' past.;experience with the Jurkcyich_ncthod (Dupuy “and

Burgéyne, 1983), as well as from éddiﬁlonql attempts to .use
It in the reduction of both real.énd other more complféated
artiflcial data, we. declded that Swingler’s (1985b)

modtfication of the Jurkevich method would be more sultable

-'tn clrcumstances where multiple perlodé mlight be ‘éxp¢cted.

The compllcétlng harmonlc. peaks inthoduceé by the Jurke v Lch
. . . kY ) . ‘ " . ’

techn[due. tend to hinder 'aﬁiempts at stralghtforward,
accurate period ‘searching.

2. Swingler’s Modlfication of the Jurkevich Method,

As demonéprated in  the .prevlous section, each

Pberlodicity .éontalned in the data will coqfrlbute multi-

peak harmonlc structures to the Jurkevlich perlqdogrém. " The
shape of the M-bin Jurkevlcﬁ periodogram Is essentlally the

same’ as that of a clasgsslcal Fourier frequency spectrﬁm of a

~rectangulér waveform of M= 1 . mark-to-space ‘tatlo. The

_confusing multi-harmonlc- nature of the. Jurkevich method

{that is,,,the hérmonic-peaks themselveé) can be ellminated

- by replacing thls\rectangulér‘waveform by.é Qaveforh of

somE'dthér”shape (Swingler"1985f. The probleh of al'fasing
rené\né,.- howevef,“ slnce Pt is - lnherénp‘ to the
 Qbseryatfona1'dataL I; wlill  be shown Chere And‘inAChépter

IV) that once the harmonic péaks are removed, the allasing
alone is no longef‘as dlfflculi to‘lntekpreﬁ.

A modliflcation:of the ghrkevibh\techniqﬁé lnvwhlch a

ngw“lndex; I (F), is deflined can be constructed as follows

s
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R T

Is (F) ?( )Z(E}‘.. +~(§;R )
] - - i=!

one full\cyéle of Qggb types of functions. Whén F % F .,

Ptbe nultlplicatlon‘ and summation °process yields  zero

(Swlngler l985b). The usuai Jgrkevlch technidue deternlﬁes

the polnis ‘1n the phase dlagram for each trlal frequency F

Then, £or. each time- nagnitude data. polnt (x , ¥ ), the
: 1 i )
products Q@ and R ane de flned:
i : 1 ) .
: : QL = ydcos (27T F XL)’~_ |
' . ana _ (5

R - Y. sin’ (2TCF x )

H

Q@ and R are then separately summed over all data. poinfs
| . | )
and the sqgare3=of their sums aré added.: A 5ca1e factor
Involving - the total Tnumber. of data. polnts ts  then -

Introduced. The resulting eguation deflnes the new . ‘index

I (F) at trial fBequency F:

s

3]

N ,
N . . N - (6,)

- 2 P . . .2
>2‘(Z y, cos 2TCF X, )+ (Z y; sin 2F X; )

= . e

. i
/_‘\\ :
Z VN

One does not kKnow initially how the data are distributed

aérnglthé mégniéude.;ersﬁg:phase'dlagram glhce,'Secausé-ofﬁ
the  ungergalhty  inl phaéé, - the - polnts can appeér fo
dgllncété é{ther»a s'ine Qr'é COSIBC funétion. Therefore;
wheh replgclné.the;rectanguiariwave,l.both slne.and coeine

fhnctlons.musf'bé consldered,.fhdt_ié, one must multlply by

0

output, and (idealiy)'only gives 3 non-Zero result when F =

F . Flgures II1.2.1. and II1.2:2. illustrate examples :of
0 S o o 4 , .
modl fled-Jurkevich (herelnafter *Jurkevich - Swingler’) .

.
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o Flgure I11.2.1.° Jurkev,l_cﬁ—Sw,}nglgf 'frequency'dia‘gram for

'thev-.‘s‘l‘ame one-sire artificial data as in

Fig. I’fII.l"‘.l. As® b‘ef,ot"e, circles are used

" to Indicate the envelope due Lo the

pr‘imary_ periodicity. Compare Lo‘ Fig.

JT1.1.1
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Flgure 111.2.2.

>fprevYOus frequeppcy dlagrams and squares )

¢

.Jurkevich—Swlngler 'frequency'dia§ram for
_the same* two-sine artificial” data as lu

Fiy. ITI.1.2. Clrcles: are. used as -in

- ¢

are used to indicate the'anvclppe due
the secondary fthuenby; F .Compare
B .. . . X .

.

to Fig. J1IT.1.2.

% . . . e

.
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‘perlddoghaﬁs -for‘_ thé_ éaﬁe sinélé— and . douvble-sine
ar‘t.l'flcl‘al._‘data‘ used in Figures III.1.1. and UII.1.2.,
.'rhgpect;yeIYl No#e ﬁhe dr?matié ‘dlfferences. in the
mpdlfied ‘freddency d[agrams compared ﬁo Flgureg .Ill.}.l.
aﬁd Ifl.l.?.; regéectl&ely.” Thb.'ne;’ dlagrams:_are'muéh
‘éieaner andﬂeasier,tb lnterprey}:.The"al!as edvelopés 3taﬁé
‘oqt-muqh %prg'cleavly énd,.slnce the hapmoélés are gone, néﬁ
. spurlqus,'~miéieadlhg, peaks occur. - Tt appéars'yhaL this
ﬁbdlf{ed;techn!que is more accurate_aédfv henggyfa.:uéeklon
perlod—éearéﬁlné' : togl for odur data. -.: The FOQT?AN_
algorlthmlLdeveloped for this method Js listed Iin ﬂg%end1x
D-3. " ' - ‘
quatLon.(G) }s Qery.s1milar Jn form ﬁé that.ugedzln a
“élass{caf Fourier’analysls. The only difference»betwegn;the
ﬁ@o ié that the Jurkevich Swingler techniqueirmultiplles
phépe - magnltude data by a single perlod of both a slne
-~ . and cosline. functlon, whereas the gsual_ Four{eg. me thod
mdltlblles‘“the orfglné} time —'magnltude d;ta\by s3ine and
lcosine funptlons. In both Cgsés, the.resdltlng_indexfé (F)
s the same (Swingler 1985b), | )
 The new modlfied dndex, TPy, a.s. de floed 1t Iéciua.tv‘ion
'(6);< can, Bé.\used “to obtaib Z dlrect é%thaté ,fpr pheA'
amplitﬁde qf'-a‘ perlodiclty that appears as a ‘peak lﬁ 5
frequenéy'dlégrani_ To illuqtrate the re]ationshlp bgfwgen
1n.dex' and .a','npll-tude, a serles of _1'5‘ artiflclial (time,
"magnitude) data sets were creaLed _each coﬁté]nlng Lh{.ianc,'

JUTRESIY

onejsine perlodlcity, F., wh}chiiln 'cach case had a



di fferent half-amplitude, Aj A perlodogram of each data

set - was plotted and the Index, I (F) correspondlng to the
. R s
peak at 'F was  recorded. A log I (F) versus log A
S

dtagram (see . Flgure Iii.2.3.i for these 15 tesf ‘cases

exhibits a 1inear 'relat{onshlp for which 1llnear least-

-squares‘fltting ylelds

log I (F) = —0.00QO (i0.0046f + 2.0058 (+0.0026)10g A
- N -g . . . . .
In other words, I (F):'is closely related.to the "square of
amplitude correspondlng " to a pertlodicity, F.. This 1log

I (F) versus log A dlagram wlll be used again In Chapter IV
s : . .

" to dgtermine Nalﬁes'of A corresponding to the 1nd{ces of

se{ebtéd peaks that appear on frequency diaérams. That s,

one can use thié iog 1 (F)'versué‘log A~diagrém‘to- obtain

S .

an{tlal " “guesses” for the parameter A which corresponds to

a'varlatlon.of frequency F (cf. Chapter IV) . . ,'.“s;

3. The Non-linear Least Squares Fitting .Technique

A non—liheaf_leéit.sduareé £lt ls needed toldetermlne
the ogher parameters aésociated with a periodlicity dncé'the

Jubkgvich—Swlngler' nethod‘~has-_béen ~'usehd to provide é

rellable guess for that pertodlcity. ~ The quantities balf-
appl}tude, A, phase, 96 , and an- average ﬁagnlthde'scallhg_
‘factor, n,-‘aré ‘needed to conplbtely‘aegcribe the sline

‘functlon c§rr¢§pondlng to each‘frequéncy:

; .

y<(I) = A .sin(27CF x (1) + ¢ » o+ om o, 7

where f’x-l,n.fN data polints.
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Figure - T11.2.3. Plot of log:  Modifited Index Uéfsus.log

Amplitude
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guesses for frequency, phase, and average magnltyde;

The~flts-w§re'made.uslng P3Kk, a‘]lbrdﬁy program'lﬁ the

Biomedical Statistical Package " from- the Unlversity of

_Californla, -Los Angeles (see Morrts, 1979 for a program

1lstlnq) In conjunctlion with the Dalhouste ~Untversity .
CYBER 6600 computer. P3§ requires that the user make.
reasonably accurate (to within a. few ‘pqrcent) -fnittal

///

Initial estimates for half~amp]itude turn out to' be less

‘crltlcél to the success of the‘flt. P3R can be. used  to

determine the parameters: of dp to six slne functlons

"occurring,simultaneousiy_wlthin a single data set, although

?han a fobr—sipeffit. . The .type of Qutbut_generated byJPéR

in thls work 1t was,néver’used‘in adything: more complex

'(Wnclualng "parameter -eror estimates ] anaA fbesé—flﬁ”

- residual mean 3@uafe valyes) wlll be_dlscussed In detatl tin

Chapters IV and V.

A baslic flowchart for 'the . complete perlod-search

procedure’ usedi.bn' all: three program stars Is ‘shown in

Flguré 111.3.1;‘. For a qlven set of data polnt%, ﬁhé most
dpmlnaﬁp-'fr¢quﬁcy_ is chosen from ‘A plotted Jﬁfkevlch—
%wlngler frequency dlaérah.: The routlne P3R ls then ‘.used
to perforn a’ non- llnear,.‘slnqle~sine, least squares fit'on'

the data, 'uslng the dominant frequency and guesses for A,

K3

-<¢ and m. The best (lowcst RMS deviatlon) Convergod flt is

then subtracted fron ‘the data, that ls,r- the' data’ are

jprewhltened“. Next, a . neﬁ.freduency dlagranlis pfotted

‘using the: prewhftened data to .. .see £ -any secondary

40
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Floure TI1.3.1.: Rough Flowgchart for the Complete’
: Perlod-3earch Pzgggdurg Used 19
Ihis Tbesls

: _PLOT FREQUENCY DIAGRAM’
: " 'FOR GIVEN DATA SET

FROM FREQUENCY DIAGRAM .
ESTABLISH MOST.DOMINANT =~ bk
' FREQUENCY : :

U

I , . : - - contlnue loop
PERFORM LEAST SQUARES (-SINE | aunt il no

* FIT USING DOMINANT FREQUENCY ! ‘reliable’

: b - ; frequencies

-j~iﬂm~~~~—~——~ ;“"”“7”f*h_;f;” . are seen -
. ’ ‘L T . >.(see text)

. PRENHiTEN DATA BY. 'BEST’ FIT ' o

. AND PLOT NEW FREQUENCY DIAGRAH}m«w}—fWT

SUPERIMPOSE MULTI-SINE FIT .
ON ORIGINAL. DATA .



periodlcfties haye' becone'appareht 1n_the.abscééc;of the
domlnant ’\‘/arlatlon., [f any further pe-_rlodicl‘t_los E'i_rc.
preseni,' they are Jqdlviduail* fitted with é slnéle-élne
‘ equation us}ngré3§, and also remo@ed‘frbm the déta. '

This proceagrg i pepeaﬁé@ Qnt{l .no; furthcg
~period&cif1¢s of. ;ellahle amplltude (Fhat 15, _ampiltﬁde.
.larg;r ‘thad the previously-discussed Qbservptlonal errorf
S are seeni Finally, ~ the . total pultl—sf%e T Ofit ,.15
superimposed o\n the origlnal aifferent al da-'-ca; a_nd;f\-na'l.

,reﬁiduals are calculated. ®
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‘Ghater_I¥:' The Perled Searches and

Thelr Results

1. 63 Herculls

As  stated In éﬁaptgr 171, the data for 63 Her conslst
'of' 327 observatlions obtalned dur ing seyen nlghts spread

over, 12 days. The inittal Jurkevich-Swingler frequency

dlagram formed from the data is shown In Flgure IV.1,1.

Note .the bhorizontal llné‘drawn,écfoss.fhé frequeﬁcy
dlaéram ;t Inde? :.1.38. It Qés decided that the frequency
dlagram (showntiﬁ Flguré-Iy.l.z.) formed from the 63 Her
ngpﬁgrlson_ minus éheck'datg.woyid be a good-indlcato; 6f-
the expected (6b3qrvatlonél)_n;ise iévei éeen in‘ Fiéure
IV.l{ln:- There ls Bnlyfong pajofﬂsysmem of b¢3k3°3¢en A

Flgufe' IvV.1.2.; the envelope éentred at approximately 20

‘cy/d -indlicates. ;hgt' the hlghest~peaks due to expected,

Observatldnal'»ﬁncertélnty should have a maximum nlndéx of
1.38.  Hence, the llhe.drawn across Figure IV:1.1.'fand all
other 63 Her frequency diagrans)'at_lndex:: 1.38 indicates

thglllmlflng index,. I , :suéh that any pedks not having ap -

tndex at least as large as'.] are to be  eliminated or .
. R : . ‘ 1 S
regarded 'with suspicion.- = Similar "arguments shall be
carried out for V1208 Aqgl and LT Vul. The ‘Index n Figure

IV.1.1. bas been plotted only fok'the‘fregUency“'lnterval

of p-,td 24 . cy/d since analysis of ‘the same data ‘at

" frequencles greater .than 24 cy/d shows no peaks above the -

~ . v . -
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Filgure IV.l.fﬁ

Ju%kévjch—Swlngler. ffequéncy"dlagram of

63" Her ' data.  Symbols for this and all
‘followlng freguency dlagréms-are:

_C) - primary envelppe;‘ [:] - gecondary .

envelope, and AN - Eertiary‘ enfelope.

The dashed line ' indlicates the iimitfng

Index:-l

Iy
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U Plgure IV.102.

-y

which defines the limiting Index, [ .

.
Freqguency . dlagrah- of 63 Her 'compartson
star. minus chéck star data. The 1ar§c5

envelope has a maximum index of 1.38,

. 1
for the 63 Her data. Similar procedures

“are .followed for V1208 Aql . and LT Vul to

determine L.;
. . 1

Y
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CHE

Tflimltlng lndek'pf 1.38.

‘ndesignanGZ’prlmary', lq oentred on the tallest peak at F

,'jshould be placed in these results

Three distinct eystens of_beaks‘are .vlsible.;égainst

the. 'background nolse . - The ‘nosr brdnlnent' envalope,

R

= 11233 dy/d.“ .The'envelope lmsplf ls composed of seven

one - day alia%e% ,of F "appearing bn.eiﬂher 'slde of the

: A .
centdal peak I L . S
,fhe: secondary envelope conslsts of six peaks . centred
R - 3 8 :
around F = 18.10 cy/d. The'tertjary envelope. _the least
: . B .. .. ' . . '

prominent of the ‘three, -<conslsts of a central peak at F =
. . : e c

7.74 cy/d and five eiﬁasee.' The. index of the F peak 1is

only of the order of 2I ,  hence, . it 1s the least reliable
N .l ) . ’ 1 - . ) . " ~ ) v
of the three fregquencles. -

s

N Ffom‘thls-prelininafy frekuenéy diagfam, then, one mayl
ooncldde ”that 63 Her appears to be pulsaring in at least

S ootwo and possibly three dlstlnct frequencles F o= 11.33

T A

cy/di Fo- 18. 10 ey/a; and F o= 7.74 cy/d.

B - C

At ibfé‘ stage 1t s Interesting to ‘note thdt”_an

-

envelope of peaks‘cehtred'bn the one frequency _of - 12.98
.%;CY/d‘ seen by Breger» kl9695 does not appear in ‘Flgure

IVQL.{, The reason for thls ‘could be slmply that his ‘small.’

'conprehenslve than Breger 3 observations,_ more - cénfldence;f

~
R

.n;nber~ gof'.observatjons QSO) were vnbt‘ edeggaﬁe_ “‘ﬁbv;.:'
'.eccurafely o ihdtcate i _the preseneeA;ofi‘ene;‘er:_:po%e'

bfrequeneies for thls obvleusly conpllcatedfstar -‘»Thae l;i;

sinceil ﬁhe‘ data Vobtalned- here““nre.-coqglderabfy‘ Iigre




"The next step In the reductlion !s to use~ the non-.-

. linear "lcast‘équéres rouflde P3R to éccuraﬁely determlne
* . the parameters for the primary frequency and to aid in the

_deternlnatlon of F and F ; Flgures IvV. and ITI.2.3.

B S C-

. were used to pbtalhvlnltlal-ggesses of A and E . Initlal

c . . A A .
guesses for the remaining two parameters, gé and m, were
B -, 3 . . A . .

.set to-zero, slnce gé was completely unknown and could be

A . - ' :A' . . .
anythity between O and ZTC,.'while m is just the average

iaénltudq' of the data, which. the routine Calculatee

regardless.
. . . /“ . ) . . A
After nine lIteratlons the program converged on the.

followling parameters: _
) i l'. : .
0: 0086 + 0.0007,

i

\. . A )

11.3176 + 0.0030 cy/a,

0.69107i 0.2570,
m -
0. 8718 + 0.0050,

i

F
: A
Q&

cand m

~

with ‘a root mean sguare (RMS)\of 8.482 x 10 magnitudes.

.. The . outpui" generated by this first run of P3R ‘has .beenf

anlﬁded. ln Append!x b~ 4 to show the comprehenslve nature

. . (-
of thls‘routine,

It 'should be neptloned Lhat'once-thlé first run was.

- complete, Several furthér runS'of FSR_wérq‘made,using, fhe_

aboig:pérén?ters, slightIy varied as”initial guesses  The

B . i .
reason for this was to deternlne 1f the paraneters could be

further chihed on successfve 'pasges’ throuqh P3R. Thé
Eesults in e&ery case, 'howéver, rénéYned unchanged to well

' wlthin half of one percent

[

47



A3 well, ‘several runs réf,PSR were made uslng,‘thc

'converged values of A , gé R and m as Inittal guesses,

A . A

‘while attempting 'to use nearby allases pf-ithq primary

'fréquency'as'lnltlai éuessés for F . .Altbbugh:thé program

A

usually-converged, both N{'thg‘numbcn of 1te}at}ons,needgd

'

to .aohlevg- convergénbe, and the RMS values tncreased

dramatically.

.Also, several runs were made using. the converged

‘yélqés of & , F , and ® as Initial guesses, while varyling

A A

the initlal quesses for () between 0 and ‘2TC .  While

A

frequency Is of‘course‘thb:most important paraméter here ,

:thg starting value fdr.'phése één .aisq !nf]qénce the

cbnvéfgqﬁcc.of tfe.fﬁm (DuPuy and’ Burgoyne l9633.i Reghitg
fér_these:fuhi showed that although.convgrged valués‘of Qﬁ

changed, the -ré§Q1ts for A ,YF, m and.vRMS:_rehafneg
virtually. identical.  .H0wev2r, ng be fore, ghg nunberlof
1terétlons,ro§e drgnatf&ally;! as.dla the RAS' values.ﬁ '1;

was decided,l.therefore;‘ ‘to adopt the original converged
ValuesA'ﬁof - the four parameters.- A1l ndp—Iihear.'leagt

sqdares.results-fdr 63 Her are_sunmarlzﬁd'ln.Table IV.E.(.

Fiéure- IV.1.3. shows the‘per}odoérén,(eéulglng.Afrqm
the  origlinal data after. it ‘was’ prewhitened by  the
 parameters ‘for . the . primary fregquency. “Note Thét__thé

"érinafy enﬁelqpqmpas.been completely removed, leaving the .

A

:sgcondafy'.and‘tértiary,énvelopes‘veqstlightly w;akened in

A : E : o
index, but unchanged in all other aspects. Si{imilar

procedurés  ‘Involving P3R were folluwed for "the ‘remalining

48 . .
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Figure 1V.1.3. Frequency diagram

pr;ewhltened b?:
m . . .
y(Id) = O 0086 sinC2TC11.3176
T m : ’ .

+.0-.8718

of -

¥

" 63

Her

data

cy/d x(I) + 0.691)

o5
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‘ pertodiclitles in the data of 63 Her.

Table .11, summarizes the converged parameters and

“the lr - ekrors-resultldg'fron the runs of P3R for all ‘three

‘periodicities in 63 Her. Figures IV.1.4. and:IV.1.5. show

periodograms for datafpfewhlteneq by the freqqéncles F ' ahd
: o ’ . S .. A

F, and F , F ,.and F respectively.-
B . A B - . C

value of F |s actually a one-day allas of &he'tal}es;_peak
D B i ; .

- in. the.secondary envelope. P3R converged on :F = 19.07"

B

cy/d and would at no tlme é&nverge_on‘18.$' cy/d  desplte

. several aﬁtempt to force.a soluttion ét'thls frequency.

AS dlscussed above, F - |s considered’ the -least
. ‘. M A t. N C , [ Lo . T . - -
rel table perliodocity of the three determined for 63 Her:

‘This ‘contention 18 now reinforced.byfﬁhe “fact tﬁat “its

) ’ ™

converg?dqahplltudé,'n = 0 ,0048’j0.000§,-1s actually less

C

"than the observatibnal uncértalnty*dgtérwined _for this

star. We cannot be-confldent, then, that'F Is real.
Slnce all three perlodicitles have beed removed fronm

the 63 Her data In Figure 1V.1.5., we expect fg éee ﬁo

™

peaks of importance, which In fact. turns out to. be _ the .

EN

o

case".

“The - Lést‘step in phe'réducflon'of-thg 63 Her data  is’

" to gupe}lhpoée the Coﬁvqrgfd'flts on ‘top of'_the' original

data to see how they compare. ' The top diagranms lh.Figures

IV.1.6 a) to g) show these comparlisons.

Fov each‘_night)“ the  data used “to prodice the

superimposed 1lines Bave bé:u’calcuLéteé in the followlng

e

49
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Flgure 1V.1.4. ‘Freqhency dlagram of

_prewh)téned by:

m _ . : .
y(I1) = 0O .0086.51ir(27C11.3176 cy/d x(I) + Q.6391) -
m - - ; : L
+ 0 0064 s}n(ZTE19.0704 cy/d x(I) +.2.383)
m . . .

L+ 0 8718

[OR

@

Her data
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Figure
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.5,
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+ Oﬁ 87187

m

0

0

'O

Freguency
prewhitened by:

~.0086 sinczrt11.3176
o
. 0064 sin(27C19 0704
o
O4&'¥Jn(°7€ 7., 7233

“"W""s

-diagram

of 63 Her

cy/d xCIy. + 6.691)~

cy/d x(I) + ?4353)
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Flgurc IV.l.6.-a) - g

Lop: lef.erent"lal photometry of 63

| \-
Her with threeislne - fit super-

“imposed (see Tabié{IV.l.l.).

bottom:'Resiéua}s_of\abOQg three-

sine fit. £
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way: the tine' Interval between the‘-f§r5t~ and lasth__

obsérvations. was dlvided into 1000  Increments, "and - for

each of these 1000 polnts, ' new magnitude values were

calculated using the\kquétloﬁu

' (L) = A sin(2  F x(I) +¢5)
1 ine A S
: +.A sin(2 F x(I) +1$ >
B : o
+ B stn(2 F  x(I) +¢) > +om -,
. o : c - L C C .
where I = 1,2,...1000,  x(I) Is  the. Ju{lan date

.cqrrespbﬁdiﬁg 'mq _tHe_Ith 1ncremeﬁt, and © the pafgmetéfs

"'—borfespond to-those In Table;IV.l.l

The (observed'—'prédic%ed) realduais; iﬁcludinq an ‘RM3

¢

Wrealdual for each nlght, are shown |in the bottom dlagrams

of Figure IV 1. 6; As,{, abpafent from all 14 -dtagrams,

[

the three- slne £1t. as shown above 1Is-a falrly accurate one. .

. ’ _3 - ' _3
RMS | reslduals ‘apged f,rom 5.47 x- 10 to 8.66 x 10
Aagnifudes‘&vgr.the seven nights;, being consistent with the

£

‘;reslduals sfated "above for the three . "indlvidual

'periodlcltles Ccf. Table 'IV.1.1:). y
“Previous work on. 63 Her (Breger 1969). had reévealed
. o . . . ' .o - 4 .

'5nly one ;frequgncy ‘(perlod) of : 12w§8 cy/a (0. O77)..-

BdcahséJ.of the’larger-dafa”sgt’and Improved peflod.fseafch

A

technlique used here, . however, "the two and pérhaps ﬁhfeé'

e%onvérgea fﬁéQuencies: défived iﬁ' this wofk must - be
consldered the nore rellabie fit to this star s pulsation.
. " : \F

These new results for 6% Her will be discussed in detail in

L

Chapter_vf

A

Vg



- i
v

2. V1208 Aqullaé

s

Data’ fof'VIZOB Aqi-consls{ of 140 observatioﬁs- taken -
R ] I A e .

durlng,threefnlghts'spfeaq oVer.éevenadays. FIgure'IV.Z:{
shows the ‘inxlal Jurkevich-Swingler frequency -d\agramw

Here, as in the éase of‘63 Her,' Ehe‘nagnltudenlndei has

i

beeﬁ plctted only for the  short frequency lnterval ffom 0.

to 15 cy/d since no‘peqks of index greater than the
Itmiting tndex of‘4.30 hére seen beyohd F = 15 .cy/d..
Only one systeﬁ-of peaks is )mmedlaﬁely apparentws In

.Fjgure IV.2. l The‘prlméry ffequency'seem§ to be-F- = 6.90

. i~ N
cy/d, .and four one-day allases are seen on each slde of
this ceﬁtrél peak.

P3R was used to determ}ﬁe F and its parameters
' ' ) oA ‘m . . )
6,9 cy/d and’'A = 0..02 from Flgures

i

accurately, using F -
A

“IV.2.1. and I11.2.3., and ;Qf < m = 0.0 as .discussed above |

for stértlng values, The program .cqnvérged_ on the _

[

parémeféréﬁshdwn'in‘xhe:firs&zrow of TabléIIV.Z.l

Ag?ln the:cése'of 63 .Her, 'several other. series of runs:

of:PSR'were'iade both with ﬁhe inifial phase varied between

"o aqdf' 2705  and also”wltﬁ ﬁhe !nitlal fréQuency slight]y

o

t

}6dtlne Ponverged on values e5°ent\a11y the same as .abovc»

. or pd totally different values that ‘were considered _

v R

. spﬁrleus. because Tof their hlgh RMS resldhals- and/or " an’

1unaoceptab1e value for the frequency (as judged fron Figure'.

Ny 1

N

IV.ZS . .J o Flgure- IV:Z.Z.\ Ashows,.pheh;ipgrlodogran'

\
e

P

chénéed.‘.:The” resuits'shbwed,‘ ho#ever,';that elther the .
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CFigure "IV.2.2.

[}
A

4 - . S : .
Frequency diagram . of V1208 Aqgl 'data
;prewhltened by:

0134 sin(2 TC 6.8669 cy/dy x (1) +. 4.981)

.5107

. »
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. resultlng 'fEOM' the’ prewhltenlng of the V1208 Agl data b}
;the parameters for the domlnant varlabillty Note thut the
Jndex interual on the y-axls h§s been expanded by a factor -
“of -ihreé since the remalinling pcgks have much- s;allcr,
.in&iéﬁlflcént a;pllﬁudesu‘ |

Thé:ﬁbst pfomlnent péak seen in Figure 1512:%.'.lq“the
éne at F = 9.ﬁ0 cy/d; which appears to=ﬁpve thrge,él{ascs
on each?éidet A sgéond; lesé‘ﬁrpmlnent éqvelope ofﬂflvc
pe;ks can be seéﬁlcgntred on~the.peak.at E = 4.15 cy/d.
However, - the peaks at F and F .éo no£ exéqu the 11§l;lng

_lndéx, and heﬁée(:must b? conqigered'less signkflcant,

The  t0p d{agféns lﬁlFlguré Iv.2.3. a) to c) show the -

resulting one—slne fit superlméosea on the data for V1208?

Agl, .where the 11ne haq been generated using the parameters

A\

» for 'F in Table IV 2. 1 . as. discussed earliar.' The
I ' ' o S T :
(observed - predlcted) resf&uéls shown below-‘qach.‘§i§
-3 - ' - -3
ylelded RMS values ranglng from '6.08 x 10 to 7.72 x io
. . e A

nagnitudes

Although F and F - are consldered less - algnffigant,

B. .C .
the reduction procedure was Completed for them"ﬁcf. Table
_IV.2.1,): . All three frequenclcs were then 1nb1uded.{p - a

N . . '\' . - o
“three-sine ‘fit 'to compare with the fit shown in Figure

IV:Z 3. Thls thfee—slne fit is shown in Flgure Iv.2.4.,
o . R D

and ylelds RHS reslduals ranglng from 4. 99 X 10 to 6£.568 x-

-3 ) . o v,
10 nagnltudes.' -Based on the RMS rcsiduals,' this three-

'

slne flt does appear to be bester than the one-sine. fit,

but we .pannot be positlve Lhat F. pnd F ‘really exlst,



Flguré Iv.2.3.-a) - o

TN
M :“'

N .
top: Dﬁffercntial photometry .of
V1208, ‘Agl  with  one-sine  fit

"superimposed (se¢e text and Table_

IV.2.1.): * Compare with Flgure °\
[V.2- 4. .

{bottdh: Residuals pf‘ above one-

‘sine fit. -
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.

Figure IV.2.4. a)

c)

top: Differential thtomeLry, of

vi2ds  Agl

»

supe? imposed (see 'TébLéZIV.2,lf>f

N

Compare with Figure .IV.2.3.

bottom: Residuals of abpve-threej

sine flt.

“wlith three-sine fit

s
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"since thelr envelopes were pb'nuchvless'\an' the 1limiting
. . . . . .

Index for thils star. Therefore, one. wust conclude from

this "analysis that V1208 Aql . is pQIé%PKﬁg with' only one.

" frequency that we can be conflident of, that is, . F.

- 6'87
N .

Ccyrd. ’

- Recent work on V1208 Aqli (Pcn§ hnd' Warman 1979)

fevaaléé .that it was- éu}sat{ﬁg with two frequenc@es
(periods) of 7.112 cy/d'§ﬁd 6.678 cy/d (o;?1§' and ~ppq15y.
The -~ converged results deribed here Are very compérablc to
gﬁhe :previous:work, Qlth F Sglng exact1Y nidway. ‘ Pfeasgl
see phaptek‘v fbrﬂ& coméle:e discusslon of thc_pérldds of

V1208 Agl:-
3. LT Vﬁlpecplae
bata:‘for LT Vul .conslst of 66 observations obtalnéd

.
‘. .

. during  two. nights sepéfated by‘threé days. . The inittal’
JurkevlchfSwiﬁglqr frequency dliagram-is shown in Flguré
-IV.3.1., where the lIndex has been plotted only for the

frequency"inperval from O to aﬁ_gy/dislnce no peaks bf;

?&u

tndex greater than pheillniﬁing lnq§xl6f>I = 2.04 yeré
.Hfound‘;béyond - F =,3§ ¢y/d:l ‘_'Th{s gerfoéograpvls ‘poth"
uwwﬂﬁﬁ§n95ual and co;plexﬂjh appdéfénce.;ifThg.pplnérf envélop?, %,
' céntrea at SbQUF F = 5174_cy/d,:'gxtends frgn FTQZO.Q cf/d ‘
‘té F “=‘16.Q cy/dAahd ls;coiposed of -44 peaks.j. Héwevef,_
sipée.pnly two nlghfs.of.qatq sequatqd byvthpeeVGay; were
iobtalned,. the’ allases seen herg‘éfe lthreg—dayi éli§se£; .i,;"i .

That '1s, the frequency.interval betwéen.any two ‘adjacent

i : . . 72 | . . . . S s
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Flgure 1V.3.1. Frequency dlagram of LT Vul data
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respectlively.

peaks 13 0.333 cy/d,i or in terms of berlod,”fh%eé days.:'A

" smaller, much less obtrpsive s¢condéfy envelope ls:centred

at about F = 17.82 cy/d. . ..,
For a dramatic illustration of the Improvement brought

about by the'Jurkevlch—Swlngler- method, compare Flgure
EYeed . - N

IV.3.1.  “with Flgure IV 3.2. V'where‘ index has been

U’calcul;;ed using the orlglnal Jurkevich nethod
. Rung of P3R and succesgive‘prgwhltenlngs, condﬁctqd as

In the previous two cases reveal .that LT Vul is apparently

. —
pulsating with perhaps four frequencles. Table IV.3.V1

lists the converged banaieters and thelr errors and Figures

1V.3.3,  IV.3.4., and IV.3.5. show perlodograms of 'data\\5

prewhltened by F ;, F and’F , and all four Tfreqdenclesg

7
(A
Y

At this point, It.must be noted that,.as'sﬁphd in thé
above three flgures, ' the peaks of F and F _do not exchd
o A . C D o

the ‘1imlting Index for thls star, . implying that these two

fréquénclés are' to be treated as'muéB. less slgnlficant

compared to F . Even F cannot be'consldered- absolutely‘
.. A . B N TN

reliable, as it exdeeds I by a factor of only 4.3, e

. . " 1 .

However, as Flgures IV 3. 6 a) and b) lllustrate,.khe

four Conblned frequencies yield a surprlslngly good flt ;ﬁb

the two nlghts of data If any‘or all of F , F and F . are -

-»9qltted, 'thé.:RMS resldpglsnrlse_ dranatizéllsij éﬁdP fhe
ISuberliposqd fits s}iply.ap ASt'lon>C;§recé. >6f tﬁesé
_ﬁﬁree ffeqﬁqéples;. F .QQuldthdv§;t§ ﬁéhcbﬁéléeﬁeq,fh; most

f_relléble. (‘FigurgslI€:3:7 a)pépddp) {iiu§§r3t6v§h¢‘f1t_ to-

74

A A B, .. o .

O
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Table 1V.3.1.5 P3R resulta for LT Vul

Converged WW1m-nnmwm

F Acy/d)
} ©0.0195

: ~116.2521 : L o
, ! 0.0049 ! £0.0274 ¢ 8.4730 ! 0.0004 158 7.128 :
W . B 1 40.0012 !<----——--=1 40.7958 ! o .

1 : i, -0.0615 : :

: 1 +0.0001 ! ! '
31.8270
+0.0442°

0.0314
+0.0001

3.9449 ¢ 0:0001

4 . 6.9008 | S : A :
¢ +0.0359 1. 2.8706 I 0.0003, [ 13! 6.656

1+
Qo

(o
O
O

N oL \ PR . v oo




Figure IV.3.3. Frequency dlagram of LT Vul  data

prewhitened byi

1
<

y (1) L0195 stn(2TC 9.7474 cy/d x(I) + 3.186)

+ 0 8625
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Figure 1V 3.4.

-
e

Frequenéy diagram  of" LT Vul data

prewhitened by:

L0195 sin(2 70 9.7474 cy/d x(I) + 3.186)
L0049 sin(27016.2521 cy/d x(I) + 8.473)

8625
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Flgure 1V.3,5. -Freduency dlagram of LT - val - data -

prewhitened by:

i
o

Ly 0195 sin(2 /L 9.7474 cy/d x(I) + 3.861)
S 400049 sin(27 16,2521 ;y/a x(I) + B.473)
40 .0029 sinC27031.8270 cy/d x(1) .+ 3}915)
+ 0 .0035 sin(27C 6.9008 cy/d xCI) + 5.5711

10 .8625 a o
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Figure I1V.3.6.

ad

b) .

top: Differential photometry
Vel - with four-sine

superimposed (sée'Table Iv.3.

'botQBm: Resldual§ of - ébove

sine fit.

of LT

it

—
b

four-
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Figure IV.3.7. a) - b)

top:‘Differential

Vul with two-sline

(see téxto._

Compare to Figure

boftom} Residuals

fit.
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4yl .

-the .1ight ¢qrye5.of.LT Vul~us{ng>6n1y,F

. (perlodd of 10.42 cy/d (O

and F-. . As shown

. : . . A B -,
In- both ‘the diagrams themselves and the RMS values, ‘the .

. two-sine _fit is'obviohsyy notgquitefas good as . tﬁe four-

‘stne fit. But, s the four-dine fit real? . We think

N
R

E pprhaﬁi ngﬁ.' More obscrvatlons'df’LT Vul are needed beﬁore

a firm declsion elther Qéy.can_bé.madé.

: . L R . : ] e
Previous work on.LT Wul ‘resulted In‘-only one frequency
.096) being ' detected  (Breger

1969), which is Qébmparable to thé.value Qf F ‘obfalned'
. o . : . ’ “ ‘. - . . . -A -
herg.\_The“discusslon'of'the periods of LT Vul continues In

' the next cha#pter.
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-pyogrén stars.

Y

:ngpisi Yival§93§§19Q‘9ﬁ Regulte

As as ald to the dlscussion of the results ‘for the

three program stars, it (s Instructive to’ compare * the

locatiéon - of these stars - In the HR dlagram -~ with the .

locatlon of other & -Scut! varlables. For this purpose It

ts necessary to estlimate thelr lumincosities and effective

‘ ‘tewperatures, parameters whi¢h can be determined as In

Petprsen and :Jorgensen 1972 '(hereinafter PJY - using
Stromgren aystem and ‘H photowmetry of the astarsa. . Such
éstlmatég are necessarlly. raxhera'cqudé “due  to the.

,~bv_01) and scatter 1n_the-transformatlons to M "~ and

bol

~limitatlons imposed by photonétrlC- errors (tybrcaliy

log ST However, _pﬁey “do provide a sound basls for

eff

. understanding the cause of the llght variations " in our

Table V.!. summarizes the pulsatlion frequencled for

‘the  three program " stars as obtained 1n - Chdbtér- IvV.

Corresponding perlods have ‘also been Included, as it |s now

¢

‘33tan§ard'f6rnuia for‘pﬁe_phlsatlon c_pnst.ant‘(equa.tlc;nr 1),
Chapter I) ~which has been ‘transformed Into the followlng

K equatfon'(takenyfroi PJ):

more ; éthenleﬁ@ . tq"épéqk of ’bef!ba' _fatﬁeg" than
f 3fheq;éhcy’,j Included in 'thé 'téble ?fe .eStlﬁat;s_ of
L : L . . : i . . .
o stéi}ar mass 8/"0,  "log’ sghfacefggrav{ty g, absolute -
bélénefﬁic -Aagaitﬁde‘ﬁ .., 'énd ioé éffect}ve_fﬁeube?atﬁre,
lT:i;; ,faken‘ f;6n: RJ.bé}ﬁe§e values‘hpvg be;n 'dch :ﬁo
d:iirilhe pulsétign ééﬁgtéﬁts.Q; forAthe gtafﬁ,' »§qrng the
. o S - h - ;
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-: Summary of Program
Star Parameters
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)

"log @ = -6.454 + log P + 0.5log g + O.1M o 1o§ T
n. . o © bol - eff
« - FEstimates for stellar mass needed to obtaln values for

~

the surface gravity can be made by comparing M . -and- loé
’ ' ' T bol

v

T .. for these varlables with the results jpfédlcted: from -

eff ’ . : . . '
stellar evolutionary models . Given the uncertalnties in

sﬁch mgde13 reéultlng from chenlcal éonposjtlon'dlfferenccs
and 1naccﬁfac{es in the é;olutibna}y codes, the rcsult}ng
estimates ‘of - Q.. tend to' be accurate only to .About ten
pgrqent.-Howevert th}ﬁ 1s acbqrate~enqugh'for our-pﬁrposos.

Filgure V. 1. is adﬁﬁR dlagrai for the three program

stars and includes other selected single- and double—node

N

£Scutl varlables.faken'f%oh Andreasen (1983). The 'ngnberﬁ

acd@mbénylng each point jndicéte§ the‘fundaQEntal'pqrfoa of
pulsétlon In days for each star (P‘Xf

Tn ‘é "dlagram of th{s' tygef lines of constant
'fﬁndanénfaf pérléd ?un QQQ£9515§3911 perpendlcuiar to the
‘borders of‘_thé }nstabkll;y strip (Kraft 1963), 'and. as
Flgure V.1. |1{ustra£;s, g;SCﬁtilstars>of simllar period dé
' séeq to 1lle along'.llndé"whlch iie berbenaicular_.to the

Instability strip’s red edge (plotted as a dashed line |In

.Flgure~ Vo1, This characte}igtlc of & -Scutt’ spaﬁs

(and pufsatlng atars ‘ln general) enablés.u§ to .detgﬁi!né

for .each program star which pcrlqd Is likely to represent

tﬁe'fundaléhtal'perlod P for radlal pulsation.
o o - . B e
63 Her . appears to lie along a constant period line
. - o : a . o
corresponding to abqut P

o 4 -

conclude “that 1ts fundamental per]oa ts P - = 0 .0884,

A_'O..\ . _- " '..

87 . L

~0..09, .which leads us to-

.



Flgure V. 1.

a

'HR ‘dfagram showlng the-pos}tidns and periods

of.the three program stars in compargson-wlth
the ppswtlons énd'“perlods of ‘othef known
S—Sbutl stars (tqkeh from Tables 2 and 4 of
Andreason, 1983). jdpen squa?eS'ah& trlangles
indicatg, respectively, : _single- ) ané

double-nmode (Q-Scuti ﬁ}ariables. uThq dashed

1lde.approxfmately indicates the red Edge of

ﬁhellnstablllty strip.
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EN

-rathcr than 0

0 .1941.  The . period ratio-of 0% 1063 to

. does 'not .combine with

a - : . A .
-1295, which 1s the longest perfod found here

for this star. Previous éuthors (PJ; Petersen 1976; Breger

‘1979}'_etc.) have determined that a period ratio P /P of

{ 0.

0.74 to 0.7B'ls‘typlcai of §-Scati radial,pulsatlon In the
N .

fundamental and first overtone (P ) modes, while a ratio of ~
. . . { ‘

- P /P = 0.60 :ls.cxpcctedvfor'.radial pulsation’ 1ﬂA the

20 BT A : . .
fundamental and second overtone (P ) modes. For 63 Her, the
. tr : 2 . N .

‘ratio . of the  pertods of Its two largest , anpiiﬁudq

,d a ) : .
variations 0 .0524 to O .0884:.ls 0.59, which appears.to be

tndicative of radial pulsatlon'ln ,the.‘fdndﬁmenpgl ~.and

" second . overtone modes. The third period determined “for'

d

this star, .0 .1295, 'doe3 n6£ combine with e!tﬁer‘of thg

‘other  two bériods to produce’ nptjoé which. fit _ the

predictions for radlal pulsation.  Quite possibly It

represents some form of non-radial pulsatlion for .the star,

particularly since the amplitude assocliated Vyith .this

g
T
i

vartabllity "ta quite amall. . : - . o
Much the same type of &rguuent can be constructed for

V1208 Aql. Its location In the HR. dlagram suggests -that
N ) ‘ . 3 B A

fts fundamental .period should be P, = 0..1456, rather than

4 C : . ' - d -

0 .1456 - gives

a

0,7?, which sugéestg radial pqlsaﬁ]bn-in tke fundamental

.and first overtone modes . As with 63 Her, thé'fh}rd period,
4 = , > _ 4 Pe]

0 .1941, ‘ppnCcivably fepreseﬁts a'ﬂon—fadial mode. since it

]

other perlods to produce ratlos

‘typlcal of‘ ‘radlal puisatldn models. An aiperﬁate

pogslb!lgtj .for thelloné'pertod variations = In both of

89 - . N



e s

largest é;pL!tudg: (l.e.” the ’strongest’ mode) s P =

'these stars 1s that they dre. simply 'spurloué,. as thelr -

amplitudes are no larger than the predicted observational
scatter for the two stars.'

LT Vul presents a sl(ght]} different case. Its

‘.pogitfon tn the -HR dliagram Indlcates that_'lts longest

a v

_perlod of varlabillty, O .1449, Ls ‘probably also Its

fUndanentalb‘perlod. .Hogever, the"périodlc\ty having the

d : , : - . 1
0 .1026,. which can be identlfled wlth pulsation in the
first overtone mode.  The low P:/P ' ratlos for the

remalning tw6 perlods Indlcate that they may 'be  radilal
overtone uodqs'df a ‘hlgher order. (possibly n = 4 'and T,

a!though'.thelr ampl itudes are so 'small coiba;ed to the

‘observatlional nolse that they could simply be spurtous.

Table V.1.. summarlzes the radlal (n) and non-radlal’

"(nr?) pulsatJop;mode tdentiflcations for the three program

A : . ) - SR
stars as-disdussed above, Low-welght ldentifications (i.e.

‘those hav}ng"anplitudes no larger than.obsefvatlonél nolse)
AVare-qa>¥éd.hith a cross (+) in the table, and It should be

noted’ that these light varlations could in all cases be

spurlbﬁs. 7

| feﬁe%scn_'(]976) L and knﬁreds;n Qi;il (1983) haQ;
céiculatéd'.thg follo;lng theotqiléal pulsat\on constants
for radlél ﬁﬁlsatloh based * upon ; éppulatldn L. ngin

sequeﬁcé; S—Scutl ppdcléf‘

@ (theo)
o

Q (;heo)
1

0.0310 - 0.0340,

U

0.0240 - 0.0270,

Lo

K - . 90



'@ (theod = 0.0201, I ~
Q2 (th?b) = 0.0170; V
For all‘.tﬁrzeiﬁrograp'stars,"ithg valucé of @ ‘a1l
chrée .sﬁarSS, Q (V1208 Agl and ‘LT-Vul) and @ (ég' Her)
seem .to Correlaég falrly well'ﬁjth.' ?hese éggdlctﬁong.

Although somé_scatﬁer {s present; especltally in the case of
LT Vul, thcseib'¥alges'tend to reinforce our Cbnqlu;lons
r#géréing which radlél,n;des~of pulsétion are present.

In summary, ?trappéaggkthat 63 Her, V1208 Agl and LT
Vul are pUlsafing with the perjodéA.énd .modes discussed
above and listéd.ln Table-V.1t. ‘Althouéh progrésg_hés'been-

' A . .

na@g ln»}deﬁ@lfytng pgrlbdicltfcs'!n the 1llght ‘variaﬁioné
for ffheéé three.égérs, ‘further}obsérv§tlons ;ould g?éatly

~help to conflrﬁ~all.of the _ésthated..perlods discussed

"."here. In the case of V1208 Aql and LT Vul especially, "a

< v

larger data sét'yiil be necessary tofdetefmine;whétberi or

_wnot the loh;aanitude periods for each star are real.

- We have also concludéd that .thé.~Jufké§iqh-Swlngler
’pérlod séarch Ceéhnlqué yields cléaner,: cleargr\‘freéﬁenqy'
‘diagrané which' are much‘;asie; tq'lntetbret thag tgoée.
:broduceé usling ‘thé.‘éflglnal_ Jurkcvjcﬁ. réutlhe; ‘' This:
fjnprbvéd ;éthod fér geqeréfiﬁg'sucﬁ élagrams‘should'bg"of
'great ydlﬁe lq-futufe <§+S;gt;-§9£ s!nlla%) pér!éd search

work.

91



AFFENDIY. n
'AHJFFFRENTTAf FHOTOMETRY FUR %3 HERCULIS
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APFERNLY N-1 . . _ ,

. PROGRAM RFNUECF s
( " .‘ /". ’ ot ' .
c C O CHYS FROGRANSRENUCES FHOTOWETYRYC NATA 10 (NSTRUKENT 4!
.C MAGHT YUNE S, - TAKENG FNTO COMSTHERATYON 3 INETYON (DE-
¢ CRIVEN FROM THE COMFARTSON 816HE) v BUT LEAVING THE MACG-
C MITUNES UMTHANSEQRMET VO THE URY JGYSTEM,
v ‘ : ‘

N S ALAT AMD AL ONG - L a0t (-:b‘\'),l l()I‘\‘(i'lQTUY_JI:: 0OrF 1LOWFI I ORSE RUATORY
C . SORYOAMD KYERE - OV THEYYON COFFFLCIEMY YN Y r:\Nl“']"lS FRROR

€ HORS (\'I_]HHEH OF ORSERVATTURS .
c .7 2AY f\\i\}‘”] NECY ~ KA AN BEC OF DARIARLE STAR
(™ CCRAL ANR NECE. = RaA AND NEC OF COMPFARTISON.STAR

C .« RAH AMIONECH ~ KA oNN NEC OF CHECK SYAR

& VANST - INSIRUMENTAL U HAGNOYUNF

C S1aK - S81aK COUNTS, B :

C . OSEY s BRY COURTS : A

¢ GMET -~ GREEMWICH MEAN STNEREAL TTHE AT 0 HOURS UT
» SINYYH - LOUAL RINEREAL TINE S " ‘
( - HA - HOUR ANGLES e

C CTUECT -~ SEUANT OF. ZEMITH ANGLE

¢ ATEFHAS - ATRHASS
b CUD - P TTHMLILON-CRRRECTER INSTRUMENTAL U MAGNITUDE

FEAL K& WU KUERRY CRTCH O THTERR .

DOFEPSTON UV CERO) 281 ARC1E0), SKY (180) s HACLY0) 7 VO 180D
WERE RS LR VST O s CONST 0 s SINTIMCL80) s ATRMAS CLRO)
NIMUNMSTON (018017180 RACIE0)  MEC(LR0)

SLOMPOP X CL00) s VY CLoe) o '
LUG2EAL R P aLMAaM oo

COHARANCTERKY UARKLI HANE (1809
THTEGER DoaTE. ' .
FTUNAH 1) =0 : ' : . .
FACTQR= 0, 017473729 ] - , ‘
FLAT=3%, 203535 ' :

ALONE: 7 344

NSV

CTUEE 2

COUCFRC e 1 AR

POEENCI O 25 TYPE SO0 s NAME - JUNAM)
REAITCSS 19 UARKL G NATE - HORS - GHST
PYPFY e VaRBLEY NGTE s NORS: GMST
RENICH, E7) ROV, NECY
REMECS17) RO NECE
REANCE; 17 RAH NECH o

U0 LO TS e HORR L . i Ty

& COREACAC0) RAKECT) s U1 (O STARCT s SKY (D) -
10 S CNNTINUE c '
: CLOSE (U T3

.

U e o= == TALCHUA TR TRE TRUMERD (\I HAGNT TUNES ~ .SU:I'!.ZR‘EM.. ! ITHME ANTY ALRMASS

00 207 Tsiy HORS - . L -
JFHAME (1), QL 7Y THEN ' o S T
RACL) “RAV | ., - . :

DEC (Y)Y NECY . ‘ .

ELRE UF (NAMF(TY . Rt 707) THEN



RO =RAC -
VEL ¢ (Y =0wFCo
ELse
KAL) ~RAH
IFC Ly =ECH
ENT TE . :
70 COMTTRUF _ . . ,
S48 et NORS B
STOARCI) =NEANTHISIARCT Y)Y
BEYCTY=EANTHOSKY (O .
WINS LT w2 5RALDBLOC(STAR (T =Sy (1)) /1000000, 0)
SYVVYMOY Y =GMETH T, 00273 72%0 .05 ) ~At QNG :
HACTY AR CSTNTTH ) ~RA TN
FART P (STNAALATAFACTORY ASY N (NE CONVREACTOR Y )
FART2=C0SCALATYFACTOR) V(HH(NP((l)YFAL!Uh)X(US(HA(I)YFAITuhﬁ|»)
9?&7«.,u/(+mhlxr+nhrﬂ) .
L ATRBAS DY ENEG 2 00!8&&7*(%%(/~\¢0)
el COMTINUF
0080 Uiy RORY
THFONARE () JHE 707 60 Y0 30
LR A :
XY =ALRMAS (1)
, YY MY UTMEY (T
30 COMTTNUE .
CALL 1LSTRY ;hUthxlN\lkfciPthh)
nn 4a l‘“1;NOI*“
“O(Iy~Ullwl(l)w(hvxhth(‘(f):
£0 - COMTINUY :

&

{
i
i
)
i
t
i

NR!TF RESUL TS (00 FHE DUTFIY Pk

NFER O CT =4, 8TATUS = NEW s NAKE = REDYCE. QUL
L URTTEA n.>> DARNLE - DAETE - -
TUMRITE (A5
CHRYITE (A
WRTTVE (A2 . - : :
WRETTECA S CHANE CO U COY v HACT L e A LRMAS (1) s VENST (T o1 1 s NOKS)
WRTITF (4,49 , o ' : : '
CWRITF (A7) ‘ ' :
WRLIE (A 9y
BRIIFCA: 38 : . . :
WRITE (e 19) (NAMECU) s SUNTTMCEY U001 1 U1 s NORS)
CWRITE(A,29) T
CWRITECA4528) ~
WRITE(8,8) KVU,;KVERR
WRITECAs16) INTCRTy (HTERR
CLOSECUMT r=4)

Crmmm e = FRMA T STATERERTS

L FURBAT (A2 20 s F 74 852X F & 0721 F4.0)
2 F(WM.’)T(-I2(;/\77';’:(7T() /) ‘
3 FORMAT (15 Y 1TARLE (7 57/) .
4 s Fﬁ(”i'r‘irﬂ'(_l)(;_’:-'i'lf\_k 76(7’11!’:6(7’Hf\’:/(:’i’73.‘:3(5’.UINST’)“

e T



\'\
42 FORMAL (/= e oo e s )
33 FORMAY (7 mmmm s o s e pme om0y
T .F()hMAl(’Xf(\/f})f"((;z/'f,gy{}‘(‘) /\f,’);F/(Jr,’)rF;.S)
b FORMAT (. 1)
7o L FORMATCDI s PTARLE Y070 /)
23 FORMAY (13 "FRON THE LS KOUTTNEY 75 /)
Y FORMAT CiXy KU = 2 r k7.5 4 /= vk 7 015)
29 0 FORMAY (L ) ’ . _
14 FORKAT CLXy CLNITERCER T = 7 g F 7 5 73/ =7 5 F7.019)
- FORMAT (1Y r “SAAK 7 cAY 5 180 75 705 7V0 )
19 FORMAY (1X5 A2 7%f7r7,qupx7v7.41 . .
18 FORMATCF 2  AskH.A) ST
1.5 , rnhmn|<\971«>!<;|571<7r9'5>
a7 FURMAT (Y5 Fé . 30 &3, Fé
~ 4 COFORHAY (G S WHAT AT F‘!F?’) :
B FORMAL TNt : ) . ) . o
. ’ : '
e R 1
r ’ :
, CaLL FY T ]
o END )
£ " o _ o i o
€ THE PO LOWITNG FUNCTCOR CALCULATES NREAN-TIME GORKRFCTIONT
r STAK ANMN SEY - COUNTS FM OTHE NAYTA FILE ARE ASSUNER. TO RE
¢ COURTS FER SECON, S :
{ . C
FUNCTUOM D EITHCCNTS)Y
PEATCTN-CHTSY !, 01,08 =7RENTS)
RETH RN C ‘
EHI
o ) A : R _ . o ‘
[ THE FODLOMIRG SUMKOUTUINE TS A LINEAKR 1LEAST SCUARES FROGRAM
C FHAT CALCULAYES SLOPE AND Y=TNMVYERCERT AND THEIR FRORABLE -
¢ FRROREG, ' - ’ Co
(': . . - . .
' SUEROUT THE \l‘(hUslUth TH\(FFrLNthh)
FOMMUL Y<<(100)v((Y(100) X ) : )
FEALER INTORTs TRTERE SRV« KUERF - »
r S ) .
(e e == U NTTTAL TR EVERYTHONG
C. .
N . SU”.‘X-‘#()‘.()
SUMY =0, Q L - .
SURNS 0.0 , o o
SUMYY =0, 0 - ' - E
. OMEGA0 . 0 )
S
.uwmw—$~»thn QUMQ
C

MO 21 Vi 24

S SUMXF XXX (1)
SUMY-SURY+YYY ). C
SUMXY )UH>\{>)Y(X)K\YY(I\ 
SUMNS: SUMCR FICOCCY )02

’



217 COMYINUE

‘0

C . ‘
Comm====Onl M ATE SLOFE ANND INTERCFEERT
. Il-:?_QXSUHXS“ (.§-I'UHX)>:2)X§: -

KU= ¢ CRAXSUMXT ) = CSUNOREUNY ) )/ T1
INTOF U COSUMXSXSUMY ) = CSUMYASUNYLY Y } /1
o 30 T=1,24 - _ '
COMEGA OMEGAHCYYY CTY = INTUERT=(KURYYY (1)) i
20, UNMTINUFE :
e . : - .
L= === CALCULA TR PROBARLE FRRORS IN SCLOFE AND UNVERCFRT
. S i ) T
TOMECASOHEGAYFLOAT(24-2)
CREUERK? SORY COMERAXSUMXS/TD
TNTERR=SURT COUEGAX24/T)

(; LR
D Qem - END
(. o
RETURM
END
.
Y



AFFERNTY -2
FROGEAM SYNGHY »

Lo V?HERASF% SYNITHETTE STNUSOINAL CURVES OF [HE FORM?

¢ - SOATRGIMODRFYRY /P D) PADRGINCOREIRY /Db HY2) 4 SYGXRANDOMN
nr%FNsrnh YOF00) Y (500) 01 (H00) o
CREFAY HEAR S
LOGTICAL A1 FILHAKCTS) . o )
DEENCUNTT - 45 NOMF - ’H’hﬂl“f:Jhl’rTYFE*’UEM’TREAMUNLY)
FEAME3, T, MF '

o {th<z.4> SR LA S o o -
- ©OVORHAT (TS : :
A CORMAT(F10, 40

TYFEX« "INFUTY A1 FTcFHI 1 HRAR "

ALUEFI X)) FHY ) s MHAR L

TYFRI CTNPUTS RARDOW SFREAD LN MAGNTTUNES
AUUFFT X, 5 TGNA ' : : .
VEEA L 2BIUHES

J=0 - ) _
Sy =0 . : .
00 20 Ksi o RE ' : : }
Ul (TEXX(K) /P IAE-HIL, - o ' ‘ ,
R T ATYSTNOR D) AR . B R
- C MOTED UMY EFORM RANIIOM 1S TRYRUTION, MOV RANDOM
DO VURY Y RS VGHAXKAR (Y-S LGHA /2,

TYFEY - HAML OF NEW. FILETD”
ACCEET 2% FILNAN
25 FORHAT (15A1)
FTLRAMOLSY o, N .. :
COFEMCIN ey NGRS F LERAN s TYRE- NEY )
WRITE 30y N

e
n

70 FOERAT(T3)
AT 71 A YR R S S I Oy ON Y \(h)\k:|rNP)'
31 . ?Uhan(l]O 4,4<7r|o ) .
P CLOSE CUN CT0) . } ) .
: MRS RUSETIREES _ - ‘ : o

TOPFS T NATA MRIUITER 10 DK S
TrAatl £ ‘

AT ' o : iR R o .



AFFENIY n-3

FROGRAK JUHKKON

e SWINGIEK’S HONTFICATTION OF JURKEUVICH PERTONOGRAM FROGKAM
C THYS FROGRAN GYULS INNESC AS A FUMCYION DF REEpue Ny

e : : . , . )
L. WFRTS = NUMKER OF DATA FUINTS

¢ K- AREAY 0F VALUES (OF X R _—

L Y - ARRAY DF UALUES OF Y ‘ ‘ ,

C FHY "= FHASE OF FACH NAYTa FOURT :

.. FSTaRT ~ INTTUAL FREQUERLY S

C FRELY A ~ §EACTME RETUEEM IRYAL P REQUENCTES

¢ HERD - NUMEER OF FRFQUENCLES TO 1R SEGRCHER .

C

RESULY = ARKAY O JURREVYCH TMIECC O EACH TRl FERTAN
GAMMA - : S . : L
SRt 0 COSCEANNA )
SUMIM -V SINOGAKKA )

[ Bl e N

REAL FHT(A70) .
VIMENSTON TCOURT(20) s RURNEX (20) ) {A70) Y (A70)
DUMEMSYOM REQUL 01000 '
COMHON XUALUEC(20), YYALUF (20)
LUGYCAL XY EYLNAMIT) s NATE (4 5 CHANEY 109
TYPESG CHAHF OF FTLE O BE KEAN©:
ACGEEY 15 FILNAN -
15 - FORMAY(1L01)
ST FMLNANCIN Y EQ . . . _
COFENCUNLT = fAEF TLRAN CYFE = 0017 cREADOME Y)
REATI 2,297 MENTS o -
‘ REAT 20 220 ONCRD Y CRDY SRt NERT S )
29 . CFDRMAT(TSD :
22 - FNRHAT N CO JAvAY s F L0, 4)

Co-eemo = FHE FOLLOWIRG 15 A TEST 10 SFR EF [HE .OTE FTLE
Comgommemm= IS REYNE REAND PROFERL Y ' ! ' '

u - IYERD 00 e VR Y 57 (R L s c10) -

v ) . o ) . _
CLOSE CHNUT =2y o S _ S
FIed, 1a1nenss o :

TYFEX, CNAMF OF STAIY
SOARCERY L7 XNANE

17 FORMAT (LOGLY : . : .
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