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The ecllpslng spectrdscopic blnary system DE
ﬁﬁgﬁDraconls 1s revexamlned uslng 86 new observatlons ob-: o
;ﬁcﬂftalned betWeen 1976 and 1978 on the 1 8m telescope at theﬁfu

.”ﬁmeomlnlon Astrophy51cal Observatory 1n Vlctorla qﬁd one

_>;;?52 observatﬁons outs;de eclese allow a- more reliable de-,‘
:a'jftermlnatnon of the orbltaL elements to be madﬁi u51ng thei

fayvaehmgnanllhés method of solutlon, and thls allows a:

EE

’.ﬂ;:velodity curve fothyhe prxmary to be draWnl' The spectro—

gl b . b

Jfffgraphlc results‘are comblned w1th some prev1ously pub—tfh

w;llshed photometrlc and four—colour results to glve an

{r;

‘}pprOX1mate plcture of the phy31ca1 parameters of thls

‘fﬁsystem, B

x The very detalled spectrographlc study of the

”?"veloc1ty changes of the PflmarY Star °n 53 plates taken

durlng ecllpseﬁclearly shows~the ex15tence of a rotatlon

LRI

ff r1mary s veloc1ty curve. ThlS 1s analysed :

by Petrle and Hosokawa.\ The rotatlonalf

vaelocaty of the prlmary star, spectral type B9V 1s

wﬁfifound to be about 180 km/s, 1nd1qet1ng that the star does
ffnot rotate 1n synchronLSm w1th the systemv All results

_.stupport the prevrous conclu51on that the secondary,

'Vnew polnt from the Dav1d Dunlap Observatory 1n Toronto,

Utogether’wath 18 older data from the DDQ‘ln Toronto. Thei_f

f]although notidlrectly observed is a’ maln fequence c- type o

?cstar w1tn normal dharacterlstlcs..

]
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S . (;kH,APTER S
INTRODUCTION,

c.

Hlstorlcal RECngltloQ_g; Binary Stars
' ‘ The‘term 'blnary star was flrst used by W. Her- b
'schel in 1802 to descrlbe " .; a real double star--the _ l

‘vunlon of two stars, that are formed together in one‘sys—
tem, by the laws of [grav1tat10nal] attractlon ,..;f\' |
Mt(Herschel 1802) | However, the te@m 'double star' had beenv
f_used much earller, by Ptolemy in descrlblng v Sagltarll--
two fifth magnltude stars with an dbgular separatlon of

about 14 mlnutes of. arc (somewhat less than half the ap-

X' fparent dlameter of ‘the moon)s

Thus not aLl 'double stars' are blnary systems.
The flrst binary, dlscovered in 1650 was C Ursae Majorls
(Mlzar) ‘It was also the flrst double star to’ be observed
photographlcally,‘ln 1857 and 1ts prlnc1pal component '
was the flrst spectroscoplc blnary to be 1dent1f1ed in v
>_1889 Algol (B Persei) beCame the\second known quptrOr.
,SCOplC blnary and the flrst of the ecllps1ng blnarles,v
when 1ts spectrum was 1nvestlgated because of the perlodlc \\\\
nloss of ll?ﬁt observed by Goodricke (1783) |

The earliest dlscoverlés made in the seventeenth
and most of the elghteenth centurles were all acc1dental

‘w1th no thought that double stars were more than optlcal

c01nc1dences Halley s observatlon 1n 1718 that some

\



stargawere'actually in motionlprobahly led to speculations
_ in the middle of the elghteenth century‘on:the ékistence
»of systems of stars.r.In 1767 John Mitchell pointed.outk
’that the frequencv of occurence of double stars Gas much’
too hlgh to be accounted for by ‘the probablllty of chance.
" Mitchell's younger contemporary, W. Herschel, remalned |

vunconv1nced but flnally 1n 1803 (Herschef 1803) conceded

\
that some double stars were 1ndeed true blnarles.

1

Vp\f After Herschel the llSt of v1sual double stars i

contlnued to grow through observatlons made by many

, astronomers, notably F.G. W Struve 1n Russra and S W.

Burnham 1n the Unlted States.' These w1de palrs of stars

5

(i,e. resolvable through a telescope) for Wthh orbltal
elements and trlgonometrlc parallaxes are avallable, are.f
1mportant sources for the determlnatlon of stellar masses.»

*,These stars do not 1nfluence each other except for thelr

mutual grav1tatlonal attractlon, and thus behave as mass -

~

"p01nts.‘ Of 1ncrea51ng»1nterest to the modern astronomer

'are those paxrs in whlch the separatlon of the components
. -

becomes roughly comparable to the utellar 51ze--these are -

termed close' palrs, and cannot v1sually resolved

%vHowever, other methods of observatlon have revealed many c
. of these close blnarles."

~

In the latter part of the seventeenth\century the ”

”star Algol ¢ I—Ghui“’as it was: named by the people of the'Lp”

anc1ent Near East) was noted as hav1ng varlable brlghtness.
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-

Flnally in 1782\3 John' Goodricke observed Algol realisedn
the short perlod1c1ty of its br"htness‘ and postulated
that thls varlabrllty was due to_"Q;l the 1ntérpos tlon
-of .a large body revolv1ng around Algol...w (Goodrlcke 1783)

However, only in 1889 (Vogel 1890) when Algol was recog—

&

.,nlzed as a spectroscoplc blnary hav1ng tlmes of conjunctlon

coxnc1dent w1th tlmes of mlnlmum llght were Algol and
. N
"_slmllar varlable stars recognlzed as blnary\systems..

-

B Lyrae was also dlscovered by Goodrlcke 1n 1784 ‘to ‘be a

‘llght\varlable, and was thus the second ecllp51ng blnary

. S T , . . : o
to be"- recognlzed B R

Sl Classxflcatlon of Blnary Stars_‘ SR
! ' R A :

There are three classes of blnary stars, and a,

‘ glVEH system may be a member of one, ‘two, or even three

he classes.A The flrst class is composed of systems
| ‘whoﬂ; components are tfr enough apart to be opthally
v're olved called ‘VLSual' blnarles. Dlrect observatlons -
- of'thelr apparent posqtlons can be made with a telescope
”hvand/or on photographld plates. Other double stars are
:e1ther too far away frqm Earth and/or too close- to each
other to, be v1sually double The second class can be de—
tected by the wavelength shlfts 1n spectra glVlng a per— ';
Th,lodlc varlatlon of.. the radlal veloc1ty (or veloc1t1es) e
and are called 'spectroscoplc systems.. The thlrd class f'ﬁl
is. ldentlfled by photometrlc observatlons of perlodlc L‘
varlatlons ln the llght emltted and are called | ¥



teclipsing! binaries.‘ fhese three classificat;ons,
however, are not mutual}y exclus1ve. For example, a
spectroscoplc blnaﬂy whlch has an: apgroprlate orbital in-
cllnatlon ‘can in pr1nc1ple also be - observed as an ecllp— .
“sing system.’ The type a551gned a blnary system in this
way is thus dependent on 1t3»dxstance from Earth, and )
there is much overlap However, any blnary system is
completely spec1f1ed by seven parameters- the mass,
radius, and luminosity of each component, and the mean
dlstance between thelr minimum and maxrmum separatlon.

_ A dlfferent,method of classlflcatlon was proposed
by Kopal (1955H, based on the theoretlcal upper limit to
ﬂ‘the siZe a star can reach 1n the presence of a companlon

Thls size is usually thought of as the first of the zero-

-1velocity curves of the restrlcted three—bodyﬁproblem,

- called the crltlcal surface, and the maximum volumes at—

tainable are the 'Roche lobes'. The relatlve dlmens1ons
.are completely Spec1f1ed by the ratlo of -the two masses,
and systems axe class1f1ed accordlng to whether or not
one or both of the components flll their respectlve Roche
f.lobt-zs. This cla551f1cat10n uses 1nformatlon on.the
- masses angd radii of the components.

4 Thedterm"close binary.system' (as opposed to
b'wide‘)‘usually refers to one in Which one Comp(>:ﬁt.
a?fects the evolutlon of the other, and thus is “losely

related to Kopal's cla551f1catlon. In normal stellar



.evolutlon, the radlus of the evolving star 1ncreases, and
thus in a binary system the natural radius may attempt to
‘ hexceed its Roche lobe,-so that the two stars will affect
each other's evolution. 1In this sense close_binaries en-
:,compass visual, spectroscopic, ahd eClipsing'systems, and
are dlrectly involved with the evolutlonary hlstory of
brnarles. The varlety of observed blnaraes is due to the
fact that at different stages one of the components (the
more massive) fills its Roche'lobe. ! ~

The recoqnition of a visual binary depeuds oh the
separatlon of -its components and its distance from the
Sun.‘ Thus, v1sual binaries must be relatlvely near . nelgh-
"bours, w1th1n a few hundred parsecs. Spectroscopic
binaries can be recogn;zed out to a fewhthousand.parSecs
with highrdispersion spectroéraphs.r'Beyohd thls limit .
ionly eclipsinc )1nar1es can- be detected (1f the ecllpses
are fairly deep) ‘and thus their recognltlon in- galactlc
'clusters can aid in the determlnatlon of the distance to
the" partlcular cluster. If the. age of the cluster can be
found from 1ts colour—magnltude dlagram, a check can be;'
made on theories af evolutic of close blnarles._ Spec-
troscopic binaries which' c:e to orbltal 1nc11natlon, are
also ecle51ng have been the. maln source of ;hﬁormatlon

on 1nd1v1dual stellar dlmenslons and masses, leadlng ‘to

the emp1r1Cal mass-luminosity relationshlps. If the

C

parallax of a system 1s'also.known;,the_effective temper- -



<
t o
atures of the stars caM be determined. Such data provide
the basis for studies of stellar structure.
~Orbital Elements .
ﬁ. S - ]
» The orbit of a blnary system is completely deflned‘

by seven elements, of which the perlod is the most lmpor—

tan% because the generallzed form of Kepler s Thlrd Law

relates the perlod P to the seml—major axis a, and to the
stellar masses. f}-—’f/ | -

: %« (Ml+"M2): | (1.1)

. P v ‘

Thus; the followirng gquantities will QOmpletelynspeCify

' the system (Batten 1973):

Cp o the orbital period, expressed in days féf spec-
troscopié or eciipsing binafies: or in Yéars fof
visual binaries

i : the inclination ?f the orbital-plahe to the tan-
gent plane to the sky ’

- 2 : (applicable only to visual binaries) the posifibﬁu N

| angle, measured from north towa;ds:east,vof_the ;v
line of nodes joining the interSection‘Qthhe or=
bital aﬂd téngent planes, measured in the téngeht_
plane' .

Lo the_longitude‘of periaStron,,which-is‘the'angle

between the directions of tﬁé aséending nodé (where

'Jlﬁhe'sFér q?psses thé'tangent plane-moviﬁg’qway from

the obéerver), and of ﬁhe,point 6f periastrcﬂ:

L8

C



-

(the p01nt of closest approach of the two stars) -
'It lS measured 1n the orbltal plane 1n the dlréc—
tion of orbltal motlon. Vlsual blnarles have w:
given for the secondary (fa1nter1‘cemponent,lbut;
‘spectroscoplc and eclxpsxng systems spec1fy Q for
the orhlt of the prlmary component;:ﬂhe two dlffer
by 180° “ |
a»:'the seml—major ax1s of the relatlve orhit (usuadlly
(1n astronomlcai unlts or kllometers)

et the eccentr1c1ty of the orblt, rangLng betWeen

zZexro (for a c1rcu1ar orblt) and one - (for a stralght -

llne) , L _ - | o
- T ﬁ the tlme of perlastron passage,. usually expressed
uas'a Julian ‘date
:Orbital‘piane‘
NI

o o o o2 : T Tangent plane//
' ‘ ' ~to the sky /|

To obgerver

Fig. 1. 'Orbltal elements (from Batten 1973 P- 8)
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Determination and Significance of Orbital Elements

For a v1sual binary the elerments P, i, w; e, - and
T can be found The ascending and descendlng nodes can-

ianot be dlStngUlShed unless xthere are also radual velocity

-'.(‘ K]

measurements, =Jo) there 1s an uncertalnty ‘of 180° in Q
Usually i is taken to be between 0° and 90° if the appar-:
.ent motlon 1s dlrect (1 e. in the dlrectlon of 1ntrea51ng

p051tlon angles); otherw1se by lles between 90° and 180°

B

The ascendlng node is assumed to be that node for whlch
Q < 180°. The appavcnt seml—major ax1s in seconds of arc

e can be derlved but an absolute value is not avallable

1

uQ}ess the dlstance to the system can be 1ndependently
determlned Radial VelOClty data can glve the scale

- (rehatlve s;ze) of the orblt, and thus the distance can

5

be determlned. Using Kepler = Thlrd Law,,assumlng normal

masses for the spectral type of ‘each component the major
N -

axis (and the dlstance) can be estlmated ThlS dlstance

"~

estimate expressed as a parallax is called the dynamlcal

g

parallax.‘ The periods of v1sua1 binaries are usually
very long (years), and ‘S0 perlod dgtermlnatlons are often
uncertainj'based on only one arc of;the curve. -

| In addition, for a VLSual blnary, the"relative'
;brlghtness of, or the dlfference in magnltude between,
‘w1dely separated components can be measured photometri-
cally but, until recently, the systems w1th orbltal periods

short enough to allow other element determlnatlons had

'
A



o

such small angular separatlon that

rferences could not be obtalned.

Elements determlned for spec roscoplc bxnarles

are dlfferent, and the amount of 1nformatlon depends on ;,_.,.,#

_whether the spectra of both components are v1s1ble (a.fffpl' ‘

..double llned spectroscoplc blnary), or the spectrum of

fionly the brlghter component (a smngle—llned spectrosaoplc_yfaff

;rblnary) 1s v151ble. Usually 1f the two stars dlffer by

”fmore than about one magnltude, only the spectrum of the';ff;ffd

i,brlghter star 1s VLSlble. The perlod Can be determlned

.‘(see Chapter 3) for elther case, and from the shape of

ithe veloc1ty curve the eccentr1c1ty, e,'and the longltude::'

- of perlastron, w, can be found._ In addltlon,v the
;radlal veloc1ty of the centre of mass of th system (also
;known as the systemlc veloclty), and K half the total
range of the radlal veloc;ty varlatlon of the brlghter

companlon, are obtalned from the veloc1ty curve. The
¥

radlal veloc1ty reaches it's maximum at the ascendlng node‘j

sand its minimum at the - descendlng node. The observed‘
_velocity containS‘the velocxty of the system as a whole

- as well as the veloc1ty of the 1nd1v1dual components.
From the definition of - K+ the quantlty a151n(1) can be )
calculated where}al is the seml-major axis of the abso—
lute orbit of the brlghter star. In addltlon, 1f theb
'spectrum'is double—lined, K, and a251n(1) for the falnter

vstar can also be found. U51ng Kepler's Thlrd Law, for a

°



single spectrUm binary, a quantfty called the 'mass_func—
tion', £(M), can»he Calculated:'\
| | M3 o ' \ .

£) = —2 sin3(i) = 1.035x107 K}P (1-e )3/2 M (1.2)

‘(M1+M2)

Fl

where P is in days and K .is in km/s. Double-lined spectra

will give the ratios . .
S 1. 2 | (1.3)

and thus the,reduced masses

-7, 2, 2.3/2
My 251n (i) = 1. 035x10 K2,1(K +K,) P(l-e )T My (1.4)

v
can'be determined- Here (K +K ﬁ is ptoportlonal to the
seml—major axis pro;ected onto a plane contalnlng the
llne-of-51ght, and_(a1+a2)—a¢ Iff as is generally thei
case,‘theffaihter star is also the less ﬁassive; then

" minimum values of the reduced masseskare: |

™M -"'(1.5Y

: N 3 3‘v' ._‘ .
My, g8in (i) = 4f) 5

1

'For doﬁble—lihed spectroscopiC’binaries}fthe rel;_
ative intehsities_of the lihes.are directly proportiohal‘
to'the stellar 1uminosities. Petriet(l939-'1§50) developédv
methods of measurlng the 1nten51t1es and thus obtalnlng
the lumlnosxtles via the relatlve depths or equlvalent
iw1dths of selected spectral 11nes. However,_dlfflcultles—_
..may ‘arise if the two stars are of very diffetent spectral

types, or . 1f the 11ne profiles in the spectra are of dlf-

{



fferent shapes,_or 1f (as 1n early-type stars) ‘the llneszu
:are very broad and so. not properly resolved

From the llght curves, the perlods can be found

- N PR
- fot eclmpS1ng blnarles._ The mlnlmum dlstance between the‘“s,'hfl

'two staxs pro;ec ‘ed onto the plane ofnthe sky 1s related

ﬂrto the 1nc11nat10n of the orblt whlch affects the shape

Aand depth of the llght curve. The angle @ is 1ndeterm1n- A,af.
ate, 51nce the dlrectlon of. motlon oquhe ecllps1ng star |
cannot be found (except through radlal veloc1ty measure—i'
ments) . The absolute size of the orbit, a,'cannot be'
‘found unless spectrosérplc data are also avallable : How—rd'
"1evér, the shape and length of the ecllpses depend*on the |
-relatlve radll of the stars in terms of thelr separatlon,‘v-
'cand these fractlonab radll can be determlned from the B
llght curve If spectroscoplc observatlons are avallable,_
the absolute radll can be calcu ated If both eclipses,
are observable, the drsplacemen between them-as avfrac—:
tion of the perlod is proportlonal to ecos(w) to a. flrst
approx1mat10n ‘when e is small _ Short perlod ecllp51ng
blnarles usually have nearly c1rcu1ar OIbltS.» For 01rcu-'
lar orbfts or elllptlcal orbits w1th the . major aX1s
along the llne—of -sight, ecos(w) d} and the secondary
ecllpse occurs - half—way between two prlmary’ecllpses.{i
The dlfference in the durations of the prlmary and secon-

dary ec11 ses, relatlve to the perlod 1s proportlonal_to_

esin (w) When e is small .Thus, e and @ can in‘prinéiple

<



12

be’separately determined,_but.usually-thefvaluelof_esin(@).
\\» i .. o Lt : “- oL

has a large uncertalnty. 1_,
| For an ecllp51ng blnary, the comblned llght of thelff”l
two stars out51de ecllpse lS taken as the unlt of llght |
If one ecllpse is total (a deep, flat—bottomed mlnlmum),—
therelat1velum1n051t1es are determlned since the depth
l:of totallty glves dlrectly the magn;jude dlfference of
he two stars.‘ﬁFor partjial eclipse (assumlng a nearly
_c1rcular orblt——as is usually the case), the same area of
-each star 1s ecllpsed and the ratlo of the depths of the
two eCllpseS glves the ratlo of the surface brlghtnesses;
_-When the radii are calculated from the shape of the’ llght
curve, ‘the ratlo of lum1n031t1es can then be determlned
expressed at one wavelength. If measurements are made at

'.dlfferent wavelengths, the results can be used to find

‘:the difference in spectral‘types, thus addlng to or con?;'
flrmlng the spectroscoplc data. .

- ’ " In addition, the 11mb darkenlng of the eclipsed:
star can be determlned by 1ts effect on the shape of the
'llght curve. However, accurate Calculatlons are dlffl—

\/}cult 51nce 1t affects only the small portlon of the
"curve when the llmbs of the star\are ber?g covered or
_ uncovered Also, in pr1nc1ple, the dlstortlon of the

components in- an ecllp31ng system can be determlned
since during times of ecllpse the e111p501da1 star shows

it

~ less surface area than outside eclipse. However, the



' observed varlatlons in llght between ecllpses also lnvolve

other compllcatlons such as grav1ty—darken1ng, tldal dlS;.

LY

tortlon,:reflectlon effects, and the presence of C1rcum— fFW” ™
stellar matter. The poxnt on a dlstorted star closest to>
~ the, observer w1ll not be the geometrlc centre of the ap- -
fparent dlSC, so the centre of maximum 11ght is d;splaced
?rom the star'svcentre of mass. Thus, the llgh% changes
'expected w1th1n and~between mlnima are.very compylcated

and difficult to interpret.

< B Selection Effects = o N

For visuai binaries,‘the most‘important.faCtor
affecting'thedr’discovery is 'the distance from‘the sSun.
Thus,'the observed frequency of v1sual blnarles appears
_to be hlgher among- stars of 1ater spectral type,.&ecau e
ihot lumanus, early—type stars are scarce in t/eps ar
neighbourhood : Another con51deratlon is the magnlt
dlfference between the components. a very lumlnous star
w1ll more likely have a much falnter companlon, whlle a
fainter star would’have a companion ‘of similar 1um1n051ty.
‘Therefore, adain, visual binar&es'are harder‘to"detect

'among the more 1um1nous stars.

L

The larger the- changes in veI"“Tty7~thereaSLer lt

N /‘ - .
1s to detect a spectroscoplc blnary. Thus, 1t 1S'ea51ef\\\\\;;g
to detect spectroscoplc blnarles among more . ma551ve sys—

’tems whlc‘,have larger ve1001ty varlatlons for a glven

‘perlod and 1nc11natlon, 51nce orbital veloc1ty is propor—

P : . ¢
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'tlonal tﬁ (mass)l/B.‘ The more massive stars are usuaily
the hot luminous ones.' Systems ofblater'sbectral type
stars have generally longer perlod;: and since veloc1ty
variation is_ 1nversely proportlonal to the ‘per iod, these
:systems would,be more dlfflcult'to.detect, However, the
‘velocity of early;tYpe'starslwhose'spectra contain'rew
diffuse lines is more uncertain than for‘laterftype stars
‘'which exhibit manylsharp spectral 1ines.' Thus, more long'
'perlod systems with low veloc1ty amplltudes w1ll be ob-
served among late spectral type stars. Because double—
lined spectra can be observed only in systems where-the ~
1uminOSities of the two components are similar (Am less ¢
than about one‘magnitude), the maSSeséand absolute dimen-
sions are only available. for those systems whose mass
_ratlos ‘are near unity. Some systems have orbltal elements

(e.g. e, w, K) wh1ch make detectlon dlfflcult Therefore,g "7;{4%

T e

in any group, - the number of observed spectroscoprc;),

Seaeel

, binaries will be underestimated, an effect 6- 1mportant

for earlyetype stars with lowerfac acy 1n thelr veloc1ty
5 ,\,g’
determlnatlons. Double—llned and 51ngle -lined blnarles\\\

have dlfferent probabllltles ef dlscoveny, since. double— \\\ e

.
\\

llned blnarles are detected from the spectral line dOubl g vr\\

iy.,whlle 31ngle-11ned systems are detected through veloc1ty////

‘i

changes. o ;4 s /,/“’ o

'The probablllty of detecting- ecllp51ng blna//géjjéj//'
| : h

he 1 < tha -
depends on the amount of tlme the ight lS les an. max- . "
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T . De

*__ﬂ;mum——that ié,'on the orbital period-and duration ot

ecllpse as a fractlon of that perrod--, on the depth of

¥

the mlnlma, and on the apparent brlghtness of the system.
‘The depth and duration of the ecllpse are determlned in

turn by the relatlve radii and lum1n051t1es of the com-

ponents. A system of two{glmllar star37 wh;c

two equal eclipses, is harder ta>défect because the llght

/
.. canhot vary42zjmgre/tﬁan/about o 75, and also because the

eoli ‘"“w1ll more llkely be’ only partial, ?he geometrlc

probablllty, i.e. the probablllty that- a system w1ll be ‘

~inclined so as to show an ecllpse, is hlgher for systems

-~

V,talnlng a giant or super-glant than those w1th maln—_i_ ' ~

\\{ExlggegiﬁarfeSr»and—itfhas/been shown that long Qﬂr;od///"4”“"f’r
aries,-a hat ‘long | |

cllecllpsgngKbinaries have a low babl.w—z~9£”§?;ngi§hoto-

_— - - .
e N O

metrlcally detected‘

T ——

T——

**Duestowseleet&o ects, double llned spectro—

scoplc blnarles tend‘to‘bekﬁound—among the hotter, more

-massive stars. Therefore, our knowledge of masses ©~ . -

greater than 1 M derlves largely from spectroscoplc
\

‘Vecll sing stems:ijew%starS»w@thfmasses*greater*thanfﬁﬂf;;
- 2 M 'are found 1n v1sual blnarles _ The determlnatlon of

masses from ec11p51ng systems- is subject to the uncer-'

&,

talnty 1n 51n(1) ” However i must be falrly large to allow

‘ ecllpses to occur, and 51n(1) is not very sen51t1ve to




s———-the—va1ue-of—i—f6f’i_EIGEE#EE_§5?_—*EhG#—7the major un- o

.certainty in masses is due to the uncertalnty ;Q,K/ﬁﬂﬁr//
gkt 8

Velocity Curve Distortion: The Rotation Effect ' ‘ )
Three types of disturbance ih the radial velocity
curves of ecllp51ng spectroscoplc blnarles have been léen—

tlfled and they are frequently dlscoJered from t

/

ree effects,are—the rotatlon effectfw”ff/f/
B /"‘/ / i
/f#’ftggﬁpresence of gasﬁstreams,ln/the’system,‘and the ref}gg:ez .

4/,/////,
M,,,ftaon’éff/ct. of these, the rotatigg/effect is of primary

/ .
1nterestﬂtgﬂth%sfstﬁay because of its manlfestatlon in -
P

" the” rad1a1 véloc1ty curve, of DE Draconls. This effect Ve
occurs.. at the. tlme of eclipse~ as oﬂe 51de of the rotatlng

—

star 1s ecllpsed effectlve centres of the spectral llnes— ~E T

v SRR , =
are shlfted accordlng to the dlrectlon ‘in whlch the Stlll *o
T osed 11mb 1s rotatlng At mld—ecllpse, l'areasbofv

osed so the effect cchels. 'Aft r mid-

sy

ecllpsed As more ~of the dlsc of the ecllpsed star ap

both llmbs are

eclipse the llnes are Shlfte =

'e other dlrection

l
more of the one 1limb 1s uncovered,whrI//the other 1s

pears, the effect from each 51de cancels. The llnes

_come more symmetrlcal untll out51de eEllase the lines

‘_451ght veloc1ty of the star. Spectroscdblc evmdence has



_///EfiEEE/between the rates of -rotation and revolutlon, while

N

shown that stars in a blnary system generally rbtatefinﬂf~

-]

'a dlrect sense w1th an angular veloc1ty ! whlch is equal

to- the Keplerlan orbltal angular velocxty, or- sometlmes :

e’

‘:much 1arger. in. c1rcular orblts, ynchronlsm usually

e

- than the revolution rate._ For a rlgld spherlcal rotator ¢

© 4

-

in eccentrlc orblts the. rotatlon rate is generally faster

.

of radlus R and equator1a1 angular velocxty w, a- quantlty

17

) known as the 'rotation factor = & 6 ) can be calculated';ffH’

—

cif the rotation aXlS is perpendlcular to the orbltal plane..

—

as a functlon of phase for a glven orlentatxon of the;
ax1s of rotatlon to the orbltal plane, from elements of
“the system determlned from‘fpettroscoplc and photometrlc’.
data. The quantlty Y is the dlfference at that phase
between the observed radlal veloc1ty and the calculated,
or expected, radlal veloc1ty for purely orb1ta1 motlon.

The rotatlon factor is symmetrlcal with respect to the

moments of conjunctlon ‘when the ecllpse startsﬁand ends,

- For partial eclipses, it vanlshes at mld-mlnlmum, and is

® 4

" equal but of opposite sigﬁvbeforepand after. For total

ecllpses, it becomes +gsin (i) at the inner contacts. The

‘symmetry dlsappears if the axis of rotation'in inclined

from the perpendlcular, and the asymmetry should vanlsh

- and reappear perlodlcally in the opposite dlrectlon as

q
the axis of rotatlon precesses under the grav1tatlonal

v

influence of the companlon.



From the numerlcal calculatlons of the rc:-:ion
factors and the observed GV for each phase, the equator—

al veloc1ty wR. for the star can be calculated _ If w 1is

~ v '

assumed to be the same as for th: &eolerlan orbltal motlonn

v'
'(synchronous rotatlon and revolut;on), the absolute value

‘of the radlus R can be calculated The axial rotation of
a star will cause "the spectral l;ne profiles to be
broadened by an amount determlned by the max imum differ4‘
ence in radlal velocity at opp051te llmbs of . the star.

Lf the stars are sphevlcal the broadening is symmetrlcal
with respect'to the centre—of-mass velocity p051tlon.
:However, 1n a close blnaryhsystem, the distortion of the
stars due to various cLfects causes the line profilﬁs to
broaden and become. asymmetrlc, and if.-a spherlcal rotatlng

star undergoes.an ‘eclipse, the lines w111 be asymmetrlc

as well. ;. -

/

W/
Previous Work on’the Rotation Effect“f

The fact that the rotation of an ec11p51ng‘binary
could produce a measurable effect was recognlzed by Holt :
(1893), Schlesinger (1909), and Forbes (1911) Its effect

I

in producxng contradlctory results from spectroscoplcally‘

versus photometrically derlved orbital elements was shown

by Hellerlch (1822; 1924). He demonstrated that the dis—.

"crepancy could often be removed by excluding from the

solutlon spectrograms taken durlng prlmary ecllpse. The -

first actual 1solatlon and measurement of the"rotatlon

18



effect in stellar spectra~uas done by Rossiter (1924) in

B Lyrae, when he reéognlzed it as a way of determlnlng the
d1mensmons of an ec11p51ng system. A few‘months later I
McLaughlln (1924) substantlated the rotaglon effect in
Algol, and subSequently studled lt in o Coronae Borealls
M‘Laughlln l934a), and in A Taurl,'é lerae, and RZ
Cas51ope1ae (McLaughlln l934b) o .

| Equations. for the calculatlon of the rotatlon

'factor for unlformly Eflght spherlcal stars were derlved

by Petrle (1938) Equatlons whlch would 1nclude llmb—'

- darkening. were presented by Kopal (l942a, l942b) who, in

the process, introduced and'developed a set of functlons

he called 'aSSOC1ated o functlons , -which are generally o

applicable to an. analy51s of other effects lnherent in .
yobseryed llght curves. Up to this p01nt,.no account had
been taken of the fact that the axis of"rotation.could be
lncllned from the axis of orbltal motion, . although the_

above authors were aware that it would have gn effect.

Then Kopal (1945) made a fuller analz;és which took this

into account, and subsequent authors (Hosokawa 1953; Klta—‘

mura l953),have extended and refinec the calculatlons.

!

¢
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"HD 193964, has been observed et'the David Dunlap Observa-

e ]
CHAPTER II

OBSERVATIGNAL TECHNIQUES ’
/ . . .
- The spectroscopic eclipsing binary DE' Draconis =

+

tory (Toronto), and the Dominion Astrophysical Observa-

: tory_(Viotoria); and the spectrograms obtained)have_

yielded the radial velocities used in deter@ining the
final orbit. This chapter‘discusses'the methods of ob-

serving binary systems, in particular spectroscopic and

eclipsing systems. The treory behind using spectrograms

to measure radial veiocities,‘the spectral lines that

should be seen, the method of reduction, and some}sources

.. of error are also discussed.

Some Basic'Theory.

The basis of radial veloc1ty lnvestlgatlons is
the ex1stence of the well known Doppler-Flzeau pr1nc1ple{

which is applled'tp the component of a star's uotion

along the line- of—51ght also called its radlal veloc1ty..

_The change in wavelength A) is. proportlonal to the true

Cc:

wavelength A and the ratlo of the relative veloc1ty of

the star and.the-observer, Vr; to the veloc1ty of llght

f

The velocity is bositive if the star is receding from the

20
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observer (the observed wavelength is longer), and is neg—
_atlve i  the star is approachlng the observer (shorter ' \_
wavelength). Rellahle values of Vr depend on the accurate
determination of thehtrue'wavelengths,,l, and the precise-
measurement of AX. )
"-Most stars have absorption llne spectra, where
the 1ight emitted by the hotter lower photosphere passes
through the cooler upper photosphere.phThe‘wavelengths‘of
the‘absorption lines indicate whlch elements are‘present p
in the atmosphere. The lines from the star's spectrum
~ are compared with those of a known'SOUrceu This is usu-
'ally an iron arc or an 1ron-argon hollow cathode tube,
whose llght passes over the same path in the spectrograph’

as the llght'from the star. ThlS comparlson spectrum is

recorded on each;élde of the stellar spectrum.v

o The Spectrograph

Most radial velocity results for.early—type stars
are based onuspectra coveringfwavelengths from 3800 to - ‘
5000 A. The slit of the spectrograph is 111um1nated by
the.image of the star, and it w1ll be most efficient if
the slit encompasses the complete 1mage. HOWever, a w1de‘
slit reduces the spectral purlty, which isg measured by
,the width of the prOJected 1mage of the slit at the re-
" cording device (photographlc plate).' The resolv1ng power"

of the spectroqraph is usually llmlted by the Sllt w1dth

.and not by the dispersing element



~ dispersing A ’ ~ recording.
element - . device
Be e 5
collimator ‘ ~ focussing
element

[

L
Fig. 2. Schematic diagram of a spectrograph (from .
Underhill 1966). o - : ,

The effectlve speed of a spectrograph is dependent

‘on the ratio of the colllmator s diameter to the dlameterl
of the t 'escope objective, and also on the ratio of the
collima. . focal length to the camera focal length. The
optlmum de31gn is to use a large aperture, long focal

~ length colllmator and a short focal length camera._'For
hlgh resolutlon, h1gh llnear dlsper51on, gratings are
used as the dlsper51ng element. The recording devlce is

'usually photographlc plate or fllm, w1th the requlrement
that th pro;ected slit width be: greater than the size of
the photographlc grain (emuls;on), about five microns..
The plates do not-have a linear response.to variojs light
intensities, so an 1nten51ty callbratlon spectrum is ex-
posed w1th every spectrogram for llght 11ten51ty étudies.
A comparlson w1th the reference spectrum external to the

stellar source shows the dlsplacement of the lines on the
: ~

-
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stellar spectrum caused by the Earth's motion, the star's

motion, and possibly stellar atmospheric motion.

‘\

Stellar'Spectrograms"

\
\

Radial Velocity Calculations

Determiningkthe wavelengths from spectrogramsiin—
volves meaSuring the position of'the‘stellar lines with
_ respect to the comparison spectrum and interpolating.
This procedure involves the follow1ng steps. The relation .
. between the wavelength and the positions of 11nés in the
comparison spectrum is called the disperSion curve, and

is given by:

S-S, = K . (2.2)

where s is.the-position of.theﬁline.of wavelength'X, and
Ao’ D, andPsO are constants., For grating-spectrograms,

pD is the linear dispersion in angstroms per unit setting‘
‘}A Single set of constants for a given spectrograph can be
used. over a range qf about 200 A by maklng use of a cor-
',rection curve. The settings for three 11nes of known
wavelengths, one at each endvand one in the middle of the
region, are,determined,'and-the constants Xoi D, and so
"are,¢alculated; ~Ehen‘the:positions-of standardfwavelengths,
inhthe comparison and't§pical stellar spectra are'calcu—.
lated, with the'zéro—point of the scale set by making.a

.certain pos1tion correspond to a selected wavelength in-

the comparlson spectrum, for this study the zero-point:

A



.was fhe‘liné A4260 for DAO pléﬁes, and 13927 for DDO
plates. : " - - | - |

To calculate thé radialivelocity of: the star,_fhe
following pgocedure was used. On each spectrograﬁ, the
| spectral lines are measgred aﬁ;er.setting the zero-point.
At DAO the cohparison speétrum was from an ironQargon
tube whilé at DDO an iron arc was used. The measured
‘positions bf the éomparison lines will not be the séme as
- the calculaﬁed\Ones, so aicorrection éurve fbr the spec- -
érogram isbdrawn of“the difference As versus'wavelehéth.
It turns out to bé'appfpximateiy pérébo;ic for grating
spectrographs. Then fbr each stellar line, the correction®
to 'the measured setting atvthat‘wavelength is read off
this Curve"aqd appiied,to the measured position. fhe
difference between the ﬁeasured positions of thé stellar
lines and the calculated poéit{ons/for zero Qelocity are
‘a measure of the star's motion.h These differenCes aré
conﬁerted to a.vélocity by-the factor DVS, Qhere D is as
- in equétibn 2.2 (i.e. the sld?e'of‘tﬁe disperSioﬁ curve

at that Wavelehgth)f and Vs is the .factor %':

= vE_; - " 3)
V = DAs X = AX T : .. . (2.3)

which is the Doppler4Fizeau:pfinciple. Then, for each
'steliar line on the Spectrogram, a Vr is obtained. The
f,avefage of these is taken forvone plate, to obtain a

Y

positions of both the standard wavelengths and the stellar

24
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calculated V for that phase ln the star's motlon.

However, thlS calculated veloc1ty is made up of

,the star s radlal veloc1ty w1th reference to the Sun,

plus the component of the Earth‘s motlon in the: llne-df—
51ght The latter involves three componentS‘ (1) the’
Earth's revolutlon around the Sun, (2) the ‘Earth's dally'

rotatlon on ltS ax1s, -and. (3) the,motlon of- the Earth

about the centre of mass 1n the Earth—Moon system. The

last of these three components can usually be omltted

belng of the order of 0, 014 km/s. . The other two can be

a few hundredths to a few tenths of a: km/s.— In addition,:

'computed readlly (Undﬁrhlll 1966), with the correctlon

for- the Earth's rotatlonal motlon varylng typlcally from

AA.\

1f a prlsm spectrograph is used ‘a correctlon for the

curvature of the spectral llnes must be 1ncluded and is

qh characterlstlc of that spectrograph Wlth most grating

spectrographs, no. such correctlon is requ1red because

the 1mages of a long Sllt are usually stralght lines.

In order to monltor the stablllty of the spectro—

graph and of his- measurlng/reductlon technlques, and to

}tpermlt 1ntercomparlson w1th results obtalned elsewhere,

an observer gprmally records_spectra of one or more
. . . A ) . ; 3 . 5 v

'standard” velocity stars' each night.

Standard Wavelengths

It is most 1mportant that accurate zero—veloc1ty

"wavelengths be determlned which will be valid for a glven

25
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dispersion, applicable o>ver a rangeaof spectral types,
andirepresentative of th= main part of the stellar atmos-
phere. Most stellar spectrograms of high dispersion and .-
hlgh resolutlon show many lines from the atoms and ions
in the atmosphere. 'In early-type spectra, however, there
are only a few Strong,relatlvely broad llnes, the others.
are weak and Shallow. Sone of the strong lines are formed
in the surface layers of the atmosphere, and thelr p051;
tion in ‘the spectrum may represent the pecullar dlfferen—’
‘tial motions of these layers, rather than the motion of
the whole star.. . H | | |

} .Each spectrograph w1th lts own optical" combina-

1

tion and disper51on, w1ll have its own most suitable llnes
because dlfferent dlsper510ns cause dlfferent llne—blend—
lngs. -The procedure of calculatlng appropriate standard
B-type stellar wavelengths for each comblnatlon of soec-
trograph—telescope camera 1nvolves a series of steps
which work down from well—establlshed wavelengths in golar-
‘vtype spectra to well-behaved B type control stars. Flrst,
a set of solar wavelengtﬁs is determlned .whose accuracies
~ ‘can be checked by comparing the, radlal velocities calcu—
- lated- u51ng these values,  with the veloc1t1es calculated
,from'positional.astronomy.' The second step is to extend
the systeﬁ to earlier types u51ng control stars ofitypes
.A and F whose true radlal velocxtles are known These

control stars elther belong to clusters whose motlons are
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~ known from posltlonal calculatlons and Ladlal ve1001t1es

of solar-type stars, or are components of W1de b1nary
-~

g systems, hav1ng a companlon of type K5 to F4, and small

relative orbltal motlon. The thlrd step is to extend the_

_set. of wavelengths to B-type stars through control stars
w1th‘rad1al veloc1t1es known by other means. For example,
the control stars are members of visual binaries w1th a
companlon ‘of type AO or later, or are members: of a clus-
ter with known radlal veloc1ty. ‘For the B-type stars,
standard laboratory wavelengths are initially used, and
the control stars 1nd1cate the sultablllty of each line,
its-stability_and usefulness for maln—sequence or super—
.glant stars. D{fficultles arise ffom‘the diffuseness of -
- #ines in B- type spectra, and from the fact that one-half
of the known B- type stars are’ spectroscoplc blnarles or
have large scale atmospherlc motlons. Most of the suit-
able llnes are due to Hel and hydrogen, and cover the
range of about 23600 to l4900

Interpolatlon to obtaln.the correctlons to the
measured stellar llne positions, also‘calls for stable
aocurate wavelengths in the co arison spectrum., These
'are called secondary standards and Class A secondary
"standards are determlned to an accuracy better than
'O.QOOl A ~and can serve. 'as substltutes for the primary

’standard_whlch is a line from=Kr86 w1th A6057. 80210

) . . Y T
a. vacuum. Tris defines/l A as 10 10 meter exactly.

Sy
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Class B secondary standards are most-usually used, ang

. : o
allow the measurement of lines to better“than a OWOI A
éé;uracy.‘ The anelengghs have an apcuraéy 6f\a¢;leastr

o ’ L \"‘:
0.001 A, They can be lines of an iron arc in ai

i/ifon line

»(Which

‘are rather broad) or, more desirabl emitted

in hollow cathode discharges or hightfrequency /discharges

using Ne, Ar, or He as the carrier ¢gas. The standard

28



T e L CHAPTER III

THE SPECTROGRAPHIC ORBIT OF DE DRACONIS

<

This chapter discusses the main features,of the'
spectroscoplc ecllps1ng blnary system DE Draconis./ The
methods used to determlne the perlod and flnal orbital
elements, along with the relevant data, are outlined, _and
the results are compared with those from the prev1ous re-
sear~h efforts of Hube (1973) and Wlllmarth (1976). In
. addition, certain elements are compared‘w1th those ob-
‘talned from photometrlc observatlons. Theiphotometric
data will be used to calculate such physrcal parameters
‘for both components as masses, radll, and Slze of orbit.
- The graph of the final velocity curve w;ll also show all
‘observatlonal data. and the deviations of the observed‘

data during'eclipse from the calculated values.

A

Perlod Determlnatlon

In calculatlng the elements of awspectroscoplc
blnary, an: accurate determlnatlon of the perlod is the )
flrst and most cruc1al requLSLte.. hlS can be very dlf—
'flcult because an- astronomer is rest 1cted by the weather,
' the 1ocatlon of the telescope, and the allocatlon of:
telescope tlme from obtalnlng many observatlons at short,

equal'intervals. There is no general method for deter—..

mining the period, and all methods for a prelxmlnary value

' : : s
\ ' : ’ . RN e
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. are based on trlal and error. ith computers, the number}g

o
58

of trxals made is 1ncreased and the length of time re-
quired to complete the»calculations greatly reduced. An '
\unknown number of cycles will occur between dlfferent ob—'
servatlons at recognlzable phases, e.g. max1mum or mlnlmum'
‘veloc1t1es, o] that short periods. are most difficult to
recognize. The bas1c method is to plck out the maxima |

‘and minima from the serles of. observatlons at different

tlmes._ Each correspondlng palr of maxlma or minima w1ll//////

S

. give a relation:

) T Bl

where n is an 1nteger. A number of pairs will'give‘dif—
'ferent multlples of the perlod P, andvthe smallest common

to all is taken as the prellmlnary value. 1There w;ll. ' -

¢ n

lusually be several values,_multlples of P, wh1ch,w1ll

satlsfy'the observatlons. For. each p0551ble value, the:

)

phase of each observatlon 1s,eaTculated and the observa—
/u., .

T l
tlons are plotted to determlne of it generates an accept—

able curve. In cases where it 1s dlfflcult to choose,
observatlons must be made onfcertaln crltlcal dates when

the alternatlve perlods predlct very dlfferent ve1001t1es._'

[

However, even after ellmlnatlng all the 1dent1f1ably un--

-\sultable values, the remalnlng period may not be the true
.

value. One serious problem is. that in the case of spec—

troscoplc blnarles, spurlous perlods may arlse from re-

'strlctlons ln ‘the - observ1ng program ' For example, with



“result 1s:'

L ~any Qne/teiéscope,and locatlon, observations are often

restrlcted to ofrtain. periods of the year. Furthermore »

these observatlons are also restrlcted to 1ntervals of
‘about. e srdereal day (0.1 day) beéause measurements
T are .usually taken when the system is ;%ar the meridian.
| nner (1948) has proposed a method of detectlng spurlous
perlods and thlS ‘method was useéd. by Hube (1973) in his

original- determlnatlon of the perlod of DE Draconls.

: . a
Determination of Other Orbital Elements

—

'\. . . . , o

Once the preliminary value of the pé!!od has been

e, w, T, K and y. In addltlon ‘the prOJected semi&major

'“ax1s a51n(1) and the mass functlon»f(M) can be calculated

vfrom the orbltal elements. The resultlng phase—veloc1ty

dlagram will be 51nu501dal unless e is large The ob~

served,or ﬁlne of-81ght component of radlal veloc1ty w1th ‘

respect to the ‘Sun con81sts of the constant velocity of
~the blnary system s centre of mass, Y, plus the varlable
orbltal veloc1ty of the star Applylng the equatlons of

elllptlc motion (Underhlll 1966 Altken 1964) _the final

w;‘\
4

r

ry

V. = ¥ + Klecos (i) + cos (vtw)] (3.2), -
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where v, called the 'true anomaly ' -is the angle from
perlastron to the star S p051t10n 1n its true orblt at
any t1me t, maasured in the dlrectlon of motlon (See
vfigure 1). Also, the element K can be‘expressed in terms -
of‘P, asin (i), andve;. |
,?reliminary-values of‘K,.e, o,,v‘(Whichvwill giue
T), and ; can-be determined‘through direct methods (Under-
hill 1966; hltken 1964) u51ng the . 1n1t1ally determlned '
‘_perlod P and the observed velounty data. These prellmln-
ary elements are then refined by a least—squares solutlon,
“whlch 1nvolves the‘51multaneous adjustment of the five
parameters (or six if the perlod is also varled), 51nce
th = f(vy, K,‘e,iw, T, P) For eagh tlme'of observation
the dlfference in veloc1ty AV (sometimesqdenoted by 0-C)
is the observed veloc1ty minus the. calculated veloc1ty

for that phase, and thls dlfference is produced by correc-

tlons to the’ elements of AY, AK, ...

o c .
£, °f R
B = gy OY PR Kt B

Qo

Assumlng all the changes, or correctlons, are 1ndependent

. and small enough to include only first—order terms, the

r

welléknown equatlon of condltlon can be applledqto each

07’

observatlon (Lehmann—Fllhés lBQA,,Schlesrnger &?08)
'Brlefly the steps are the follow1ng (1) the’ prellmlnary

elements are used to calculate the radlal veloc1ty for

the phase of each observatian; (2): the co-éfflclents 327

Y



gi, ... Of the'differential corrections are computed for

each observatlon, using the residuals O C from the pre-
‘liminary values in step (1); (3) normal equations are -
formed and solved 51multaneously to give the dlfferentlal
corrections whlch are applled to the initial elements.'
These steps are re-applied any number of times to obtain
the required preC1510n In this study, the values were
taken as the flnal orbltal elements after five 1teratlons,
and each observatlon was glven equal welght.

Problems arise in the, above method when the eccen-
tr1c1ty is small For a 01rcular orblt .’= 0 -and both
T and w have no smgnlflcance. When e is small T and w
~are. almost jindeterminate because the co—eﬁ§1c1ents of AT
and Aw in the Lehmann-Fllhes equatlons.approach one, and
a denominator in the solutiOn of the normal equatlons is
almost zero.- F1x1ng T or w blases the solutlon and glves
'unreallstlc values of the preCLSlon of the elemengs.

- Sterne (1941) resolved thls dlfflculty by using the' date
.Td; the' epoch of mean long1tude,»1nstead of T To,ls the
date at which the mean longltude (w + M) ‘is zero, where
bM_is‘the mean anomaly, defined by:

2T
P

33

Mm=2" (k-1 _ A; .'(3;4y"'

J L

. ‘ . ) ) /

and t is the date of observation. The mean longitude at
) ¥

t is then F— (t—T ), and T remalns determlnate even for

¢ = 0. When e is small but non—zero, a modification of

.
a4 -



échle _nQer's least—squares method to correct T ,rinsteadf
of T, can be used. But if e is nearly zero the prellmln—
ary‘value is taken‘to be e =:0, and the 51mp1e modlflca-

~ tion cannot be used ':Instead allow1ng e to be zero ini-
' tlally, leads to new equatlons of condition whlch are
solved by,least—squares methods. Thus, modlflcatlons to
e are calculated andlthen the first procedure can be

‘ apblied._ The second method,  that of.correcting an ini-
tially circular orbit, is particularly applicable to DE

Draconis, which has a very small eccentricity. -

Previous Orbital Elements of DE Draconis .
Althouéh DE Draconis = HD 193964 .= HR 7792 |
, [a (1950) = 20h 18% 8, 6 (1950) = +62°05", m,= +5.72, BOV]

has been: known to be a spectroscoplc blnary system since -

the early part of thlS century (Plaskett and Young 1919),v

the flrst set of publlshed orbltal elements was presented

s by Hube (1973).. Hube determined a prellmlnary perlod

u51ng 28 spectrograms from the Dav1d Dunlap Observatory
and four veloc1t1es from Vlctorla and, because the radlal
,veIOC1ty curve 1nd1cated a low eccentr1c1ty,.1n1t1ally

| determlned the best- flttlng c1rcular orblt ,Employing

Sterne s (1941) method, correctlons to. the circular orbit-

al elements were calculated and the corrected values m'
were then used as the prellmlnary quantltles in the appll—
‘catlon of Schle51nger s method (1908) 'Hube's final

elements are given in table 1 Hube used Tanner‘s method

34



'(1§48) to detect any spurious periods but obtained nega-
tlve results. Wlllmarth (1976) performed an 1ndependent
spectroscoplc 1nvest1gatlon of DBE Draconls using eleven
velocities from earlier invest}gations plus fifteen new
velocities from the Ritter Observatory.. The Willmarth
results are also shown in table 1.

| Comparisonrof the'two sets.of elements Shows
larée differendes in the 'systemic velocit& and the semi-
amplitude. Hube (l976)'obtained)another.solutibnruSing
all the pnbllshedvvelocitieSfto‘that date, in ﬁhich»the
period was 53298095 * 0.000025. Hube pointed out, as he
nad in his original paper (Hube 1973), the need to clarify
the scatter of the observed radial velocities near the
 time of'conjunction, which was.laréer than would have
beenvexpected from internal errors.

_Enertié (1975) found DE Drdconis to be an e-lip-
sing binary and,lusing_Hube's (1973) period and working
'with Muenlnger(\?uertig and Muenlnger l976),-made further
observatlons of the prkmary mlnlmum (a tranSLt) i'The;
preliminary photometrlc elements derlved by Fue: =ig and
Mueninger are presented in table 2. Fuertlg and Muenlnger

concluded from these elements that the 1nv151ble companion

is a solar -type star, as expected from Hube's:" (1973) spec~i'

troscopic observations. No secondary minimum Was observed.

—
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" TABLE 2

PHOTOMETRIC ELEMENTS,

W
=~

-Co=-e ficient of

limb-darkehing

of large star xg 0.5
Ratio of radii K 0.35 _
] : . N
Radius of large star (a = 1.0) Iy 0.157
Radius of small star (a = 1.0) ré' 0.055
Tnclination of orbit plane i) 86.85
Eccentricity e 0
Period P (days) 5.2984
! New bbservations
Durlng 1976 and 1977 a total of 87" useful new ~

4

spectrograms of DE Draconis were obtalned- one at the .

David Dunlap Observatory (DDO) and the remalnder at the

" Dominion Astrophy51cal observatory (DAO).

These spectro—'

grams were augmented with 18 hlgher dlsper51on plates

from the DDO that Hube gathered betwedn 1970 and 1972

' for hlsaorlglnal calculatlons.
obtaihed with thevgrating spectrograph
flector telescope, g1v1ng a dlsper51on
'cally, on’ these plates between 51x and -

be measured, all plates hav1ng similar

errors.

The DDO observatloﬁs were

on the l 88m - re—_

of 12 A/mm.

Typl—

twelve lines could

1nternal probable

The DAO plates were taken w1th the 21121 spectro—

graph at the C§§§egra1n focus of the 1.8m telescope,



g1v1ng a dlsper51on of 15 A/mm On these spectrograms
usually from six- to ten llnes could be measured, and all
plates had 1nterna1 errors similar to those from the DDO
plates.; Thus, all veloc1t1es were glven equal weight.
The DA6 plates were measured with the oscillosCope_comé
p&rator at %ictoria and reduced usin§ the standard wave-
lengths for this system as publlshed by Batten (1976) |
These observatlons are documented 1n Appendlx A,
Standard,veloc1ty stars were observed on each
night as well, and -the calculated'velocities of these

stars indicated that a‘correction of +l.7 km/s should be"

_added to the velocities obtalned from ‘the DAO plates.

The observatlons in Appendlx A from the DAO 1nclude thlS

correction factor.‘
Y . _ . ) "

New Orbital Elements

In deriving orbital elements, all those velocities
obtained during eclipse (phasevabout'l?7,t0,2§o) were

omitted, resulting in 52 of.the total 105 ohserVations

.being used.’ The method of Lehmann—Fllhés was applled

over flve 1terat10ns to obtaln dlfferentlal correctlons
to .six elements. .The prellmlnary values-used were those
of Hube (1973) The resultant perlod was then fixed, and

the remalnlng flve elements were calculated from flve

iterations of the LehmannwFllhés equatlons of condltlon

for flve elements. The flnal values, the mean errors,

and Hube 's (1973) original- solutlon are llsted in table 3

38
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in figures 3'and.4, the observations—-the 52 oﬁt:‘
side eclipse and the 53 during eclipse--have been plotted
along with the flnal ve1001ty curve frggrthe Lehmann-
Filhés splutlon. It shows clearly the rptatlon effect

during the time of eclipse'wheh the smaller .(invisible)

secondary transits in front of the larger, brighter prim--

ary component
The apparent changes in the orbltal elements

T

(see table 3) are probably not real- the earller veloc1ty<

¥

measurements were not as carefully controlled with obser-
YVatlons of standards as were thevlater observatlons. /
'Comparlson of the two sets of elements showsﬁthat the
calculatea systemic velocity has apparently decreased, as
»has the eccentricity. The longltude of perlastron has
1ncreased but because of the nearly c1rcular orblt thls
quantlty will be very uncertaln. The_photometrlc data of
Fuert;g and Muenlnger (1976?%y1elded a period of 5?2984
and a duration of the'eclipse of ‘about 0.06 bf.a peripd(
or 0?32. The times‘of conjanction‘should c:cur 0?16
.after thehstart of the eplipse. From the spectrescopic
observat}ons‘in‘figure'4, the eClipseéappears to last
from roughly phase 1?68 to phase 1?98, or abbht’Q?BOE
The»time'ofhconjuhction,'wheh the curve goes through the
‘systemic velocity line; cqmes at about phase 1?83, or -
0?15 azter'the start of the eclipse at'phase l?68. Thus,

. the photometric results-and the'spectroscopic“calculations

40



Fig. 3.v Final velocity curve based on the 52 plates'.
obtained outside eclipse. (See Appendix A for data.)
Crosses represent_velocities from DDO (Toronto); open

circles indicate DAO (Victoria) values.
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- obtained, but there are 1nd1cat10ns on some plates of llne—

‘show good agreement

"No sure double-llned spectra have thus far been

spllttlng. Currently, spectrograms of DE Draconls are
being obtained during primary ecllpse tlmes »_th a. hlgher-
dlspers1on spectrograph on the 48-inch telescope at DAO

Out51de of ecllpse, the brlghter prlmary overwhelmsfthe

-

isecondary, but durlng the start and end. of the ecllpse,

when part of’ the primary is blocked off 1t is hoped that
a hlgher dlsper51on w1ll glve plates w1th dlstlnct llne

structure changes.

:Photometric Data‘and Physical Parameters

| publlshed results of uvbyB photometry for DE Draconis and

obtalned the follow1ng parameters 8 %~2.824; b-y = -0. 017;

ml = 0.123; ;. 0. 873- V = +5, 72. These colour para-

meterS'have been used to calculate some further phy31cal

"'characterlstlcs for DE Draconls " The detalls may be found

in Appendix B, but a brlef descrlptlon of the methods and

44

results,ls,presented here 8 is the strength of the HB - llne.

It should be noted that the above data refer to sﬂ

the 1n§egrated llght from both components Golay (1972)

_pointed out that blnarlty has an effect whlch is photome-

trlcally SLmllar to a small change in spectral type

‘Theoretlcally (McNamara 1966; Golay 1974) the effect of

addlng companions of varlous masses to primary’ stars of



different-spectral types displaces the colour—Iuminositi"

‘diagram (M versus B-V) above and approxrmately parallel
;to the maln—sequence llne approprlate for 51ng1e stars of
thevprlmary spectral types. 1In a colour-colour dlagram_
(U-B versus‘B;V) the llnear part - (prlmary types BO to

b

about A5) remalns very close to the single star sequence

i.e. w1th the 1nclusron of a companlon, the B-V value re-

mains essentlally the same, whlle the U- B value 1ncreases
i In the curved part (prlmary types FQ to 'G5), the change
“ln the B-V value is more notlceable, whlle the change in
U= B is 1ess so. For DE Draconls, with a prlmary of type'
B9V and mass ratlo about 3.7 (see' Appendlx B) the theo—
“retical effect of the secondary on the absolute magnltude
and colours a351gned to the prlmary would seem to be un-
notlceable, judglng from ‘the dlagrams and tables glven
by Golay (1974 ppm 91-93). " Also, the .following rough

T PO ‘
calculatrons?Q%%l E%ow that in the system“the 11ght from

. the secondary ¢ﬁ§ﬁ%@butes a negligible amount to the

total ‘and therefofé%the results from the uvbyB photometry~

|

‘can be assumed to give. accurate information on the primary”*

-alone.

v

Assumlng the two components of DE Draconls to be

B9V and G2V and using colour I "agnltude-values appro—[

priate on average for these spectral tvpeS) the fraction

- of light contributed by the secondary at dlfferent wave—‘e

" lengths can’ be calculated from the equatron.

IR

45



‘ M, = -2.5 199(LA) (3.5)
ot LZX . - B
and log —— = 0.4(4;, - MZA) (3.6)
| Lix \ -

- where ) is any wavelength,,and subscrints 1 and 2 refer

to the primary and secondary respectively. The resnlts

]
-

for UBV wavelengths are shown 'in table 4. °

TABLE 4
FRACTIONAL 'LIGHT FROM THE SECONDARY
(PRIMARY = 1.0) '
oM M My Ly Izm Loy
G2v 44,7 - +5.34 45,50 . 0,025 0.013  0.009 .

BOV  +0.7  40.64  +0.45

~

by

From the above . results, it lS obv1ous that the contrlbu—

tion from the secondary at any wavelength in the v151ble

o

region can be safely 1gnored, and the uvbyB data can be
' &

assumed to apply to the prlmary star alone with little oxr

'y
no loss of accuracy.

S 7

_ {ItvlS 1nterest1ng “to note here the effect that
A ;

the ax1a1 rotatlon of- the B9V component could have on the
colour parameters. Kraft (1970) 1nvesc1gated the in-
fluence of rotation:on }um1nosmt1es anc nperatures of
main-sequence stars. Ajrotating~star ~" _h Ais distorted:
from a spherical shape has a smaller Surface'gravity at

'

v
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the equator than at’ the poles, so the gsurface brlghtness

and local effective temperature are 1ower at the equator

than at the poles. Therefore, mean luminosity and temp-—
erature are a function of the angle between the llne-of—
srght and the axis of rotatlon. Comparing a rotator and

a non- rotator of the same mass should in prrncrple shoy

' that the rotator has a sllghtly dlfferent lum1n051ty,.

since the gravrtatlonal potentlal and therefore the cen-

-

tral pressure and temperature are changed A

‘Theoretical results (Kraft 1970- Roxburgh and

'Strittmatter 1965).1nd1cate that a rotator is cooler than

a non-r otator, regardless of aspect, and also that a
rotator is brlghter (if seen pole-on) or fainter (if seen
equator-on) than a non-rotator of the same mass. How-
ever, these effects are very.small, amounting to at most

a few hundred degrees in Teff and a few tenths of a mag-

nitude in Mb 1° The main sequence‘for rotating stars is

r

expected to lie to the right of the non—rotator main se-

quence, with the dlsplacement depending malnly on V2 (the

' rotational velocity Squared),’and not so much on i (the

angle between theiaxis of rotation and the llne-of—SLght).
(See Strittmatter and. Sargent 1966; Hardorp and Stritt-
matter 1968). Fcr early-type stars in the U-B versus B-V

diagram, rotation projects stars alonq the main sequence

o

'for-nonfrctators! rather than at an angle to it. A simi-

lar effect occurs in the c; versus (b-y) dlagram, indi- ,j,f

<



48
cating that rotation does not apparently effect the colour-
" colour diagrams for early-type stars.
,;,.ps;nﬁ‘avrecent calibration of the uvhys system

)

_(Crawford‘l975), the value of c, was corrected for red-
vdening to obtain the unreddened parameter o for DE Dra-
conis. From Crawford"s (l978) calibration of c_ versus
;&B/(Zero Age Main‘Sequence ='ZAMS), the value of vior.a
ZAMS‘star was determihéd Crawford (1978) also calibrated - \x
‘MV(ZAMS) versus B(ZAMS), and gave a correctlon term for

stars lying above the ZAMS, (evolyed stars) . _A value for
MV(ZAMS) was obtaihed for DE'Draconisvand corrected for
Teyolutionaryeffects, since the B(observedl differed from
" the B(ZAMS). The absoluté visual magnltude for DE Dra-
‘conls was Calculated to be MV‘= +0.75, which compares
well with the MK value of +0.6, and also with the value
adopted by McNamara 5&966) of +0.7. - ,‘ o -

| Crawford S (1975) descrlptlon of the uvbyB system,/
also allows the apparent visual magnltude to be corrected

for reddenlng, and from the dlstance modulus (mV Mv)

-nthe dlstance to this system was found ‘to be about 96

-

v

parsecs.

f e

" Using Crawford‘s (1978) relation between , and
(U—B) calculations for 6ﬁ= = 5040
o’ 5 aeff Teff

'different formulae.(geintze 1973) yielded.sihilar values

~were made. Several

for T, ofgr and theffiﬁally adopted average_value of

11,300°K agrees well wrth values for spectral type B9V



from other effective temperature versus spectral type
scaleé,(e g. McNamara 1966f"Hack and Struve 1968).

£

From the formula given in- Allen (1973), the bolo-

v

metric correction was calculated which gave an absolute
' boleme: ric magnitude M oy = +0. 19u The radius was ‘calcu-
lated Lrom two different formulae (Allen l973f Kopal l959)
'and{the average radius of DE Draconis 1s 2.2 solar radii.
' The mass was also calcuLated u51ng various mass- luminOSity
relationships (Batten 1968- Allen 1973-,Petrie 1950-
Harris, . Strand and Worley\1963- Kopal 1959), and the
average mass is 2 7 solar masses., These values of mass
and radius agree well w1th those expected for a’ typical
B9V star (see Underhill.1966). S

'Further results can be foundbfor’the secondary
component using the mass function, progected semi—major‘
axis, and the photometric elements of Fuertig and Muenin—
ger (1976). From the inclination 1>= 86°85 the calcu-
lated mass of the primary, and. the, mass function, the |
secondary is found to-be about one solar mass., This is
conSistent with the expectations from the photometnic
data of Fuertig and Mueninger (1976) for a solar-type
secondary, 51nce no secondary minimum had been observed
It is also in agreement Wlth the spectroscopic observa-
tions, where no, lines of the secondary were visible. The
radius of the relative orbit, a;= ai +oa,, was also cal—

culated, and -from the photometrica%ly determined frac-. ‘

~
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tional.radii; the‘absolute‘radii were found to be 3.1 and
1.1 solar radii for the primary and secondary, respectively.
~ The values of the,radli above differ from those
obtalned usxhg the calculated bolometric absolute magni—
tude, but still conform within the llmlts expected for
these spectral types. Also, the calculatlon of Mbol is
‘llable to be very approxrmate because there appear to be
imany dlfferences of oplnlon regardlng the{correct‘effec—
"tlve temperature calculatlon, and mass—lum1n051ty rela—
tlonshlp. The parameters derlved above and some compari-
son data are summarlsed in tableIS. -The values of Rl-2

4

shown»in brackets were computed uSLng the calculated

Mbol' The adopted values of 3.1 and 1.1 solar radll were
'determlned uSLng photometrlc data, and the values for

a

1.2 were calculated u51ng these adopted radll.
o ’

50
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. CHAPTER IV
THE ROTATION EFFECT

In this chapter we will discuss the distortion of
a radial velocity curve of a binary system due to the eclipse

- of an axially rotating star. Some_straightforWard effects

which can be expected and the general theory required to cal-
culate these effects under certain assumptions will be4pre-

sented. The results of calculations done for DE Dra, and the
implications for certain physical dimensions of this syStem

will beipresented.

General Information

o Probably all stars rotate, although to varying de-
'greesL For the.mbrerrapidlY'rotating stars the'effect.shpws
up ia the spectral lines, aﬁd the retatiohal velocity'v sino .
can bercalculated if- V sina is greater than about 25 km/s,
(Here. o is the angle between the axis of rotati~r and the
‘llne-of551ght{. The total light recelved.from a‘star_is
" made up of contributions from the visible part of the hehi¥1
sphere. 'Forva‘Singie_erating starvoﬁe 1imb is#approaching.
the’ebserver{-ana,the other limb is receding. The light from -
the apprqaching iimbvthus shows absorption‘lines displaced
" toward the:violet,;while for the other limb they are.dis—

52
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placed toward the red. The_overall effect isfﬁﬁset of broad-

c

ened absorptlon lines, the w1dths depending on the star's
rate of rotation and orientation. For a rapld rotator the.
" lines are also shalloWer.(less intense)“than°for a slower ro-
tator becausedthe absorption is spreadvover a greater region
of the_spectrum; The,centres of thedlines are not displaced ~
by the'rotation when the whole stellar disc is obseived. Ifgé?
the rotating star‘happens to be a component of’an'e%lipsing
-binary:system, its soeCtral lines are asymmetrically broadj
ened during the‘eclipse.f"The ohserved velocity is.not only

the orbital velocity but ‘also includes a contribution from

491 f~

“the rotation. If (as is almost always the Q¥

) the direc-
tions of ax1al rotatlon and orbltal revolutlon are the same,
'then at the - start of eclipse the other component will obscure
~that limb of the rotating star-which is approgchlng the ob-
server. The receding limb (shift to the red) contributes

and the apparent velocmty is more p051t1ve than the calcu-

- latedvorbltalvveloc1ty. At the end of ecllpse only the ap—

gfproaching limb is visible (Shlft to the violet) and observed

veloc1tles are more negatlve If the eclipse is total, then
the star is not visible for the duratlon of totallty, but
just prlor to and after totallty a thln crescent of the ro-.
tatlng star is seen. ' In this case even a modest rotatlonal
velocity can produce large departures from the expected
values. For an annular ecllpse (as in DE-Dra) a rlng ‘of the
eclipsed rotating star is always V151b1e and llght from one

I

side is at least.partly.balanced by 1Tght from the other.‘

\

i
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-

~T.he‘_effect is thus reduced, howevei a high rotational velo-

city will produce a small effe & At the middle of an gnnu-
R , : o - ~
lar eclipse, the opposite sides of §he riﬁﬁ exactly bajmnce
N, ‘ S A ’
and the net rotational effect 15*&ero.
‘4}‘

produces a deeper centre of the absorptldn llne, is eclipsﬁd
At this point the absorption lines are shallow, and some_may
have a central peak -as if they were doublgg L;nes FigureJS'
1llustrates the eclipse conflguratlons for a transit and the
effect on the'radial velocity curve. This s1tuetlon is

typified by DE Dra.

Fig. 5. The configuration for a_transitv



. . The observed rotational velocities are the projec-.
tions on the line-of-sight.of the true equatorial velocities:

v = Vsina. If the assumption is made that the axes of

obs
rotation are randomly oriented in space then: V = iV_EiHE.
‘This assumption is justified by agreement of the calculated
distribution of V sina assuming random orientation w1th the
observed_distribution ovahandrasekhar and Minch (1950).
UCalculations of the rotational velocities from the.
spectral 1line shapes have been made for stars belonging to
allAs;ectral types and'luminosities. The results show that
the rotational velocities depend on the spectral type and |
luminosity Hack and Struve (1969) present the results of
many 1nvest1gations . In particular it is found that ‘the

"early-type stars have the largest observed rotational velo—

cities. For main—sequence stars, the values are greatest

n

between types O5 and B5: Ve 160 km/s (Hack and Struve 1969,

R

~ fig. 4b). For B9V‘stars§Vé 130 km/s. However there are'"
stars, notably Be stars and shell stars, with Vé = 340 km/s
‘and 520 km/s, respectively. Slettebak (1966) calculated the
break ~-up veloc1ties——when the centrifugal acceleration be-
comes ‘equal to the grav1tational acceleration—-based on cer-
tain main’sequence rotatlng star models. He found that these
break—up‘veloc1ties are’ higher than the greatest observed
'rotational velocities: £8r a B9V star, an.estimate,from his
curve shows Ve (break~ up) = 45025 km/s while V (max. obs.) =
'~350+25 km/s The difference between the two curves is a min—'

imum for the earliest B stars and 1ncreases with advanCing

[N
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g
Wspectral type.
‘The rotatlon of stars whlch are members of binary

systems has also ‘been 1nvest1gated Plavec (1970) p01nts

: out that Plaut (1959) concluded that for systems with orbi-

tal perlods 1ess than 10 days, the perlods of rotatl n and
revolution are usually ‘the same, while for longer perlods
there 1s no synchronlsm and the stars rotate llke single
objects( Plavec  (1970) observed a deflnlte tendency “for
‘components of binary systems to rotate'more slowly than the -
average for single stars of the same type." For exahple, an’

A

‘estimate from his plot yieldS'V (single) =~ 190 km/s but

V\(binary)-: 80 km/s. He also plotted actual rotational
‘velocities versus calculate? synchronous veloc1t1es for close'

. L _ 27n(radius) ~ e
binary systems,yVSyn = -—55;135— , and found that synchronlsm,

applies at least'approximately in most cases. There were no
cases where the,component rotated much more slowly than was

required for synchronism, but a few stars rotated much more
Lfay V. Plavec also noted that in spectroscopic binaries

=

0o =wno. or moderate period, the secondaries, if less than’

iMG, can lways be expected to rotate in synchronism with
—he crbit: . motion. d

The observatlon that close blnarles generally ro-

tace me o slowly than 51ngle stars is supported by Jaschek
(197¢ He. found for B/stars'that for members of spectro-
~~~ > binaries the largest percentage has Vv sing in the

-ange 0 to lOO_km/s, while for normal single stars th?,

range with the highest percentagefis'frpm 100 to ZOO'km/s.



"As will be seen later, the rotatlonal velocity calculated for
DE Dra lles at the upper end of the range expected for 51ngle\-
0

Jstars, and 1is also much greater than the synchronous veloc1ty.
Thlsvcontradlcts the above general observations. However

~iai (1971) inVestigated:various published rotational vel—»
oltleS for double -lined spectroscoplc and ecllp51ng blnarles
and found that for ‘normal main- sequencegstars as components

of dOuble% and single—line binaries the deviation from syn-

chronism is large.

Prellmlnary Theorz

-

The dlsplacement of a spectral line from 1ts zero

veloc1ty ‘position involves contrlbutlons to the line-of-

W

smght component from the v1sxb1e area of the star The’
llne -of- 51ght components of veloc1ty of . p01nts on a spheri-
cal star rotatlng as a rlgld body are the same for. all points

on a llée ofi the apparent (progected) disc parallel to the
*’n’; . L
prOJected ax1s of ro&at&on - Assuming the axis of rotation

is perpendlcular to the orbital plane~(q = i), the folloW1ng'“:'

EEY
.‘,.,

ldeflnltlon of the rotatlon factor is found:

o KD

mr

Let da ”area of a strip of the '~ ' Projecte axis . of
el rotationt} '
i dlSC parallel to the pro— :
jected axis of rotation

a = distance of the strip  orpit [T2

from the axis

i= 1nc11natlon of the orb—

1tal plane to the plane aa

of the sky “" . o 'Figt 6. Projected disc.



Vé\= rotatlonal velocity of a p01nt on the equator
Vr\= line-of- 51ght component of the- veloc1ty of strlp dA
‘Then : - y_ = V_sini. - ) , (4.1)
: r e

and the deviation of the radial vekocity from purely ellip-

tic motion of the visible area of the star is:

vobs = V sini’ 7z o - (4.2)

where the'integration is over the visible portion only, so
that tr- 'rotation factor' F is:

, fédA - S |

Thus F is the mean value of the rotatlonal component 1n the

llne-of 51ght averaged over the v151ble portion of the star.

Petrle 's Analysis

Petrie (1938)‘pfrformed the above 1ntegratlon for
an eclipse of a spher;cal, unlformly bright, rlgldly rotating
star in a c1rcul%§ orbit. The orlgln of the co—ordlnate
system is thef%en?fe of. the brlghter star and the X-agxis 1s
along the llNE!jOlnlng theacentres of the progected discs.

Petrle s ba51c ehuatlon is:
T I xdy ‘
g .
. ; F = Ed ' _ Lo . (4.4)
. Traxday - ~

2.

where s —.distance of-a éoint, on the projected disc, from

the progected axis of rotatlon

radlus of the small star.

|

and_ k-
Petrle evaluated the equatlon for three cases- (1) a small
brlght star ecllpsed by a larger falnter star, 2) a large

. R
4 brlght star ecllpsed by 1ts smaller falnter cbmpanlon' and

58



(3) eclipses of ellipsoidal stars. DE Dra is an exemple of

Case (2).

-8

If the radius of the larger ighter star- (whose .
centre is the origin) ig unlty, the’ progected dlstance be~,

o

. tween the centres is, glven by

°

8 =2 Veos?i + sinlisinZs . (4.5)

where r, = radius of’the large star’with respect to the rad-
1us of the” relative orblt

6 = longitude from.mid—eqlipse

Pro;ected ax1s of rotatlon

 Axis of«rotatlon

c e

entre of secondary

. To observer _— {

Fig. 7. Projected configuration of eclipse (from Petrie
1938) ' o : : s .
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The distance s of a point on the primary from the projected

axis is then: ; »
s = xcos¢ - ysin¢ . 5 _ (4.6)
where v
sinf N s cosicosH
cosp = oy St and sin¢ = —sT (4.7)
Ty ‘ R |

o
‘The boundaries of the projected disgs are circles defined by:

x“ + y" o= 1 larger“brighte; star k4¢8)

,,(x;6)2 + y2 = k*© !smallér fainter star . (4.9)

/

?hé points of intersection of the two circles have co-ordin-

ates: ‘
- 2 2 .
14 8% ~ k' . |
Xy = 2% = | (4.10?
‘ 2 2 2,2 :
: 48 - (1 + 6~ - k' '
vy = t‘/ ; (452 k) (4.11)

™~

" The equation for F eéomesﬁﬂ

'
1 .
\

A

‘%-ff(xcos¢ - ysiﬁ¢)dxdy
JTaxay

-F. = (4.12)

Whefe in the numérator the xfintegratiénkﬁor’fﬂé visible por- -
tiéh is déne{first from the 1limb 6f the brighter to the
eclipsing limb of‘ﬁhe fainter.  Thé y—intégrapibn then sums
these sgrips'ffom-qne in£ersection point to the other.. The
~ parts of the disc ébové and‘belowﬂthisfcancél ééch other,
and thus appear ?nly in’thé_denominator which must sum over

the whole visiBl? part of the star. Therefore three cases

arise from this method of performing the integration as il-
73

1

Justrated ih the following Figures 8a, Sb, and 8c.

a . . t



Fig. 8. Configurations For Petrie's three cases

“The porrespon@ﬁng formulae are:

Case 1 (Fig. 8a): xi <8

- L 37 -1 2. -Ty
T+ 2y,8 yl/&_yl - lek"Y1 - sin Ty; - kosin (El)
// | ‘
/' Case 2 (Fig. 8b): 1 éixl > &
2.2 TR ’ y
-8coso {(L_Q____)y + wkz - y . Vk =yl — kzsln 1(—l)}
F = . = 1, k —y, 4.10)
/ 2 /2 2 2 X1,
- m(l- k° )+2y16 yl 1 ty vk £ sin~ yl + k“sin” (E_)
"‘ ) ;7'\
Case 3 _(Fig. 8c): 6 < 1-k = - ®
’ 1-k< ‘ T _(4.15)
The results of applying Petrié's analysis:to the
obServational' points from eélipSe data of DE Dra for

several dlfferent values of the rotatlonal velocity are shown

in Table 6 and Figure 9. There is a large amount of ‘scatter

3 :
g3 . ] N
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B

g 0-Clpetrie

. (km/sec)

_’]O_

5

‘ o
L ' . L _* ! 1
1.7 - 18 ' - 19

PHASE (days)
o

Fig. 9. Calculated rotation curyes: Petrie. The results
are listed in table 6. The value t (mid-eclipse) = 1.827
days was used to calculate 6, the longitude from mid-
eclipse. . The curves are based on different values of V_:
(a) V_ = 160 km/s; (b) Vg = 180 km/s; (c)'V, = 200 km/g"

"Open circles repreSent'observatiohs from thé.ﬁAO; crosses
irdicate a DDO plate. ’
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in the data, and the effect seems to be sllghtly‘asymmetric.
Petrie'svanalysis_does not include the effects of limb—dar—
kening, and assumes that the axis of rotation is perpendicuf“
lar to the orblt plane. The value of V_is about 180 km/sh\“'d,__,’?
judglng solely from the max1mum and mlnlmum\calculated.oéc o |
values. Possibly due to other previously mentioned effectsyhp

the calculated and observed curves are offset from oneé an- -

other. _ : ' . ' o : e

'ldHosokawa;Ko al

General Theory

Kopal’ (1942,51945) rederlved formulae: for the ro-

tational effect usin@g‘wv general analysis, and extended
it to arbltrarlly llmb-darkened spherical stars. HlS solu—
tions were based on the assumption that the star rotates as
a rlgld body about an axis cornc1dent w1th the pole of the
"~ orbit. ‘However Kopal notes that the two axes need not nec-
essarily be comncrdent, and Hosokawa (1953) used Kopal S
newly developed associated a—functlons to obtaln formulae
for binary systems of soherical stars whoée axes of rotation
.are lncllned from the perpendlcular to the orbltal plane.
jf A For spherlcal ‘stars rotatlng as rigid bodies about
a fixed axis, the observed radlal veloc1ty of a star has two
parts: V. due to space and orbltal motlon- and &V due to the :
star's axial rotation. The amount sV is found by nultiplying \
the 1ine-of-sight  radial rotational velocity V(% 'v,z) at any

pornt on the. stellar surface by the correspondlng element of

lrght d&, 1ntegrat1ng over the visible portlog of the eclipsed

5
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disc, and dividing by the total lighthfrom.the star. The
origin of 'the rectangular co-ordinaﬁe system is the centre

of mass of the primary star, i.e. hhe ecliésed'star. fhe
X-axis is constantly in ‘the direction of the eehtre of the
secondary  star projected onto the xy-plane (perpendicular to
the line-of-sight), and the Z—exis is along the line-of-sight.
Theh. |

ey o lAvas ~ '
(SV “\'{m— - (4.16)
For a rlgld rotator with constant angular velocmty w, the
'radlal rotatlonal veloc1ty V at any pblnt is proportional to
the dlstance of_the point from the- ax15 of rotation projected
onto: the celestial sphere (xy-plane).. Figure 9 shows the

»qonfigpration'ahd defines the various parameters. Then

/
vV = wsine{xces(n+8) + ysin(n+8)} (4. 17) ,/

For most stars, a llnear law of llmb darken;éé/has een found
a°

to approx1mate conditions with a‘hlgh degree of accuracy;

so the distribution of surface brightness is: /
J = Jd(l - u + ucosy) . _ (4.18)

where u is the co-efficient of llmb darkenlng of the ecllpsed
star; vy 1is the angle of foreshontenlng, i e the angle_be— |
tween a surface normal and the llne—of—s1ght or Zfaxis; and

Jo is the orightness at the'cehtrequ the iptensity of :ed— .

: | . P
iation emerging normal to the surface. /
' ’ e /

/



Axis of
rotation

. observer

/&

To

,Orbital plane .

-~

To. companion

Fig.10. Configﬁration and notations for-Hosokawé‘s analy-
sis (from Hosokawa 1953, fig. 1) with the following explana-=
tion: (diagram shows the situation just after mid-eclipse)

x,y) e

Directi

8

S

rectangular co-ordinates in plane perpendicular
to the line-of-sight, origin:-at the centre of
the eclipsed disc, x-axis in the direction of
the projected centre of the companion

‘the inclination of the orbital plane to the
celestial sphere : o S

-
v

‘ the inclination of the axis of rotation to the

line-of-sight -

the angle between the y-axis and the pole of  °
the orbit, projected to the celestial sphere

the angle between the projected axis of rotation
and the projected pole of the orbit

vthe'phase'anglébof the companion in the relative

orbit (angle 2OC) S

' the projected separation of the centres of the

stars G

ons of rotation and revolution are the same

68



The limits

lows. The

while that of the secondaby ‘is:

where Rl = the
_R2 = the

§ = the

two

Puring partial

co-ordinate of

(4.19)

2 - 2 2

(<S—x)2 + y = R2 or 'y = R% - (6—x)2 " (4,20)

absolute radius of the primary

absolute radius of the secondary

projected distance between the centres of the

stars.

eclipse, the two discs overlap and'the X-

the common chord joining the two points of

intersection is given by:

. Ri - Rg + 62 . . ' o
s = 55 | : (4.21)

The double integral'is split up into two parts, each bounded

by this common

P

and QRZQ‘S.

chord and the appropriate star's érc: QRlQ'S

> X Fig. 11 . Limits
' for eclipse integrals
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Letting,Ri denote the abéolute radius of the eclipsed

star, we see that:

Ri = x2'+ y2 + 22 ' ' (4.22)

or z = /gfié %2 - y2

v .z
and cos Y =% (4.23)
) R :
1

‘Then the elément of éight is given by: \\
as = L (R, (1-u) + uzldxdy | ‘ ' (4.24)
o le 1

Comblning the formulae for V anhd d&, and using the fact that
fydxdyzvanlshes when 1ntegrated over any area symmetrlcal

with féspect to the Y-axis, we obtain:

e

. Rl(l u)ffxdxdy + u/f/Sfxzdxdy
w31nacos(n+8) R (l—u)ffdxdy ¥ urTzaxay (4.25)

5V =

As previously stated, the integrations extend only over the

visible portion of the star. It is most«cohvenient to inte-

‘grate over the whole disc, and subtract the intégral over

the eclipsed portion. The numeratorDVanisheé when intggrated

over the whole disc, and the‘dénominator reduces tO'ﬂRi and
/3ﬁRi. The remaining integralsvthen extend over the
eélipsed'area, and are of the form whlch Kopal termeq his

'associated a—functlons

nRIFH2 oM = 2 axdy L (4.26)



7

‘Then for a partial eclipse the integral becomes:
+¢R§;x s '+/R2—(6—x)

, Ry | . :

+n¥2 : | o - m'n _
TRY n '(xm = [" f + [ A / X 2z dxdy

: s . =-YRi=x §-R -/R. - (8-X)
1° 2 2
| (4.27)
If the eclipse is'total (Ri<”Rz) the area QRlQ'S becoqes

equal to the whole area of the primary (eclipsed) star, while

if the eelipSe is annular as. for DE Dra (Rl>'R2) the sector-

OR,Q'S vanishes and the integral becomes: -
(6+R,) +/RZ—(§—X) R |

m+n+2 m _ Y mn,.
'TTRl o = / : f . X z dxdy-
(4.28)
The'éssbciated a-functions of order m and index n
all turn out to be functlons of two 1ndependent variables

whlch are usually taken to be k, the ratio .of radll of the

two components, and p, the geometrical depth of the ecllpse

: . r i1 § - r, :
Tk = small- and p = - “large .. (4.29)
| rlarge : rsmall s
where r refer to the fractional radii. By defin-

small large

1t10n k lies between zero and one, whlle p is normallzed to
vary from +1 at flrst contact to -1 atwlnternal,tangency
(totality or annular phase). All .a- functions vanish when

p = 1; at totality where R < R, 0dd orders vanish, while zero.



or ‘&ven- orders reduce to constants. However as in DE Dra
where Rl> RZ’ all a—functlons remain finite at the moment of
internal tangency.

I terms of the associated a-functions, the formu-

la for the rotatlon effect -becomes (see equatlon 4.25

o f-wal + ua’ o
§V = -Rwsinacos (n+p) ——— i (4.30)
‘ : (1-0) (1-00) + ul /3~- af)» |

' Tables of values whiéh\\ nable ‘the calculation of the two

"lowest functionscofzero order, d ‘and ao, have been tabulated

by Zessewrtch (1939- 1940) dg represents the fractlonal loss.

~of llght during the eclipse of a uniformly brlght (u = 0)
"01rcular dlSC (equal to the fractronal area.. ecllpsed),

_3/2 a? represents the fractlonal loss of llght of a circular
diSC'completely-darkened at the limb (u = 1). The formulae
for the loss of llght durlng any type ofAecllpse can be set
up and evaluated in a closed form.  However the exp11c1t
forms are so compllcated that they—are of practlcal use only
; when thelr values are presented in tabular -form. For prac-
‘tlcal reasons the loss. of llght is normallzed to vary between
0 and 1 by d1v1d1ng by the loss of llght at the moment of
f1nternal tangency In Zessewrtch‘s tables the normallzed
values for arbltrary llmb—darkenlng are denoted as o* (k,p).
In practlce all dx's can be obtained from the appropriate
comblnatlon of the a(k,p) for a unlform (x = 0) dlSC and the
d (k,p' for a completely darkened dlSC. For the theory and

formulae: pertalnlng to eclrpsrng blnary systems see Kopal'

-
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(1946)’; Due'to the normallzation‘the ﬁabulated-values also
depend on whether’ the eclipse is an occultatlon or a transxtr
For a uniform d;sc the two a?e related by k2 but for the
darkened case the relatlonshlp ‘is more complicated, and
separate tables of o (k,p) must be used depending on whether
an occultatlon (functlon a‘) or a transit (function. a") is

observed.

/

The associated a—functions are a prerequisite for

1nterpret1ng the rotatlonal effect in close binary Systems,

~ for predlctrng nonfradlal llgha-oiﬁl

ot

interpreting linerprofiles of.%%,

;.c1ty ‘changes, -and for‘
itars during and out
of eclipse, as well. as many ot' ena observed in close
bihary'systems. Kopal 1nvest1ga“ed'these functlons in sev—'
efal papers (see e. g. Kopal 1942b; 1945) and in 1947 published
a detalled study of the theory and tabulated values of this
family of functions. He found that the - a-functlons of order
m=20,1,2,3 could be expressed as simple combinations of

certain 'I-integrals' factOred by powers of r2/rv andvd/r

1
or s/ . The I-integrals involve ohly one independent varié '
| . r2 ‘ ,‘ ‘, . ' . ' .
able yu = {8-s) , and so are much easier to tabulate.
r : ‘ -
2‘ .

i
i

For each set of indices IE Y,values"are calculated for the
. [ " 4 ) * .

" range of u, once for partial phases and o?ce for annular

phases. From the tabulated values of I? o the values of aé

r O

at each phase are found, while values of I? i Yield the
‘ oo L4 E

appropriate values of ai.



’ CalCL av.ons of a-Functions "for DE Draconlsi

Because of the large number of ecllpse data points
and the obviqus groupings at various phases, it was decided
to reduce the 53 observatlons to a more eas1ly managed set

of 15 normal p01nts (51mple averages) as shown in figs. 12,13.

The calculatlons of the re wired 0. ol !
E oLO' 1%a1 :

were performed.for each normal phase poxnt in the following

steps, with values of k, X and u being taken

. Tilar e’ rsmal
from the photometric results of Fuertlg and Muenlnger (1976).

1. For each: p01nt the prlmary S phase in days was converted,

to true anomaly 1n.the relative orblt, v,‘using the spectro-

ascoplc value of eccentrac1ty and standard formulae (see e.g.

T 2

2

Aitken l964- chle51nger 1908)

2. From this calculated value of v, the true anomaly;of'the

secondary in the relatlve orblt reckoned from mld—prlmary

" minimum, -8, was determlned fromqthe relatlon (recall that

e

w is the 1ongltude of perlastron)

’

cosH = s Qn(v+w) ) ‘ S (4.31)
3. “The value of §, the px jected separation of the centres
of the two stars, is given by:

;~. 62 = smnzesxnzl + gos i, (4.32)

“‘where i is the 1nc11natlon of the pole 6? the orbit'from the

' Mllne—of—51ght o

- " (6 r ), '
4. The value of the parame{er pl =- -] was calculated

. ‘rsir’
.and Zessew1tch's tables (no. 50, 1940) ylelded the value
a(k,p) for a un;formly brlght dlsc from which was found

—
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Fig. 13,

Normal (averaged)‘pointé from eclipse -points
of fig. 12. .
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.&}90 =k a(k,p)

78
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0

5. ' For partial phases'i.e. if -1 < p < +i, Zessewitch's
tables (no. 45, 1939) for-a completely darkenéd disc gave a
value of aﬁ(k,p) and thus~a? = k2¢(k)a"(k,p). For annular
phases i.e. p < -1, the parameter q = Eé%%EL is used for

convenienoe, and since «(k,p) ;'l when p < -1, ag = k2 for

points during annular phase. For a completely darkened disc
a"(k,p)~=.l + A(k)X(k,q) durlng annular phase so that

a? = k ¢(H7El + A(k)X(k,q)] The functions @(k) A(k) and
X(k,q) were tabulated by Zessew1tch .as well (1940)

6. The evaluation of the hlgher order functlons, aéiand ai,
‘1nvolve the use of Kopal's %abulated I-integrals (1947)

‘Thls requlres the calculatlon of u and D =8 For conven-

)

ience’ Kopal 1ntroduces a new variable ,a, whlch 1s an 1nde—

i

pendent angular variahle,and a single-valued functlon of u.’

Eor‘partial eclipses:(rl+r2 > 6 > r -r2), a —Icos lu.‘For

l.
annular-éhaSGs t§.<.rri%r2l),.a = 2sin—l;I%:f.‘ fhen the
.funotions are given\by;'- ‘ ‘(v . 4 o
el - 2310 J(a). and ol = 2k4D3/2 1° (a) (:133)

78

1. l - ."\1 le1l T
E ] ‘1.‘. A, “ . g L '
The values of the I's. are glven at 1ntervals,pf 5° in ak)so

o ald in more prec1se 1nterpolatlon than 51mple llnear, the

~

" modified sécond- tabular dlfference M" 1s glven as well : The

\

- flrst four terms of the Everett formula Were then used tg

flnd the I-values for 1ntermed1ate angles: ~

-



= - , npn npn
I,= @-n)I  + nI; + MIED + MJE] (0 < n‘,f_ 1)

The values of the.co-efficients Eg and ﬁi were taken from

Thompsen (1921).

The Final Formula o

From the photometry of Fuertig and Mueninger, the

'tfng co- eff1c1ent u is taken to be 0. 5. On sub-

37
IR
SHO

stituc ;ys into the rotaﬁlon effect equatlon 4.30, it
become | ~ -
sV ﬁc-Rw31nacos(n+B) J(4.34j_
521 | @ ‘ |
Also fron the spherical trlangle relatio ,w
= - cosn =‘§%§§ and sinn = 395%9952 \ (4.35;’

4.
o gt

- Then settﬁng the’ linear equatorii@ velocity Vo = wR the above

“. . o R . : .
expression 4.34 becomes: . : - _

-

§V = AFcos® - BFsind ' . (4.36)
. .qhg;e A =V sﬁha51n80051 and . B”=,Vésinaeqs8. are both in--

dependent of phase, whlle

—
—
~y

D F =z 5 °~' -1'. T T (4037
S 53_ __a o i v '

P

.-

is dependent on phase The values of the factors involved

in F, and the results for each phase angle are presented in

" Table 7.

In order to fit the observed velocities with some .-

s

79



80

‘yr

} . . - . .

60T°0- SZT°0 6T€°0

po'p- Tz b- GE'¥- €5°p-  08°T- GBE'T 58270 96L°T  SL6'T
$Z°0T- 6L°0T— 9€°TT- €67 TI- €9°9-" ¥yL'V  PPE'O 8S9'0 S9V'0. CWEMO  SLE'T 6€6°T
99°ZT- 6v°ET- 2z'vT- 9€°ST- 08°0T- 09S°L - 9Lb*0 00870 LZL"0 /BET'T . 0pT'T 9T6°T
9p'0T- €7 TT- T€'¢T- 6L°€T- SOAT- 80£°6  805°0 §69°0 '9¥6™0 §z¢'T 26870 068°T
€0°L- 00°8- T6°8- €5°0T- @0°€T- ¥IL'6 0910 TLS°0 ZEO'T -SZZ°T EEL'0 Tu8°T
§S'T- Tp'z- EE€°€- 60°6— S9°p- 260°0T = 98€°0 QSP°0 ¥60°T §CZ'T  LLS'O ¥¥8°T
ez zs'T  T9%0. zz'T-  8y'T  BETOT . TLEO 6Zv°0 €0T'T Szz'T 06570 928°T
€8°S - 86°V . 60°V ~ZZz'z  89'v  890°0T €6E'0 09¥°0 680°T §ZT'T 06570 ,0T8°T
0£'6 TS°8  S9°L  9L'S Zz°8 - TL86 Ovb 0 GEST0- 2S0°T 62ZZ'T. 98970 €6L°T
89°TT L6°0T 8T°0T 9£°8 09°9T 885°6 G8Y¥'0 GZ9°0 866°0 SZZ'T. 208°0 BLL'T.
G0°pT LETET 8S°ZT -¥L°0T ST'PT 962°6  TIS 0 LOL'O 9€6°0 STZ'T- :L06°0 99LT
89°ST U°ST #y'pT LL°2T  LO'TT LST'8  96%°0 .0T8"0 28,70 98T'T '680°T L¥L'T
OT'VT 69°€T ST'ET 28°TT 0S°6 T92°9 ' ggv'0 TSL'0 809°0 GSTO'T 9v2°T ZEL'T
gv'TT ST'TT 08°0T 78’6  S6°€ mwwxw LZE'0 ¥E€9°0 9EP'0 €08°0. €0¥'T 9TL'T
S0°9 ¥6°S. 08°S 9€°S. GL°CT  €v6'T  ¥STT0 -89E°0 ZBI'O €ZPTO  SL9'T T69°T
o0T+=8 oG+=§ o0=§ o0T-=¢ (S/uB) (_0TX) Aw-oaxvAﬁnoﬂxvAA«OHxVAH;onVAHpoHWV,ﬁmmmww

.ono>@ :mno>@ S ,m Hd. wd fo | % 9 mwma.m

0 : 0

. !

UMWIOSOH :I0844d ‘NOILIVLOY

[ EIEVL -



/o " W , oo

. / i : :
calculated p01nts, varlous values of. B were substltuted and
an average value of szlna was found usxng the observed f
évobs' Because the O—C curve is only sllghtly skew, and thef
velocity curve 1tself is. qute symmetrlc, the. axis of rota-
tion cannot -be radlcally inclined from the pole of the orblt’
Thus we. are reStricted to small values of B, and values of

a close to i [# 87°]."The average value'vesina'= 188 km/s

was used to calculate the expected sv for each normal

calc
phase p01nt for B = 0°,'+5°, ilO°.» From the calculated

.curves in Flgure 14 compared w1th the observed points the
best flt value of 8 to the max1mum and m;nimum 0-C is a small
p051t1ve gquantity of about +5°. As with Petrie's analysis,
the calculated curves are off-set from the'observed normal
'pOlnts, partly due to some other effe%ts ggt included in
thlS analy51s, e.g. grav1ty—darken1ngf, |

The value “of a- should not reasonably be less than
‘about 70°, so fromAV 51na‘; 188.km/s, the value of Ve could
.be between. about 177 and 188 km/s. By Petrie's prev1ous
| method hlS value of about 180 km/s falls rlght in thevniddle :
of the range expected from Hosokawa s analy51s. If a is.' ;b

taken to be the 1nc11nat10n of the orb1t, = 87°, then

Ve +188 km/s whlch is sllghtly hlghe* than Petrie's value.~

Comments
~The. values from both analyses above fall within_
"the range expected fOr a 51ngle B9V star. However 1f syn-
Vchronlsm is assumed then the V should only be about 30 km/s

“

assumlng the radlus to be 3.1 solar radll. Obv1ously the



Fig. 14. Calculated rotation curves: Hosokawa. Thetﬂ
are listed in table 7. The four curves are based on the : %
same value of Vesina = 188 km/s, but different values of B:

(a) B = -10°; (b) B = 0%; (c) B = +5°; - (d) B = +10°.
" Open circles represent the normal (averaged) p01nts from
the observational data.™
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system does not rotate in synchronism, and sd\the.stars

should rotate like single étars, thus supporting the value
\ .

\\for Ve obtained for DE Dra. ‘ s
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CHAPTER V
. CONCLUDING REMARKS

Thus far, this paper has' been concerned withjthe

physical parameté%s~of the spectroscopic binary System DE
Dra whic¢h can be obtalned from the radlal veloc1ty measure-
megnts of spectrogréms) as well as information on the 1nd1-
vidual components deduced by comblnlng the spectroscoplc |
. results with some prellmlnary photometrlc data. Many of the
results had to be- calculated u51ng assuned“values for a Por-
mal B9V‘star, and so are only approx1mate“ However they\do
serve to support some general theories concerning this class -
of early- type star and in that respect even the rough calcu—__
latlons serve a useful purpose,
V- As w1th all sc1ent1f1c research' though there are
many areas which requlre further 1nvest1gatlon n order to
,bulld up a complete and flrmer knowledge of thi system...In
| the area of spectroscoplc studles the falrly detalled analy—
sis presented here has dealt only with the veloc1ty curve of
the prlmary, although the number and quallty of the plates‘
:has establlshed this very rellably. ngh dlsper51on spectro—
grams in the red or 1nfrared taken near the extremes of the
veloc1ty curve (that’ is, at quadratures) may allow the sec-~

l .
ondary s spectrum to be seen and thus allow its veloc1ty



curve to be calculated With velocity curves from both com- o
ponents, certain orbltal elements (a,»1) can be. calculated
‘and compared with those from photometric data.

Some recent higher dlsper51on plates taken during
ecllpse before and after con]unctlon do show evidence of
double llnes. Hoéwever thls effect is thought to be due to
the dlfferentlal rotatlonal ve1001ty of the visible llmbs-
the llnes are double because although part/o£~tﬁ€/centre ofv
the star is obscuréd the llmbs which are approachlng or re-
cedlng are still v1s1ble. A measurement of the spllttlng

could serve as a'means of calculatlng the absolute rotatlonal

o 3‘ s BB RSN

veloc1ty since there would be no overall blendlng from the.
"whole star. The line - shlfts are due to each limb alone. |
However, hlgher resolution is needed before any reliable
.measurements of the separatlon can be made. It appears as °

vwell that thls may be the flrst system in whlch this aspect

e

S

limbs has been seen and recognlzed

The photometrlc *esults for DE Dra are prellmlnary
only.. A more detalled analy51s w1th data coverlng more than
Oone ecllpse would yleld better values of the 1nc11natlon, |
the radii, andgd the 11mb darkenlng. In partlcular, if the |
vllght curve is observed in more than one effectlve wavelength
the\cofeff1c1ent of llmb—darkenlng can be more accurately de-
termined. This results from the fact that darkenlng not only
decreases the brlghtness from centre to limb, but also

causes the limb to be. redder than the centre. Thus during



. 87

an eclipse the colour index of the darkened star should show

a gradual change. It should be noted here,that any reflec-

0

tion effect in the system (whlch has ‘not been\con51dered in
bthls paper) will tend to exaggerate the limb—darkenlng.

Due To the - great dlfference in mggnltudes and 51zes v

of thefgwo components, it is not likely that>reflectlon'or o

tldal dlstortlon are 1mportdnt efﬁbcts for the prlmary. How-

)

ever the following facts could be kept in m1nd " The reflec—

\

tlon eff ct shifts the apparent centre of llght of each com—»f

ponent in the dlrectlon of the centre of mess of the system. i

{-K of the ve1001ty curv%s and lead to an under~/*//z?/

IS

oﬁ the true masses’ and dlmens1 ns/offthe/stars. —~—

- - am | . -
Y.gortlon al afféEEE/K andlrelnforces the reflectlon

-tf‘l < 63°4 but counteracts|1t if 1 > 63 4 ,Also ‘
*’elllpt1c1ty (of stellar shape) and reflectlon %ill.cause'ther

-radlal veloclﬁy curves to be asymmetrlc, prod7éing a spnriouso>
orbltal eccentr1c1ty oo . I ;' oy “fﬂ;f {
“ An error in the llmb darkenlng w1Ml affect the::
: ana1y51s of the rotatlon effect. As well ’therdlscrepancy ; o
;between the calculated curves and the normal p01nts sh W
" that for a complete plcture, effects’ other than just l%mb—
darkenlng must be 1ncluded These encompass grav1ty—dark-
enlng, since to every degree of llmb-darkenlng there corres-“
ponds a certaln amount of gravlty-darkenlng Centrlfugal and

tldal forces _cause . stars to dev1ate from spheres (an’ assumph‘ o

. . / ) ‘\‘ -



[N

$ B8

tion in Chapter Iv) and have non—unlform surface brlghtness.b
Thls is due to the fact that llmb%darkenlng makes brlghtest
the parts of the si¥face nearestJthe observer, whlle grav1ty—
'3darken1ng makes brlghtest those nearest the star's centre.
‘In general! on a distorted star the point closest to .the ob- *
server is not the geometric centre'of its apparent disc.
Inbconnection'with this,,gravity—darkening“at:the tidal
bulge, whichlusUally lags behind, cad cause.the tines of
SpectrOSCopic conjunctiOn to precede ndd—eclipse times,” of
whlch there is some ev1dence in the observatlons of DE Dra;
'The varlatlon of angular véloc1ty from pole to equator (ln
'}?¢Chapter IV m was assumed constant) should alsoabe lncluded
?@§in the rotatlon effect analysxs. The theory and equatlons
‘ needed for all these are avallable, and 1tcrema1ns~to comblneﬁﬁ"
and,apply them to DE Dra to obtain a more precisexpicture 5f
its rotation. | ,\.
I In-addition to-veiocity measurements, analyses of'“
observations-of stellar radration with highédispersionrspec-
-trograns can lead to a knowledge-offthe conditions (pressure,‘
, temperature,‘chemical compositiOn)‘in the.stellar atmosphere.
_The available spectrograms alsothave.an intensity'caiibraiA
tion spectrum, so measurements can bedmade‘whichdwould give
_llne proflles and equivalent w1dths. The spectrum 1s
vaUscanned w1th a mlcrophotometer to obtaln a den51ty versus
wavelength tracrng. ~This 1s converted 1nto an 1nten51ty
.scalelthrough the intensity calibration spectrum on the plate.
, The observations are expressed relativepto.andadopted‘datum :

-



\
i
\
A

DY

"'can be COmpared directly to continuous fluxes-predictedbby

_determlned,‘whlch will ylegd the equlvalent w1dth Of the

\‘ .. . 89e
L/ . .

llne called the continuum of the star, which for early—type

stars with few strong llnes and many weak, 'shallow ones, is
: l

qulte,easy to deflne Thls represents the 1ntensrty dlstrl—

~

butlon of" a stellar atmosphere at tHe same temperature and’
pressure as the real one, but without _any llne absorptlon

just absorptlon in the contlnuum The contlnua observations

models to determine a model'?éff;

any analysis must\use'rectified intensity tracings, i.e.

D

'It”should be noted that

. . T i

corrected for distortions due to interstellar matter, Earth's
atmosphere, and 1nstrumenta1 broadenlng. Llne proflles are

drawn from the rectlfled trac1ngs and the area of the proflle

line; The equivalent width of a llne,ancreases w1th ln—’

creas1ng element: abundance and 1ts dlstrlbutlon among the

varlous states of 1onisatlon and ex01tatlon The - shape of

the curve of growth changes w1th atmospherlc temperature

h and pressure. From the spectrum then a set of parameters

| for the observed ‘curve ‘of growth can be converted through

-f‘well 1nvest1gated formulae 1nto 1nformatlon about atmospherlc

temperature, pressure, state of atmospherlc motlon, and
‘element abundance.f' A | ‘ -tld\ |
Alternately, the observed llne proflles and equ1—

va e« vldths can be compared w1th those predlcted by modeld
~Wﬁqrneres whlch are characterlsed by the parameters T cfE!
surface grav1ty g, and’ chemlcal comp051tlon. In early—typeA

stars the strengths_of the Balmer lines are both temperature
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4

and pressur% dependent: the outer wing shape is determined
- by\the density of the ions, the inner portion reflects the
temperature structure.. Thus equLValent widths (element abun-
dances) can be estimated’ by compag}ng the observed curve |
with,a-set of theoretical prdfiles having the same shape but
different areas. A value for T eff- is obtained by comparing
the observed Balmer jump w1th that predlcted by models. Also "
’ if T off is correct, the relative strengths of the lines for
dlfferent stages of ionisation of one element should yield
lthe same element abundance A knowledge of the element abun-
';dances -in the atmospheres of normal main sequence, arly—
type stars 1s 1mportant because they a ‘e’ among the youngest
yobjects in the HR diagram (aboﬁt 10° to lO years o1d) .
Thelr Surface comp051tions can thus ‘provide. 1nformation about
the present chemical comp051tion of the 1nterstellar matter
‘they were formed from, and a COmparison w1th older ob]ects
(the Sun, for example, is about 4 5x109 years old) could

" v

. allow a calculation of the rate of enhancement of 1nterstellar
o

[

matter Mlth heav1er materlal'
As a side effect of obtainlng line profiles and

2w1dths from the spectra of DE Dra an independent determin—

a\\iation can be made of the‘”otatlonal veloc1ty, which would

iR R

' prove interesting.' Axxal rotation shrfts the cores of%ﬁﬁe

'iij_pectral lines, but also w1dens the 1ine profilesff?

akdfiles are asymmetric while the star is belng eclipsed and
an analy51s of the extent and form of the line asymmetry can
'give a value for the rotational ve1001ty (and also the geo-

/B



metry of the ecllpse ltself)

Although the spectroscoplc analy51s of*the prlmary

' 1{component of DE Dra is falrly complete, it is ev1dent that

much more lnformatlon can be\obtalned notyénly from further
f" :

'1nvestlgatldhs on present spectral data but also from inves-
‘ .
tlgatlons ln other observat10nal “and theeretlcal areas. It

1s hoped that such 1nformat10n as presented here w111 ald

'and stlmulate further researchwon thlS systei\/v1

< 7 s
. R .
. \
. ) . . \
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. APPENDIX A. /)
5 . OBSERVATIONAL DATA

} The observations presented here include both non-
. . : . ¢ ' :

eclipse and eclipse;data from the DDO’ and the DAO. Obser-‘

observations_from nuﬁbers‘ZO to 105 a
and of these the last 51 frqm.numbers 55_tov105 1nclusive;
lare ecllpse data. - | o o B
| The column headlngs denote the following

quantities: _ : o

V: "the observed hellocentrlc radlal ve1001ty
ln }Cnlfs . o l__:.

;TIME:‘the phqse of.the observatlon in days )

0-C: the observed veloc1ty minus the calcu—-
' lated ve1001ty in km/s

T MEAN A: the mean anomaly M, in radlans, =’31(t—T)'

iECCAA: the eCCentrlc anomaly E 1nrad1ans, de—“fi'"”
. . termined from the formula M ='E-e51nE

TRUE A: the true anomaly v, in radiaps, calculated.
' - from ~ :

b U:'the argument of the latltude u = v+w, in rad

C: the velocity in km/s calculated from the
orbltal elements, = y + Kecosw + Kcosu
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pAPPENDIX B-

L ' i . F

b

'CALCULATION. OF PHYSICAL PARAMETERS

“

~-

Colour and magnltude

The descrlptlon of the uvbyB system glven by Crawford

(1975) . contalns the follow1ng deflnltlons of the parameters'

Elcy) = 0. 20E (b-y) £
E(u-b) = 1.5E(b-y)
om = (v-b) - (b-y)
cy = (u-v) - Cv=b)
(u—b) = ¢c. 4 2m, + 2(b=-y)-

1 1 ‘
C(u-b) = 1.13(u-b) = 1.70(b-y) - 0.186

The photometry of crawford et al (1973) resulted in values

of the-iﬁdices for DE Dra of:

N B = 2.@24.'
.. p-y = -0.017
my = 0.123 “
ey = 0.873 f .

. These values d&re substitiwed into the above éguations to yield:

(u=b) = 1.085 ' -

(u=b) _ = 1,069
Then -  E(u-b) = 0.016 [= (u-b) - (-F) 1
and ~  Elcy) = 0.002

101
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The subscript 'o' and the letter E( ) refer to the unreddened
"index and the colour excess respectively. Thus the unreddened
-dparameter ca‘can be found. This allows us to calculate the
: . N
absolute visual magnitude using the recent calibration of

the uvbyB system performed by'Crawford {1978). He gives a

table relating the <, value to a value of ‘B(zAMS) (i.e. the

3
.

strength of the HB line for unevolved B-<type stars),dghlch
is then related to a value for the M (zaMs) . ,NHowever, due
to evolutlonary effects, the value of B(obser&éd) will not
be the same as the tabulated B (2AMS) for that Value of c,-
Therefore a correctlon miist be made to the M (;AMS) t&\ob-
ta1n the correct §V7 The above - calculatlons for DE Dra pro-

cede as fellows:

'

o c =c. - E(c,) = 0.871. (from previous page)
. o 1 1 - ‘ . '
B (ZAMS) = 2.857 (from Crawford 1978)
: RN : : .
. MV(ZAMS) = 1.08 L '. - f
5B = (2AMS) = B(observed) = 0.033
- aM_ = 10848 = 0.53 | - .
‘Then ‘
M =M _(7AMS) - AM_ = 0.75
v v .

v
This value'agrees wel! with that expected of a B9V star.

Cravford also gave a -elation'between-the,uvbye'syStem and

T
r

the UBV system:
(U-B) = -0.94 + 0.86c
o . o

N



- .

B

1034

ThlS glves a value for DE Dra of (U-B) = -0.19 whidh also °

.grees well‘w1th the value expected for a BIV star in the

& - ‘ 4
MK system. ) . L,

‘a
<
~

Mass'

\ _'leferent values for the mass have been calculafed
from the various formulae given by flve‘authors. The flnal
value adopted ;n chapter III is an average of these.

i

1. Allen.(l973)

- (f;;ﬁ;hé'value~of Mb 1 see the sectiOns Bolometric

correctlon and Bolometrlc magnltude)

= - L
Mbol —'4 75 2 Slog L@
. i " .
log T~ 3.4510g 3 ‘ o
| S Te o , ®
[ .
Then ‘ M-= 3.38M
Y : ®
'.2. Batten (1968)
- .
M, = -5.55910g (M) + 2.485

M = 2.05M
3. Petrle (1950) ,
1og(M) _ 0.548 - 0.144M_ + 0.002M
'

M =M . + 2log ‘e = 0.864
5200

c bol

M ='2.66M-

I
i

]Harrls, Strand, and Worley (1963) B

Mb61'= 4, 6 = 10. Olog( ) for-MbOl +7.5

M.

2;76M
. ®
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d

5, Kopal (1959)

S

0I5 0 14 . Farw s o
log(M) 4 1:£p.;43xb;}\\?f°# Mo

"The.average\value of . the five values above is then

M‘W"— 2. 7084 }
av:.
Distance \x§§T § aq:

-

‘ The value of V the apparent v1sual magnltude uncor-‘
-rected for reddenlng, was publlshed by Crawford et al: (1973)
'for DE Dra as V = +5 72 i The standard relatlonshlp for 1nter—
stellar absorptron was used, as well as the values from the ‘

photometry for the colour'excesses.

0.74E (B-v) °

_E(b—y) _ 7 o L
- A - (Crawford 1975)
"E(u-b) = 1.5E(b-y) ' S .
Coe il . v
. _ _ _ 3.3 1 _ Y
AV' — 3.3E (B V) = <72 l_.—S- E.(u b) ‘ _
ok v : o :
= +0.048 _— S . » o v -

V. =V - 0,048

p. = 45,67
Then. v, - M, = Slog(d) - 5 = +4,92
o ' g o , y ¢
- d =96.4 parsgcs - /
o - . - . h T //~

Effective temperature
| . The effective temperature of ll 300°K 1s an aver—

age value of three quantltles obtalned from formulae given

- 5040
eff Teff

by Helntée (1973) relatlng (U--B)o to 6
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Bolometrlc correction . o v :

- The bolometrlc correctxon ‘was’ calculated u51ng the

formula in Allen (1973)

")
&3
2,

-B.C. = -42.54 + LogT, ff zgooo L R
. _' N \ eff - ) ‘

W
a
il

-0756

Bolometric magnitude

A4

F:om‘the above B.C. the»value‘of Mbol is:

M . =M + B.C.
pol v
= +0™19
 Radiug L
,Anlaveragetvalue 6f‘the radius was calculated from

‘tgg\formulae relatlng;Mbol_aud R

1. Allen (1973) L e - E
log g =5 [ 42.36 - 101ogT cp = Mgyl @
R =‘2'l3‘R0

2. Kopal (1959)

0.45 - 0.143 - §.5710gr - 0.15  for M>2M
, . Mbol SRR ®

R = 2.32 R
) ©

Thislgives a value fof R of ‘the p:imary'of:

Ryy = 202 R =8y

and from the photometgic value k = 0.35:.

R, = 0.8 R
However because of tae great uncertalnty in the'value of - '

"Mbol it was decided to use the spectroscoplc value of the



-,

N

mass funétidnvf(M); thﬁvcalculﬁted"masséﬁl, and the ﬁhotoé

metric value bf(i#tb calcu

R

2°.

From M; 5_2.7 Mé gnd i_=‘87°,vrl = 0,157, r
l/"#’* “~\ o M;Sin3i , ‘ _
o " £(M) = S = 0.074
— (Ml+M2)
. ' 6
a151n1 = 3.73x10
o maennb
Lay = 3.74x10 km
'i. M L ’ . . . .
_ M e 6 Q.
a2 = 'ﬁ; a‘l = 9.99){10_ km
S M= a +a = 13.7x10% km
. l 2 ‘vc‘ .
) ‘ R1o= ar, =_3.l‘R®.
Ry 5 ar, = 1.1R

late vaiﬁésvfor al,bdz,vR

l,bapd

2 -

0.055:

: 1o'§



