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ABSTRACT

The construction of a kinematical and physical picture of a
Wolf - Rayet atmosphere was attempted by late Prof. M.K.V. Bappu
and the present work is a continuation of the understanding of
these atmospheres. The binary systems have been chosen with the
idea of seeing the variation of the atmospheric structure as it
manifests in the presence of the companion. The simple method of
observation of the flux variations was suggested by Prof. Bappu
for this study.

Generally the atmospheres of Wolf - Rayet (WR) stars are
known to be extended. This was derived from the velocities of
the emission and associated absorption lihes. Further studies
have shown that there is some type of stratification possibly
prevalent in these atmospheres.

To study this, the binary systems with WR componénts are
chosen. When the companion passes in front of the primary WR
component, atmospheric eclipses are expected to become
noticeable, This can be observed as the variation in the total
flux of the emission lines under study. Spectrophotometric
techniques provide accurate flux estimates and continuum energy
distributions as well. The effect of the earth's atmosphere on
the measured value of flux and the role played by the minor
constituents of the atmosphere will have to be taken into
account for this estimation. |

For this study, one of the objects chosen was the shortest
period binary with WN7 component, CQ Cep. The line profiles ha?é

established the complexity of the atmoSphere,‘Thépeclipse eﬁﬁéqﬁ



is displayed by only one line - N V line at ) 4603. The radial
velocity curves (RV) for different emission lines indicate
different orbital solutions. The continuum distribution also
does not reveal the identity of the companion. Based on the flux
variations, it is possible to arrive at the asymmétric
distribution of the line emitting material as a possible cause
for non-eclipse effects.

The second object chosen for study is HD 5£896, which was
considered as single earlier. Recent accurate RV and light
variation studies have given it the status of a binary. The
emission flux variaﬁions, which are reported in this work,
reflect the asymmetric distribution of the line emitting
material. The nature of the companion becomes indirectly
evident, in the distortion of the atmosphere, Fast‘photometric
measurements show variations, which may imply mass transfer and
accretion.

The open cluster NGC 6231 has two WR members associated with
it, one of them being HD 152278 (WC7 + O). This is an
established binary with a period of 8.9 d. The measured flux
show possible eclipse effects only for the high excitation lines
like C III and C IV. On the other hand, the He I and He II show
a scatter implying their non participation in the orbit. The
photometric measurements in regions, which avoid the effect of
emission linés; show that there is no eciipae of the continuum,
as expected from the angle of inclination of the orbit, 39,

The other member of the cluster, HD 151932 (WN7), considered

single, shows 1rregu1ar variation of flux all through. However,



the photometric variations display a periodicity of about 6 d.
Confirmation of this requires better resolution spectra to
detect small changes of radial velocity, if any. The existence
of a compact companion puts it to the second WR phase in the
evolution of a close massive binary and, at the same time, its
membership to the cluster becomes doubtful.

From the study of the binaries and suspected binaries, the
effect of the companion on the extended atmosphere can be partly
understood. The shortest period system, CQ Cep, has the flux
variations caused by the asymmetric atmospheric structure, which
may be explained by wind dominant Roche surfaces, Similar
variations in HD 50896, with a slightly larger period, show that
the companion is effective in distorting the line emitting
regions. The £lux variations of the spectroscopic binary HD
152276 shows that, although the continuum eclipses are not seen,
there is a possibility of atmospheric eclipses., Similar study
of HD 151932 reveals the important aspect of a possible periodic
variation only in the continuum and not of the line flux. This
aspect can be established only by more detailed photometric'and
spectroscopic investigation.

Thus, it appears that there is a general  stratification
common to all the above mentioned WR systems - the higher
excitation lines arising closer to the photosphere. This leads
to the distortion of all the emission lines, like N IV, C IV etc
for CQ Cep. In HD 50896 such high excitation lines show moderate
variations, while He II lines are more distorted, In qaée of the

still longer period binary HD'15227Z, the eclipse effects. are



seen for the higher excitation lines like C III and C IV, and
not for the He II and He I lines. When these results are
compared with the available information on other binaries, many
interesting results emerge. The atmospheric eclipse is evident
in many spectroscopic binaries indirectly. Also the behaviour of
the X 4686 line is different from other He II lines in WN
binaries. Similarly the WCs are likely to have the A 5696 line of
C III as a special case. The results of HD 58896 and HD 151932
show different types of emission and light variations. The
possibility of a compact companion in the latter case becomes
smaller, especially when the results on another system with
suspected compact companion, HD 76536, are compared. Finally,
the evolution of the WR phase in binaries and the possible
effect on. the atmospheric structure are discussed, from which
it appears that although the subgroups of WRs are heterogeneous,
the stratifications in their atmospheres, in general, are

similar,



1. INTRODUCTION

The Wolf-Rayet stars, abbreviated as WR stars, are characterised
by broad emission lines of helium, oxygen, carbon and nitrogen,
at various stages of ionization., They are broadly classified
into two groups. The first group is associated with OB stars and
the second with planetary nebulae. The latter group objects are
generally found in the disk of the Galaxy and are separated out
by their galactic distribution and proper motions,

The WRs are further classified into various subgroups on the
basis of the relatiye strengths of nitrogen or carbon lines of
different excitation as well as helium and oxygen line
intensities, The notation of WC, for those with strong lines of
carbon, and that of WN, for those with strong lines of nitrogen
are used for separating them into two sequences. In the earliest
classification scheme by Beals (1938), no attention was paid to
the absorption lines in the spectra of some WR stars. Later
Hiltner & Schild (1966) modified the choice of different groups
of emission lines for purposes of classification. They
recognised subgroups WN4 to WN8 and WC5 to WC9, based on the
corresponding line strengths of nitrogen and carbon lines. The
lines from the highest ionization levels are strongef in WN4 and
WC5, and relatively weak in WN8 and WC9. Although this
classification was not quantifative, it was implied that the
general level of excitation level increases as one goes from
subgroups 4 to 8. WN was further subdivided ith\WNA and WNB;
WNA hag relatively narrow emission line and strong contipuym

while in WNB the lines are broad.



Smith (1968a) reclassified these subgroups taking into
account both nitrogen and helium 1lines, in case of WN, and
carbon, helium and oxygen in case of WC (Table 1.1).

The association of WRs with young clusters and Associations
is expected to restrict them to the spiral arms of the Galaxy,
like the Cygnus-Orion arm, Sagittarius-Carina arm, Vela spur and
Perseus arm and none towards the anticentre direction., However,
in the most recent and exhaustive catalog of van der Hucht et
al. (1981), where all identified galactic WRs down to 16th
magnitude are listed, their distribution is not found to be
restricted to the galactic plane, as was thought earlier. The
new, high space velocity stars included in the list make it a
complicated distribution,

The luminosities, temperatures and other physical parameters
of WRs are not easy to determine because of the observational
difficulties and lack of satisfactory models. The relation
between the two subgroups alsé is not known definitely. Two
stars of the same subgroup donot show identical energy
distributions. However, with some WRs being the members of open
clusters and a large number of them in the neighbouring galaxies
of the Large Magellanic Cloud (LMC) and the Small Magellanic
Cloud (SMC) identified, it has been possible to derive the range
of luminosities and effective temperatures (Smith, 1968b).

Recently, Massey (1985) has discussed the distribution of
WRs in the Galaxy and also in the local group of galaxies, He
has shown that WRs can effectively‘be‘used as probes of massive

star contents in other galaxies, by emission line surveys.



Table 1.1. Classification of Wolf-Rayet Stars (Smith, 1968b)

WN types  Nitrogen ions Otner criteria

WN9 N 111 present, N 1v weak or absent He 1, lower Balmer series P Cyg

WN 8 Nm»NIv He 1strong PCyg. N 111A 4640 = He 11A 4686

WN7 Nm>Ni1v He 1weak PCyg,N mA 4640 <He 1114686

WN 6 Nm=~Ni1v, NV present but weak

WN S5 Nim~NIiv=Nvy

WN 4.5 Ni1v>Nv, N 11 weak or absent

WN 4 Ni1v=Nv, N 11 weak or absent

WN 3 Ni1v«N v, N1 weak or absent

WN2 N v weak or absent Strong He 1

WC types  Carbon ions Carbon, oxygen ions Other criteria
A5696 C1ui/A5805 C1v A5696 C1t/A55920 v

wC9 Cmi>Civ O V weak or absent C 1t present

WC8.5 Cm>Crv o v weak or absent C 11 not present

wC8g Cm=Cly OV weak or absent

wC7 Cm<Cilv Cuii»0v

wC6 Cmi«Tiv Ciy>0v

WwC5 Cm«Civ Cimi<Ov

wC4 C1v strong, O v moderate

C 111 weak or absent




1.1 Variability of WR stars

Many of the WRs were identified as light variables and
spectrum variables. From a study of these systems, it was found
that four of them show eclipses - V444 Cyg(4.2d), CQ Cep(l.644d),
CX Cep(2.1d) and HD 211853 (6.6d) - the orbital periods are
indicated in parenthesis. The case of CV Ser is strange because
it has eclipses recorded prior to 1978 (Hjellming & Hiltner,
1963) and later the eclipses were not detected at all (Cowley et
al., 1971).

Some objects like HD 58896, HD 96548, HD 164278 and MR 87
were known to be definitely variables, while some like HD 76536,
HD 104994, MR 8P and HD 165763 were suspected to be variables
(cf. Underhill, 1968),

The presence of absorption lines in the spectrum of some
WRs, noted in the classification scheme itself, and in some
cases the associated variability, made it possible to postulate
the OB companion to these stars, This led to the discovery of
the WR spectroscopic binary, V444 Cyg, as early as 1in 1939
(Wilson, 1939). Later many other systems displaying variations
in spectral features were discovered and the absorptions were
generally associated with the companion, Niemela (1973) pointed
out the H absorption line behaviour in the binary HD 92748,
suggesting a velocity curve that goes with the WN component
itself. This phenomenon, in CcQ Cep (McLaughlin & Hiltner, 1941)
made it difficult to identify the spectral type of the
companion. Lately it has been found that many s in the subgroup

WN7 to WN9, display absorption lines. Therefore the conclusive



evidence on the binary nature should be derived from the
observations of periodic phenomena like radial velocity (RV) or
light variations. Many WRs with absorption features in their
spectra have been investigated by Massey (1986, 81), Massey &
Conti (198la, b, c¢) and Massey, Conti & Niemela (1981) in a
series of papers. Thus only twenty out of the 159 galactic WRs
are established as binaries in the catalog of van der Hucht et
al, (1981)., As mentioned earlier, only four of them show
eclipses (Table 1.2).

An inspection of this Table shows that the binary nature
predominantly appears among the subgroups WN4 to WN7 and WC6 to
WC8 only. The other interesting point is that the orbits are
generally circular, except the long period ones, 1like yz Vel
(P=78.5d4), HD 198918 (P=112,.,8d4) and HD 92740 (P=80.,4d), and
those with small mass functions like HD 50896 andlﬁD 197406.
Further, it may be seen from the observed mass functions that
the range of masses of WN is different from that of WC.

The difference between the WN and WC groups has been
attempted to be understood in terms of the ionization,
excitation and structural differences among them rather than the
chemical compositions. Underhill (1968) attributes the
differences mainly to the temperatures, However, there are some
unexplained features, The similarity of the C III and N III
ionization levels and the dissimilar spectra of some Subg;oups
make it difficult to draw any conclusion. The infra red
measurements (Hackwell et al., 1974; Cohén et al., 1975) have

shown that there is an infra red excess of energy at 16u , which



Table 1.2 Binaries with Wolf-Rayet companents from
van der Hucht et al. (1981).

WR HD P Sp £M) M sjnai i M Mwe w
[ ] days Type Mo Mo M2
21 90457 B.2 WN4 10. 4 9.5 45 25 0.43 0.0
04-6 i1 58
31 94536 4.9 WNg 12. & 8 8 0.34 0.0
a7 R4 24
127 186943 9.55  WNa 3.9 9-11 70 13 0.52 0.0
agv 17-21 23
133 190918 112.8 WN4. 3 1.24 0.7 25 9 0.26 0.43
09. 51 2.7 a3
151 CX Cep R2.13  WNS 5.4 5 50 3-11 0.43 0.0
pev 12 12-1&6
6 50896 3.746 gg? 0. 015 (&4.9) 0.94
139 193576 4.21  WNS 12.4 10 72 12 0.39 0.0
06 26 31
136 192163 4.5 ggf 0. 0002 29y 2
141 193928 21.64 ggf 4.9 (0. 55) 0.0
153 211853 4. 69 ugb 16.1 50-60 :g-$?4 0.22 0.0
47 311884 6.34  WN& 14.4 40 70 5 0.84 0.0
a5V 47 &0
22 %2740 B0O.35 ugz 1. &7 g: 2.67 0.55
155 211884 1.6 WN7 5.1 23 40 23 1.19 Q0
CG_Cep a7 19 19 0. 11
148 197406 4.32 ggz 0. 025
145 AS 422 22 WN 7.7
We .
BINARIES WITH WC COMPONENTS
48 113904  18.34 ggssI 9.9 0.0
42 97152 7.89 WC7 3.7 3.6 35 20 0.39 0.0
o7y 6.1 34
11 1352270 8. 89 gg7 27 é‘g 25 gg 0.36. 0.0
79 48273 76.3 WC8 13.7 17 70 20 0.54 0.40
091 a2 38
113 148206 29.71 WCH 15,0 11 40 11-14 0.37 0.0
osy 22 30

10



is characteric of free-free emission. They &also have shown that
WC 8 to 9 subgroups show cool blackbody emission with
temperatures ranging from 88@ to 186@8° K. Therefore, the origin
of this circumstellar dust, which appears selectively in some
subgroups only, also is another problem, Many WN subgroups show
the lines of carbon as well; while the WC subgroups show little
or no nitrogen, Therefore, the classification may be termed as
based on predominant ions, which are 'well developed' in each
subgroup (Smith, 1973),

Conti (1982) classifies the subgroups on the basis of
elemental abundances, as follows; WN subtypes result from the
evolution of stars in which the CNO equillibrium products are
observed on the stellar surface, These include helium and
nitrogen and diminished carbon and oxygen. WC subtypes result
from the appearence of products of helium burning in which
carbon and oxygen are enhanced at the expence of helium and
nitrogen. It may be rembered that the central stars of planetary
nebulae, which represent the final stages of evolution, are rich
in carbon and oxygen, as a consequence of their evolution.

1.2 Evolutionary Status of WR stars

The WRs are accounted for by various scenerios, which are
generally centered on one aspect of evolytion, The binary mass
exchange phenomenon was suggested by Paczynski (1973) for the
formation of the WR phase of the more massive component. Conti
(1982) discussed the similarities of the‘WN and Of objects
suggesting an evolutiohary‘connection between the two, The

detection of dust shells surrounding certain subtypes led Chiosi

i1



et al. (1978) to postulate a post red giant phase corresponding
to the WR phenomenon, Maeder (1983) has put forward the argument
of chemical mixing being responsible for the WR phenomenon. He
also has shown that the time spent by a massive star as a red
supergiant and as a WR object is dependant on the metallicity.

Appenzeller (1978) has derived the vibrational instability
of massive stars, which is discussed in the cbntext of H II
regions by Conti & Massey (198l). The nebulae are thought to be
dominated by the effects of a few, very massive, unstable
objects with WR spectra.

In the case of binaries, two WR phases of almost equal
durations have been postulated (Tutukov & Yungelson, 1979; de

Loore & De Greve, 1975; van den Heuvel, 1976).

The Roche lobe overflow (RLOF) provides a strong means of mass
loss in binaries. The evolutionary calculations of de Loore
(1986) show that the first phase corresponds to the more
familiar (WR+ OB) phase, which can be detected as double line
spectroscopic binaries. The foll owing supernova explosion of
the WR component gives a pair (Compact star + OB). This
eventually evolves into (Compact star + WR) as a runaway single
line spectroscopic binary. Followiﬁg this scheme, it appears
that the frequency of the (WR + Compact) systems might be
similar to that of (WR + OB) systems, Therefore, it becomes

important to find out whether the single stars are truely

12



single, or (WR + C) systems, or (WR + OB) systems, in which the
OB companion is masked., It was possible to detect the other
three phases of the scenerio, namely binaries with both OB
components, WR + OB systems and OB + Compact systems. Even the
following phase of WR + Compact may be considered as detected,
when one inc;udes the possibility of runaway pulsars as
binaries (Radhakrishnan, 1985).

The detection of (WR + C) phase needs high resolution
spectra in opfical, supplemented by UV and IR data, as has been
done for (OB + C) systems (Garmany et al., 1988). Indirect
evidences 'like low mass functions from radial velocity (RV)
curves, peculiarities in light curves, larger values of | z|, the
distance from the galactic plane, associated nebula or ring, are
probably useful here., Table 1.3 lists the possible candidates
for (WR + C) phase (cf. Moffat, 1981), It may be noticed that
there is a preponderence of low excitation subgroups of WN,
excepting the case of HD 164278, which is WC9, Many of the
candidates like HD 50896, HD 192163 and HD 197406 have more than
one of the four properties mentioned above as indirect
evidences. The derived masses of the WR components are as large
as those derived for those in (WR + OB) systems.

1.3 The Atmospheres of WR Stars

Beals (1938) made the first attempt to study the WRs in
great detail, Noting that the spectral line profiles resemble
that of novae, he postulated the expanding atmosphere
hypothesis. Such an expanding atmosphere is known to exist for

many other systems like the novae, supernovae, the P Cygni type

13



HD
50896
192163
153077
97950
38248
197406
946548
Bbibl
Bos BacC
177230

164270

Table 1.3
WR+ COMPACT SYETEME WITH LOW MASS

Sp. Type Acsac. H 11 Zipc) P(d) e
WS 8308 " ~-354 3.8 0.54
WNb& NGC 4888 + 53 4.5 0.3

W& (+0B) £109 + 29 2.3 ¢ 0
WN&(+0B) NEC 3603 ~ &B .3.8 0.0
WN& (+0B) 30 Dor - 4. 4 0.0
WN7 - +79% 4,3 0 11
WNB RCW S8 —-342 4.8 0.0
WNE 28z2. 2-2. 0 -1g1 10.7 6.0
WNB S 80 +264 2. 4 0.0
WNB : - -824 1.8 0.0
WCo - ~-228 1.8 ¢.0

1%

K,

(k')
3é&
20
14
54
43
2?0

10

(1. 3)

71

104

&8

41



stars and the supergiants. Bappu (195la) has shown that all
emission lines originate in these extended atmospheres and their
profiles reflect the complexity of the dynamics prevalent in
these atmospheres. He studied the line profiles of many WR stars
and derived the colour temperatures, assuming their formation in
an extended shell,

As mentioned earlier, it was observed that some WRs show
absorption lines in their spectra. It was also found that these
absorption lines arise in a region different from those of
emission lines. This was shown by Bappu (1973) as an inverse
relation between the velocities of these absorption components
and the corresponding excitation potential of the upper 1level,.
This relation implies the material accelerating outwards. Such
weak absorptions were detected for C IV lines as well (Giridhar
& Bappu, 1978) and for many more systems (Moffat & Seggewiss,
1978; Niemela & Sahade, 1984). |

Based on a detailed study of the WN7 stars, Moffat &
Seggewiss (1977) show that the N V lines with average velocity
of -55 kmglare fdrmed cloger to the star's surface than He II
(~155 kms'JL N iV (=202 kms') and He I (-67¢ kms "), The line of
He .I at X 3888 is different from others: it displays a flat
topped profile and the velocity is more negafive (1208 kms').
Therefore, it is more likely ‘that H absorption lines are not
formed in the 'extended envelope', where the emission lines
originate, but they are formed closer to the photosphere
(Sahade, 1981). This further requires that the atmospheres be

transparent to such photospheric lines, which is not true in

15



many cases, Sahade (1981) mentions about the following

exceptions:

1. BD 193077, WN5, which displays absorption features and is
apparently single,

2. ©Muscae, (WC6 + 09.5-B@), which also shows absorption
features,

Thus, the variability of line profiles can be intrinsic and
need not necessarily have any relation to‘the binary nature. In
case of the binaries, which are established for duplicity by
other techniques, the profile variation can be used as a tool to
understand the nature of the companion, which, in many cases is
not possible otherwise., The non periodic intrinsic variations
are likely to be present in binaries as well, For single
systems, such variations can be associated with the asymmetry
and inhoﬁogeneity of the atmosphere.

Generally, the observations of WRs are difficult because of
the faintness of the objects. Further, they are available
together as a group in selected regions of the sky. Hence a
derivation of any periodic variation can lead to anamolies., A
more detailed examination (Vreux, 1985) of such derivations from
light variations shows that all derived periods are aliases of
shorter periods. The true period in most cases turned out to be
about #.45d4 and a non-radial pulsation explanation has been
offered, Therefore, it appears likely that many stars grouped as

(WR + C) systems, are single.
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1.4 Need for Studying Binaries

Bappu (1951a) had mentioned that the study of binaries offer
wider scope for understanding the peculiarities, because a
variable phenomenon discloses more of its nature than a steady
one, Eclipsing systems provide still better chances as seen in
case of ¢ Aur, where the eclipse effects of the extended
atmosphere of the K star by the B companion can be observed.
When any spectral line changes 1its profile, this can be
interpreted in terms of the geometry of the situation.

Of the many binaries listed in Table 1.2, only V444 Cygni
has been well studied (RKuhi, 1967; Ganesh et al., 1968). When
the companion passes in front of the primary, WN5, atmospheric
eclipse effects are expected to become noticeable. However, the
tidal effects dominated the situation and it was not possible to
study the atmospheric structure. Ganesh et él. (1968) showed
that the different emission lines yield different types of
orbital solutions, which may reflect the effect of the companion
on the extended atmosphere. Such results emphasize the need of
the study of binaries in great detail.

1.5 Scope of the Present Investigation

The variapility of the total flux as measured from the
ground based telescopes can be used as a tool for understanding
the emission line behaviour in binaries., The binaries are CQ Cep
and HD 50896. Further, two more systems HD 151932 and HD 152270
which are members of a cluster are studied for possibility of a

companion in one case and for possible atmospheric eclipses in

the other case,

17



The second chapter describes the instrument and the
reduction procedure. A detailed study of the extinction due to
earth's atmosphere in the context of astronomical observations
also is presented. The method of derivation of absolute flux
also is described. A comparision of the extinction measures with
the meteorological measurements of ozone and water vapour
content is made to understand the effect of these on the earth's
atmospheric extinction.

Each system, that is studied in this work is presented as a
separate chapter. The Chapter 3 deals with the study of CQ Cep,
which is chosen because of the short orbital period (1.64d).
This was studied spectroscopically by many investigatbrs and the
complexity of the emission and absorption lines were discussed.
In this work, all the lines in the visible region, which were
easily identifiable, have been studied for fldx vafiations. This
is supplemented with the datafrom the collection of recorded
spectra by Bappu. The technique of spectrophotometry used here
also provides monochromatic magnitudes at different wavelengths
so that the emission-line-effect-free light curves can be
constructed. Since none of the emission or absorptién lines
depict the movement of the companion, the identification of the
companion has been sought through energy distribution studies.
This situation of no contribuﬁion either to line flux or to the
continuum is sought to be resolved in this Chapter.

The fourth Chapter describes the study‘of HD 58896, which
was considered to be single till Firmani et al, (1979)

established its duplicity. The emission line variations in
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different seasons have been studied to understand the asymnetry
in the atmospheric structure, which is possibly due to the
presence of the companion. The signature of the companion is
sought for in the flux and continuum measurements.

The fifth Chapter deals with the two members of the open
cluster NGC 6231, HD 151932 and HD 15227@. They were chosen for
the following reasons:‘It'was thought that HD 151932 was a
binary because of the excess reddening it displays (Bappu,
1973). A possible period of 3d had been derived by Struve
(1944). HoweQer, this was disputed by Seggewiss (1974a), who
showed that the interstellar lines also had similar variations
of velocity. The other system of HD 152270 is known to be a
spectrscopic binary of period about 9d. In this case although
the angle orbital inclination is not favourable for eclipses of
the continuum, atmospheric eclipses are anticipated. This will
help in understanding the atmospheric stratification.

The sixth Chapter discusses.theremnt . of all these systems,
to understand the effect of the companion on the extended
atmosphere. The asymmetric wind dominant Roche surfaces are used
to explain the flux variations. The peculiarities.of some
spectral lines, in particular He II X 4686, ére discuséed and
compared with the available information for all binaries. The
possibilities and the effects of compact companion are
discussed; in this contéxt the results on the system HD 76536
are presented to search for the suspected companion. Some
sporadic events common to all sjstems are discussed. All‘theSe

aspects are made use of to understand the possible atmospheric
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stratification. This can throw some light on the evolutionary
scenerios proposed for the evolution of the WR stars in general
and the binaries with WR components, in particular.

The seventh and final Chapter discusses the usefulness of
the technique of spectrophotometry in the study of such systems
with extended atmospheres.A possible extension of this technigue

to other systems of interest also is briefly narrated.
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2. OBSERVATIONS AND REDUCTIONS

Eversince the recording of spectrum of celestial bodies was
developed, the need for the determination of absolute flux of
radiation was felt. The earliest attempts were for the
comparision of flux from stars with black body sources. The most
direct method of recording flux is to place a detector behind the
slit of the spectrograph. The technique of photography is very
widely used but the serious disadvantages are those of limited
range of intensity and the plate calibration accuracy. The non-—
linearity of the piate response with reference to the intensity
also is very well known.

After the advent of photoelectric detectors in astronomical
applications, very accurate flux measures have been made
available. These measures are always made relative to standards
and the accuracy achieved is about 1% (Oke, 1965). When one
compares the photoelectric and photographic techniques, the
linearity of the response of the photoemissive cathode
immedietely becomes evident. Although time reéolution is lost in
this, because only one of the regions of the spectrum can be
recorded at a time, the higher quantum effeciency increases the
accuracy. Another advantage is the higher precisidn, that can be
obtained by increasing the exposure time, which is not possible
with the photographic deﬁectois (Code & ' Liller, 1962). - Special
detectors can increase the wavelength of operation fran UV to IR.

The earliest record of such scanner applications is that of

Dunham and Bruch (cf. Wright, 1962), who produced the solar Ca II
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line profiles. This technique was used by Hall (1936) with an
objective grating to scan the spectra of stars in the wavelength
range of 4580 to 10,300 A. Later developments of the instrument
involved the movement of the slit to scan the spectrum. Further
sophisticated versions employed the movement of the dispersive
element, like the prism or the grating, and a stationary detector
behind the exit slot.

Variety of applications other than the measurement of energy
distribution have been attempted. The three parameter system of
spectral classification based on the magnitude of Balmer
discontinuity D, its position A and the gradient¢, in the blue
by Chalonge (cf. Wright,1962) is a very important application.
Walravens (cf. Wright,1962) have classified the stars according
to luminosity and spectral type by means of a photoelectric
spectrun analyzer. The study of the line profiles using
photoelectric techniques is considered to be as effecient as the
photographic technique as shown by Wright (1962).

The type of dispersive element that is adopted in such a
photoelectic spectrum scamner is decided by the desired
application. For measurment of colour, Trodahl et al. (1973) used
a samicircular wedge. They covered a range of 408¢ to 8008 A for
measuring the colour indices relative to standard stars. This
scheme of stellar classification employed prisms. The continuum
energy distribution studies and line profile analyses can be done
with only gratings, which have the advéntage of linear dispersion

and wavelength independent reflecting surface.
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Figure 2.1a The automated spectrum scanner at the Cassegrain

focus of the 102cm reflector.

Entrance slit
111
Photomuttiplier ——
1 / /
Exit 1 2
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#
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{5= Stepper
motor

Figure 2.1b Schematic diagrem of the scanner.
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2.1The Instrument

Various arrangements of optical elements for photoelectric
spectrophotametry have been discussed by Code & Liller (1962) in
great detail. The basic priniciple is to measure a sample of
uniform width of each wavelength region. The selection of sample
is achieved by rotating the grating so that the exit slot sweeps
through the spectrum. The detector behind the slot records the
different samples sequentially.

The 102 om reflector of Kavalur Observatory has the
provision for mounting a scanner at the Cassegrain focus (Bappu,
1977). The instrument has the optical system of Ebert-Fastie type
as shown in Figures 2.1 a & b. The collimator is a spherical
mirror of one meter radius and matches with the £f/13 beam fram
the secondary mirror of the telescope. Circular as well as
rectangular slits at the entrance are available. Generally, the
circular one of 86@y is used, which corresponds to the 13 arcsec
of the sky. The plate scale at the Cassegrain focal plane is 16
arcsec mm >
The 608 lines — grating blazed at 766¢ A, yielding a

1

dispersion of 25 A mm - at the exit slot was used. The

resolution, r, of the equipment may be calculated , in A as,

where,
a = stellar image diameter in axcsec,

F/f = ratio of focal length of telescope to spectrograph

collimator,

g = number of grooves per mm of the grating,
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n.= order of the spectrum (cE. Oke, 1965)

For the case with 60¢ lines mm - grating and first order,
the resolution works out to be about 3 A for seeing conditions of
the order of 2 arcsec. However, for better S/N ratio the exit
slot is opened to 1larger dimensions. Although there is =&
provision to open to almost 6mm, it was usually kept at a lower
value. A reading. ‘of 40 on the circular scale was usually
considered reasonable, where each division corresponds to about
@.5 A, in the first order. This results in a channel dispersion
of almost 10 A and a resolution of nearly 20 A in first order;
these values are 5 A and 10 A in the second order respectively.
The exit slot was sometimes opened to 100 divisions (~ 58 A in
first order) for very faint objects.

The rotation of the grating is achieved by a stepper motor
with 200 sﬁeps per revolution. Each step corresponds to one
channel, i.e. about 10 A in first order. The position of the‘
grating can be read out to an accuracy of one channel by a dial
gauge. The calibration of this dial gauge is done with the help
of a laboratory source, which is a mercury lamp in this case.

There is a provision to isolate the red region from the
second order blue wavelengths by introducing a filter just before
the exit slot. The filters that ‘are generally used are W 25 or
0Gl for the red region and BG 12 or BG 14 for isolating the
second order blue region. GG 13 was used in the first order
visval region.

The output fram the photomultiplier was fed to an amplifier
and discriminator, whose basic function is to amplify the amall
PMT output current of theaé:derof nA and u A, me of the
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requirements of such an amplifier is the high input impedence.
The decriminator converts the output fram the amplifier to
voltage levels compatible with a digital counter. This technique
of pulse counting has the advantage of longer integrations, which
is not possible with the conventional IC techniques. The pulse
amplifier descriminator (PAD) has a very high input impedence.
This unit was tested on a UBV photometer and the gain was so
adjusted that it does not saturate for reasonably high pulse
rates, at the same time attempting to achieve maximum effeciency
for faint light levels. This procedure, called the 'dead time
correction', essentially ensures that the pulses are not missed
during counting, especially when the pulse rate is very high.
This type of optmized gain adjustment and the smaller band widths
employed in our work prevented the attaimment of saturation even
when stars as bright as y Gem (m, = 1.93) were observed.

The detector was generally the $20 surface. During the
observing seasons of 1989-81 and 1981-82, the refrigerated mIMI
95588 tube was used. The tube EMI 980413 also was occasionally
used, for only the blue region. For the season of 1982-83 and
later, a new EMI I9658R was made available, with a built-in PAD
from 'Products for Research'. This could be fitted to either a
thermo~couple cooled chamber or a dry ice cooled chamber .
Suitable Fabry lenses were mounted onto these chambers. In 1985
another detector, RCA 31031, with a better response in the long
wavelength region also was available. This was especially useful
in deriving the contihuun distribution up to almost 9500 A.

The pulses fram PAD served as input to an on-line computer
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TDC-12 (4k, 12 bits, 2us), where rapid counting was possible.
There was provision for two modes of operation. The first one,
called the sequential mode, permitted a continuous scanning of
the spectrum, to a maximum of 20¢ channels ( 2068 A in first
order). The second mode, called the random mode, would scan only
certain wavelength bands, which may be speéified in tems of
channel numbers, through mercury lamp calibration. This mode was
particularly’ useful in monitoring faint souxcés, where avoiding
regions of very little interest, total observing time was saved.
While observing the red regions, the unwanted {earth's)
atmospheric absorptions also may be avoided by this mode.
However, this has the serious disadvantage that the backlash of
the motor would shift the region of interest in to a gap, after
several number of observing runs, This demands the recalibration
with the mercury , all too often.

The time spent at each channel, during a scan, could be
chosen from 1 ms to 999 ms. This choice was mainly decided by sky
conditions. The faintness of the source (star) decided the total
number of scans per observing run. This meant that while a total
duration of 4 to 5 minuteé was sufficient for a brightet star
(my = 6 ) in the blue region, about 15 to 20 minutes were needed
for a fainter star (m,~1@). The total time spent at each channel
varied from 1 to 18 seconds.

The counts were monitored at fixed time intervals (one or
twb minutes) at the end of whidh, thé_maximm and minimum counts
were printed on a line printer. The scanning could be cor;tinued
or halted on an inspection of these values. The spectrum can

then - be printed out as a table with running channel 'number, on



command.

The computer TDC-12 was later replaced by a microprocessor
controlled photon counting system. This equipment mimicked the
performance of TDC~12 with several additional features. The size
of the memory was increased to (16k ROM + 4k RAM) so that larger
wavelength coverage was possible at a stretch. An oscilloscope
displayed the building up of the spectrum, scan after scan,
making the monitoring easier. Apart from this, the maximum and
minimun counts were also displayed. The most important add‘ition’
was the built-in clock, which facilitated the printing: of the
tﬁnes of the beginning and ending of each observing run.
2.2The Instrumental Performance

The instrument has already found a variety of applications
fran comets to stars (Sivaraman et al.,1977; Bappu et al.,1978;
Shylaja & Prabhu, 1979; Babu & Shylaja, 1981, 1982 a & b, 1983;
Shylaja, 1983, 1984, 1985; Shylaja & Babu, 1985). Applications to
Wolf-Rayet stars in particular has been discussed by Bappu
(1977).

For the present stydy, the blue region hasy been observed in
the second order,- so that emission lines are resolved. The red
region has been covered in the first order. Some sample scans
showing stars of different ‘spectral types are shown in Figures
2.2 (blue) . The figures include one nova, where even the violet
absorption edge is cleariy identifiable, in spite of the poor
iesolution. In case of peculiar A stars, ‘the depression at 5200 A
is stiking in the scans even before any correction is applied.

It may be immedietely seen that the instrument is suited for
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the study of broad band emission and absorption features.
2.3Standard Stars

To determine the absolute energy distribution of a star, the
observed scan should be corrected for various contributions from
sky conditions, telescope optics, detector sensitivity and noises
generated in the process. For this purpose q Lyrae is chosen as
the primary standard. Many lists of the secondary standards are
available in literature' (Oke, 1964; Hayes, 1970; Breger, 1976).
Generally these standards are all of spectral type A and B, and
are not calibrated in the regions of convergence of the Balmer
and Paschen lines i.e. 3600 to 4090 A and 8200 to 8666 A. To
overcane this difficulty many O type standards (Kuan & ‘Kuhi,
1976) and late type stars (Fay et al., 1975; Taylor, 1982) are
made available. The list of standards used in the present study
are compiled in Table 2.1. |

On the same night atleast three standards were monitored to
cover a range of hour angles. They were chosen tc be of spactz:ai
type similar to that of program stars. "B procedure adopted for
obtaing these scans was aé follows
1. Mercury lamp to fix up the;wavﬁiﬁngﬁh~region
2, Standard star #1 blue region
3. Sky neat std.star in blue regibn
4: 8td, star #1 in red yegiom.
5, Sky psar std star, sed pegiv

6. Program $%




Table 2.1 List of standards used in the present study.

NAME HR NO. MAGNITUDE B-V SP. TYPE
£icet 718 4.28 -0. 06 B9 111l
Y Cem 2421 1.93 0. 00 AD IV

27 CMa 2745 4, 66 -0. 19 B3 Ille
K CMa 2827 2.45 -0. 08 B5 Ia
& Pup 3165 2.25 -0. 26 o5 1
" Hya 3454 4. 30 -0. 20 B3 V
8 crt 44468 4.70 -0. 08 B9.5 V

109 Vir 5511 3. 72 ~0. 01 A0V

9 Bge 7574 4. 23 +0. 01 gsf
58 Aql 7594 5. &1 0. 10 AD 111

E Agr 7950 3.77 0. 00 ALV

A Cep 8469 5. 04 +0, 25 ns  1f
10 Lac B&22 4. 88 ~0. 20 09 Vv
29 Psc 087 5. 10 -0. 12 B7 111
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1¢. Std. star #2 in red region
11, Std star #2 in blue region

and so on.

Care was taken to observe the program star as close to the
meridian as possible. The calibration of the dial gauge was
checked 3 to 4 times during the night with the help of the
mercury lamp.
2.4Atmospheric Extinction
2.4.1lInfluencing parameters

The model suggested by Hayes & Latham (1975) has been used
to detemine the nightly extinction coeffecients based on the
observations of standard stars as follows

Consider a monochramatic beam of wavelength X entering the
atmosphere from outside, at a zenith angle z, with reference to
the observer. The intensity as measured by the observer Iis
decided by the optical depth T of the atmosphere as,

A, T)=XA,0expl-T (A,2)] (1)
neglecting the angular effects.

The optical depth is defined as,

T(A ,2) =k()) X(z) (2)
where x{ A) is the extinction coeffecient and X(z) is the airmass.
The optical depth at zenith distance zero is

T (2,0 = k(1) (3)
Hence, (1) can be rewritten as,
Kx,T) = 1(k,o) expl-k (A )X(z)]

010 ,T) = k() | (#)

Therefore, a plot of the airmass versus the natural

logarithm of the measured intensity gives. the slope as k(A) ,
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the extinction coeffecient. The knowledge of the intensity prior
to the entry into the atmosphere I(\ ,0) , is not necessary.

The extinction is caused by various factors. The main
contributors are , Rayleigh scattering by molecules, molecular

absorption and aerosol scattering. The Rayleigh absorption is

defined as,
Ang(x ,h) = 9.4977x10 X5 4 (n—15>‘= i 7.996 (5)

where n is the refractive index at A , in microns, h is the
altitude of the place, i.e. the Observatory.
The absorption due to ozone may be expressed as,

Aoy (A) = 1.11 Toz Koz (A) (6)
where Toz is the thickness of ozone in atmo.om, which is
independent of the altitude of the place.

The aeresol scattering is caused by the smaller particles
(0.1 p < diameter< 1@y ) and this contribution may be estimated

as,
-0
Aaer (A ,h) = Ao A exp (-h/H) )

Ozone is known to absorb in two bands (Allen, 1976). One in
the UV region with the peak at 2706 A ahd the other is in the
visible region with the peak at~ 6000 A. Therefore, the region
in the ramnge, 3800< ) < 500¢ A can be considered to be solely due
to the aerosols and using (7) the coeffecient g can be
calculated, if corresponding data are avéilable.

2.4, 2Conparision with Meteorological Data

In the present analysis, we analysed these atmospheric data

in the foiloﬁng way. Four nights"data on very clear nights were

chosen for this purpose (Table 2.2). The total absorption ‘was
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Kk(mog-)

Table 2.2

Data used for extinction analysis

and results.,

Date Prog Sto z A B TS Abs. due Diome
star star to oione measurec
atmp cm
1980 Oct 29 ‘gaqr ween 24 73 0.063 0 0141 1 33 . 15 269
1981 Feb 27 NHva YGem 30.03 0 050 0.0130 1 33 12 244
1983 Feb 4 ECet L Pup 23,93 0. 051 o 0158 1.1 & 243
1984 Dec i3 fLeo z,’ Pur  26.9¢ 0075 0.0182 ¢ 92 7 241
T T 1 ! { ' '
» 27 FEB 1981 -
0.8}
x Total
x - —
07k e Rayleigh
*x
0.6} .*
. e
%
0.5}
x
. -
0.4 * X
b
] . -
0.3 o X
b
. x L
x
0.2} .
* X
™ X _]
0.1} * o
) 1
N 1 L 1 1 . 0
0.0 2000 5000 6000 7000 800
Wnuhngth(i)

Flgure 2.3 The m“enurod total absorption and that due to pure
Raylsigh scattering per air mass, given as K (X )
in magnitudes.
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calculated from a set of standard stars.The variation of this
absorption on one such night is shown in Figure 2.3. Following
van den Bergh & Henry (1963) this absorption was fitted in to the

coeffecient as,

k(L) = A + B/ A ¥ (8)

where ) 1is in microns.

The Figure also shows the effect of pure Rayleigh
scattering. This was subtracted fram the total absorption to get
the contriburion from other sources (Tug et al., 1977; Hayes &
Latham, 1975). This accounts for the vertical shift between the
two curves in Figure 2.3 i.e. the term A in equation (8). This
residual absorption, when plotted on an expanded scale, shows a
general increase in the region of ozone absorption (Figure 2.4).
The ozone absorption coeffecient £fram Allen (1976) also is shown
in the Figure.

To check these effects, the data from India Meteorological
Department on ozone measurments and T - ¢ grams were obtained. It
is possible to measure the amount of precipitable water content
in the following way. |

Consider the water vapour contained in an air-column of
thickness dz and let its density be p,.Then the water vapour
content is given by , p, d2. If we extend this to the entire

column of air to a height z, we get,
z
W= JUop, dz (9)
The preséure in the element 4z is given by,

dp = - pgdz or, dz::-—-g-gdp (10)
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Figure 2.4 Residual absorptions sfter removing the Rayleigh
sffect. The ozone absorption coefficient (Allen,
1976) nlso Is shown In the top curve.,

36



where p is the density of the particles.

Therefore, the total water vapour content is given by,

p o, |
V=l g (11)

The term g is called the specific humidity, which is defined as
the ratio of the water vapour to that of air (dry air +
moisture). Then the total water vapour content in a column where

the pressure varies from p@ to p is,

W =é1- ap, - P) (12

where q is the mean specific humidity at that level. Fram the
superposition of 'isochygrics', i.e. the curves of equal water
vapour content, on the T- ¢ grams, it is possible to read out the
mixing ratio, for every 50 mb of pressure. This mixing ratio,
defined as the ratio of mass of water vapour to mass of dry air
is assumed to be differing from the mean specific humidity by a
small fraction such as #,1. Hence, we can measure the quantity
for every 50 mb difference of pressure and compute the
precipitable water vapour content from equation (11). When this
is added over the entire air-column we get the total water vapour
content.

These measurments are made fram the ballon borne apparatus
twice in a day at 5:30 am and 5:30 pm IST from selected places
only. The nearest places for Kavalur were Bangalore (latitude:
120 55} altitude:92lm) and Madras (latitude: 1% ¢4}altitude:7m).
It was decided to compare the measurements made from Bangalore.

Table 2.3 includes all these measures obtained from IMD for
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Table 2.3 Comparison of water vepour measurements.

Precipitable weter measurements Water vapour apsorpiion measurements
Date Time Amount Name of Time Absorption
Ut cm star (a! pA
1980 Bct 29 12:00 1.46 € hgr 13:. 4% -3
HE 8216 13:10 5
1981 Feb 27 12:00 0.96 Yeen 17 5% 38
HE 1732 18 ©3 52
1983 Feb 4 ¢: 00 0. 80 <
12: 00 1, 37 £ Cet 14: 18 47
1984 Dec 13  0:00 0.47 S Pup 23 38% 42
F Leo 23 55* 46

¥ Times of Dec 12

Table 2.4 Am stars observed on the same night.

Name = $ 2 e(eFF)
HR # tyne (1584)

73 Vir Abm ~19 40 A5 0. 64
5094
AVir Am ~13 19 39 0. S50
5357

&0 Hga Am -28 00 49 0. 59
555
5762 A -19 38 40 0. 53
5875 Am - 3 a8 25 0. 50

38



these four selected dates. From stellar measurements, it is
possible to estimate the absorption at the 7100 A band, after
establishing the continuum energy distribution of the star. Such
measurements made as close to the balloon 1launch times as
possible also are included in Table 2.3. No apparent relation
between the two is evident.

In order to understand the variation of water vapour
content, the measurements made on the same night were analyzed.
Stars of similar spectral type, at similar =zenith distances,
observed on the same night were used for this analysis. Table 2.4
lists these stars, whose effective temperatures have been
estimated (Shylaja et al.,1985). The variation in the water
absorption band at 7100 A can be easily seen (Figure 2.5). This
is also an important reason, other than the differences in times
of observations and also in geographical Jlocations of water
vapour measures, for not €£finding any relation in the
corresponding quantities in Table 2.3.

The solar irradiance measues of Dunkelman & Scolnik (1959)
used the practical measures of ozone to show the effect of
absorption, They showed that the Huggins band absorptions in the
region 38008< )\ <3498 A, show a relationship with ozone measures.

For the above mentioned four nights of obexrvation,the ozone
measures were obtained from IMD. The nearest locations of these
measurements were Kodaikanal(latitude: 1 14, altitude: 2343 m)
and Pune(latitude: 1843} altitude: 559 m). These values of ozone
ineasurements are included in Table 2.2. It may be seen that there
is a gmeral‘ increase in the ozone content from both measures

during 1980, However, significant variations in ozone content in
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time scales as small as a few hours are reported (cf. Hayes &
Latham, 1975) and the meteorclogical measurements may represent
only a mean value.

This comparative study definitely shows that within the
accuracies achieved here, equation (8) is valid. It may also be
remambered that Dunkelman & Scolnik (1959) have shown that the
mean extinction curve lies 15% above the Rayleigh curve. Hence
the term A can be used to evaluate the constant a in equation (7)
fram the residual absorption measures in the region 3800< ) <5000
A. These values of galso are included in the Table 2.2. Similar
studies by de Vou Couleurs (1965) have shown that the volcanic
eruptions of Mt. Agung on the island of Bali (114°E & S), were
effective in changing the value from 6.8 to 1.2 in 1963, at
McDonald Observatory (104°W 3@ N).

The values of A and B for different nights and seasons have
been tabulated in Table 2.5 and shown in Figure 2.6 as well. The
fluctuations in B are quite small and yields the average value
around 9.014. The large variations in the value of A are real, as
the variations in particle density and other contributors show,
fram the above discussions.

On occasions when the sky conditions did not pemmit the
detemination of A and B, a camparision star of known energy
distribution, monitored immediately after or before the program-
star, was used, to derive the absolute flux.
2.5Instrumental Corrections:

At thé 12 wavelengths listed byl Hayes (197¢) for continuum

measurements which are free of any effect fram emission or
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Table 2.5

The extinction coefficlents A and B during 1980-85.
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absorption 1lines, the observed counts were averaged over three
channels and corrected for sky contribution. This 1is then
converted to magnitude as, Mops (X ) = -2.5 log n*
where n* is the the number of counts per second per A. The
aimass X is known to be a function of the zenith distance z as,
X = sec z - 0.0018167 (sec z - 1)2- 0.0@2875 (sec z - 1) -
~0.0008083 (sec z - 1f (13)
from Hardie (1962). Neglecting second order terms, X can be
replaced by sec z itself. From a knowledge of the constant B, the
extinction coeffecient, the instrumental magnitudes of the

particular night at any wavelength can be derived as,
myo=my -k, secz (14)

ins
where kk = B/ A“ » These would be the magnitudes cobserved if the
instrument was kept above the atmosphere. These are nommalized at

50088 A as,
miy, =m -k secz-m, (5000) (15)
These are compared with known energy distibutions in case of
standard stars, which are also nomalized at 50080 A, and the
instrumental corrections are derived as, ‘
cor (A ) =my;, - m; (16)
Figure 2.7 shows sample of observed curve, instrumental
magnitude, literature magnitude (known energy distribution) and
derived corrections.,
These corrections are to be applied to the program stars.
The procedures for derivation of instruvental magnitude for
program star is exactly similar to that of standard stars till

equation (16). For the nomalized magnitude the corrections are
applied from (17) as,

Morog = ™ + cor{A) (17)
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When the corrections from equation (17) are derived for
selected wavelengths only, they can be interpolated to all other
intermediate wavelengths. The curves in Figure 2.7 shows that
this interpolation does not introduce any considerable error
especially when the points are closely spaced.

The nomalized magnitudes thus obtained are converted in to

flux as,

m,, =-2.5log F, + const. (18)

which can be in units of ergs/cm2/sec/A or ergs/am2/sec/Hz,
depending on the value of the constant, since

m, = -2.5log F, + const. (19)
The constant is -48.615 for (18) and -21.146 for (19), based on
the definition of the energy of the primary standard a Lyrae, as
3.58 x 18720 ergs/cm2/sec/Hz (Hayes‘ & Latham,1975).

Figure 2,8 shows the comparision of the energy distribution
known from other sources for 58 Agl, with the derived values
using 1¢9 Vir as the standard star.
2.6Exrors

The source of errors can be either optical or electrical.
Bad seeing conditions lead to inaccurate flux detemninations.
Under such c¢ircumstances the diaphragm was opened to 1000 y .
This, however, reduces the accuracy by raising the general sky
background. Similarly, changing sky conditions in a night give
erratic values for the extinction coeffecients. Again, on such
occasions the comparision star monitored immediately before or
after the program star was used for deriving the instrumental
corrections from a mean value of the extinction coeffecient.

Electrical noise can be photon. nolse or the digitising

45



1 ¥ ] 1 i 1 1
X — 9804
— -
oost- =
0.04 % .‘
H L) ] ) ¢
- 0.0 *3 x " 2 .
8
w neege ® _
0-02'— X P |
0.0 .
0.00

4000 4500 5000 5500 6000 6500 7000
Wavelength

Figure 2.9 Errors for different photomuiltiplier tubes.

Y T T T T T Y
0.0 -
L J
.. 00 . -
o .
e . ]
W 0.0 . s* °* -
0.00 1 1 | I S | i 1
& 5 8 7 8 $ 0 N n
Apparent magnitude

Figure 2.10 Variation of erraor with apparent magnitude.

| g | B ! ™7 T

0.0} o -
* ]

30.03"‘ )

W .02} .
0.01}- .
000 1 1 1 1 1 1 1 §

4000 4500 5000 5500 6000 6500 7000 7500
Wavelength

Figure 2.11 Varistion of error with spectral type.

46



noise. The photon noise decreases with the number of integrations
over the same channel. This may be represented by (Nj)—U2, where
Njis the number of photons in channel j. The digitising noise has
been found to be proportional to the pulse output from the
descriminator (Lynds & Aitkens, 1965). It is shown that the
signal to noise ratio is,

S/N = ( 6Tt )2 F
where t = time interval spent at each channel during a single

run, called the counting interval, here,
T = total time

= Nt, where N is the total number of scans,

]

F = frequency of the output of the PAD. A

Since, this is also proportional to ¥ = (N)JJ% it is better
to integrate over a long duration. However, this increases T and
therefore one has to go in for a compromise.

The errors have been detemined treating star of khown
energy diétributions as unknown program star. The error as a
function of wave length, is basically decided by the response of
the photomultiplier tube, as demonstrated by the Figure 2.9. The
faintness of the source also is partly responsible for errors
(Figure 2.1¢). It is thus essential to choose a comparision of
similar magnitude range. A difference in spectral type also is
likely to introduce errors as shown (Fig.2.1l); here the standard
chosen was of spectral type A to derive the energy distribution
of stars of spectral type O and G.
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3. THE SHORTEST PERIOD BINARY CQ CEPHEI

CQ Cep (HD 214419 = BD +56° 2818) is an eclipsing system with
a period of 1.64d. One conponent is a WN7 star and the companion
is probably a massive early type star (van der Hucht et
al.,1981).

The binary nature of CQ Cep was discovered by McLaughlin &
Hiltner (1941) fram prismatic survey plates at a dispersion of
150 A mm -1 . Based on radial velocity (RV) measurements from six
spectra, they derived a period of 6.5d. They attributed the weak
absorptions to a companion of class 08. However, they noted that
one of the plates showed velocities of absorption lines matching
with the movement of the WN7 component itself.

Further spectroscopic studies by Hiltner (1944) with better
dispersion spectra yielded a period of 1.64104. BAgain, there was
no signature of the campanion in the spectra. The absorption
velocities depicted the movement of the WN7 component as was
noted earlier also. Generally the helium lines of He I and He II
showed violet absorption edge. The other striking changes were of
line profiles and strengths. He obtained the radial velocity
curves for the 4058 A line of N IV (eccentricity, e = 0.6,
amplitude, K = 295 kns"l) and also for the A 4686 line of He II
(e =0.35: K = 160 kme!). another festure he noticed was that
the He I lines at 3888, 4026 and 4471 A, were always associated
with violet absorption components and it appeared that they were
split into two components only on plates obtained on November 13
and 14, 1943. |

Gaposchkin (1944) derived phptbgraphic light ocurves making
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use of the data from Hiltner, which showed asymmetric minima.
Thus this was established as an eclipsing system. A large number
of plates were used for this purpose and the long base line of 44
years improved the period to 1.641271d. He also sugested a
possible secular change in the period.

The photoelectric light curves -were first produced by
Hiltner (195@), in the continuum at 3550 A and 5308 A, and also
at 4686 A with 73 A pass band. These light curves and the radial
velocity solutions obtained earlier, yielded the information that
the deeper and the narrower minimum corresponded to the eclipse
of the component. The minima at 3550 A were 0.1 mag deeper than
those at 5380 A. He also observed that there was no change of
polarization with orbital phase.

Another interesting finding by Hiltner was the behaviour of
the 4686 A line of He II, whose maxima were observed at phases
corresponding to conmjunctions from the eother light curves, i.e.
the intensities were more at phases corresponding to the eclipse
and transit of the camponents. Hence the light curve of this line
was almost like a mirror image of the continuum light curves.

Bappu (1951) studied the line profiles of various emission
lines. More dJetailed investigations (Bappu, 195la, b & 1952)
showed that many other lines also followed the behaviour of the
4686 line. Bappu & Sinhval (1955, 1959) carried out the narrow-
band photametry of this system and obtained the light curves at
4868 and 5410 A, which looked similar to that of the A 4686 light
curve obtained by Hiltner. |

Broadband photometry in the optical region have been
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continued by various investigators (Tchugainov, 1963;
Gusseinzade, 1969; Semeniuk, 1968; Khaliullin, 1974;
Kartasheva,1976; Cherepashchuk & Khaliullin, 1976; Antokhina et
al.,1982 and Walker et al., 1983). They all have pointed out the
similar shape of the light curve at different wavelengths.
Semeniuk (1968) studied the times of minima till 1967 and arrived
at a possible shortening of the period. Cherepashchuk &
Khaliullin (1976) and Antokhina et al., (1982) arrived at a value
for the massloss as 1.19x1g-10 Mg yr'1 , based on the period
changes. This aspect of period change has been discussed by
Stickland et al. (1984) in detail, who proceed to show that after
1960s the period seems to have remained constant at 1.641246d.

The infra red (IR) observations of this system were first
obtained by Hackwell et al.(1974) and they showed that the
observed IR excess can be explained by free-free emission in the
gas. The IR light curves have been derived by Stickland et al.
(1984) and they clearly demonstrate the decrease of the light
curve amplitude at longer wavelength regions indicating the
contribution from the free-free emission.

Detailed spectroscopic investigations were taken up by Bappu
& Viswanadham (1977) and Giridhar (1978), who found that the
emission lines showed marked difference in behaviour. Both the
amplitude and eccentricity derived from these radial velocity
curves were different. The line profile variation also have been
studied. Leung et al. (1983) carried out more detailed
observations and confimmed that the radial velocity curves were
disparate. The measurements of absorption cavwponents of the 3888a

line of He I line by Niemela (1989) has shown the indication of
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the movement of the companion; but this is yet to be confimmed by
more detailed studies.

Hiltner (1950) attempted to explain the behaviour of the
enission line of He II at X 4686 by assuning that although the
nitrogen lines are produced more or less symmetrically, the He II
lines are produced throughout a common envelope surrounding both
the stars. Khaliullin (1973) had observed photometrically in four
wavelerngth bands (two emissions and two continua). He had
attempted to model the variation by combining an assumed
variation of the absorption due to secondary. However, no
evidence of such absorptions were found subsequently by Stickland
et al. (1984), although Niemela (198@) found for only one He I
line.

In a recent study of the variation of the radial velocities
and light curves, Leung et al. (1983) arrived at a mass ratio of
@.75 for the components. The smaller amplitude of the )\ 4686 RV
curve has been related to the ejection of hot A 4686 emitting
material with a strong radial velocity component directed towards
the observer at phase @.8. '

The most recent and exhaustive study of CQ Cep is by
Stickland et al.(1984). They have analyzed the data obtained by
IUE, UBVJKL photometry as well as the radial velocity
measurements in the optical from Hiltner's plates of 1944. They
obtained a total of 18 continuum 1light curves covering the
wavelength range froam €.13 to 8.3y m. Their conclusions may be
sumarized as,

l.The light curve solutions indicate that half the amplitude of
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light variation 1is produced by ellipticity effects and the
other half by geametric effects.

2.None of the spectral features is an indicator of the
canpanion's presence or motion.

3.The companion does not modify the overall expected variation of
excitation, velocity characterstics and in this respect
resembles any other single WN7 atmosphere.

4.The luminosity ratio implied by the 1light curves is not
consistent with allowable radii and separation values, unless
their masses and temperatures are considerably raised.

In all these investigations, the continuum and line
variations of this system, as a function of phase, have been
studied for only A 3550, 5300, 4790, 6300 A and the two lines of
He II at A 4686 and A 6562, in the visible region. Our main
interest 1in observing this system was to obtain light curves in
all major emission lines in the optical region systematically.
Such data combined with spectroscopic information, which already
exists both in UV and optical, is likely to give a better insight
and may lead us to unravel atleast some of the mysteries of this
system.
3.10bservations

The spectrophotometric observations were obtained with the
automated spectrum scanner, as described in Chapter 2. The list
of standards used also are included in Table 2.1.
3.1.1Reddening corrections

The affiliation of CQ Cep to the Cep OBl Association has
been confimed by Stickland et al.(1984) fram the observed
strengths of interstellar lines in the WV Wrm obtained at
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high resolution. Therefore, -a distance of more than 3 kpc will
introduce interstellar reddening effects in the energy
distribution. Here, the reddening corrections are estimated by
canparing it with 1@ Lac (07 V), whose reddening corrections are
known (Hua et al., 1982) at wavelengths selected so as to be free
of emission line contaminations. Similar corrections have been
derived by Kuhi (1966) , Hua et al.(1982) and Stickland et al.
(1984). The latter derived the reddening corrections fram the
2200 A depression and using Seaton's curve for reddening. The
dereddened energy distributions are campared in Table 3.1 and are
shown in Figures 3.la & b, where samples at three different
phases are plotted. It may be seen that our values agree more
closely with those of Stickland et al. (1984), which are
represented by crosses in the Figures.

3.1.2Spectroscopic studies

For spectroscopic measurements, the collection of spectra by
Bappu was made use of. They were obtained at Mt. Wilson 60"
telescope in 1951-52, The spectra fall into two classes:
1.Blue spectra covering a range of wavelength )\ 4098 to 5080¢ A at
a dispersion of 75 am~l  at 4340 A on IIa0 baked plates.
2.Red spectra covering the range of ) 5100 to 67¢0¢ A at a
dispersion of 160 Am! at 5500 A on 183-aF plates.

The intensity profiles for a few lines were provided by
Bappu, from which same intensity measurements were possible. For
the other 1lines the radial velocities were measured. For same
lines the RV measurements are already published (Bappu &
Viswanadham, 1977; Giridhar, 1978), The remaining lines like the

53



Tuble 3.1 Deresddened snergy distribution for CQ Cep.
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He II lines at X 4860, XA 6562, N III at A 4640, N V atX 4603 and He
I atX 5876 and 4471 were measured. For the N V line at A 4603 it
was possible to measure both emission as well as absorption
velocities, whereas for the He I line ) 5876, it was possible to
measure only the absorption velocity.

The intensity tracings were available for the He II line at
4686, 4860, 5410 and the N IV line at A 4858.
3.1.3Light Curves

From the observed energy distributions at various phases, it
was possible to construct the monochramatic light curves, as well
as to derive the orbital variations of emission flux of different
lines. Based on the broadband photanetry from various
investigators, Walker et al. (1983) and Stickland et al.{(1984)
have analyzed the behaviour of the orbital period, in the last
few decades. It appears that the period is constant during the
last 45 years. Khaliullin (1973) derived a mean period combining
Hiltner's data with his own and the ephemeris derived by him are
similar to those of Semeniuk (1968). We have adopted the
epheameris

T i © 24432456.668 + 1.641246E
of Semeniuk {1968) for our studies.

Eight wavelengths were selected to be free ‘of emigsions and
the light curves were constructed (Table 3.2). These are shown in
Figures 3.2 a & b. They all generally resemble the 5300 A light
curve of Hiltner (1950) .

The errors in these magnitude measures varied from season to
season. In 1982, ‘the error at quadratures and ‘c'onjunctions never

exceeded + §,05 mag. In 1983 and 1984 the errors were slightly
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Table 3.2 contd.

MONDCHROMATIC MAGNITUDES OF CQ CEP CCONTD)
wgTen me R NP R0 R R s B
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0. 487 0.352  0.279  0.309 0.312 0. 321 0. 377 0.253  0.273
0. 489 0.340  0.291 0.348  0.362 0. 358 - - -
0 495 0. 361 0 294  0.328 0. 322 0.355 - - -
0 498 0.372 0 292 0. 335 0.332  0.360 - - -
0.510 0.337 0.286  0.348 0.312  ©0.310 0.338  ©0.286  0.307
0.513 0.287  0.289 0.316 0.317 0. 308 - - -
0.51a 0. 331 0.273  0.341 0.386  0.3%6 ~ - -
0. 517 0.292 0.269  0.331 0.310  ©.303 - - -
0.519 0. 281 0.294 0. 308 0.320  0.318 0.350  0.292  0.317
0.519 0.312 0.280  0.343 0. 338 0. 331 - - -
0 523 0. 317 0.266  0.310 0. 302  0.309 - - -
0. 526 0. 231 0.265  0.287 0. 287 0.315 - - -
0. 527 0.320 0.286 0.328 0.337 0.318 - - -
0. 530 0. 297 0. 284 0. 298 0, 2646 0 272 - - -
0 535 0.336  0.232 0. 923 0. 329 0. 327 - - -
0. 536 0.302 0.2%0 0.31&4 0.276  0.269 - - -
0.537 0.206 0. 249 0. 274 0. 287 0. 260 0. 321 0.280 0 290
0. 340 0.297 0.250  0.323 0. 323 0.323 0 3%  0.219 0 280
0. 543 0.320 0. 261 0. 271 0. 266 0. 245 - - -
0. 549 0 312 0 241 0. 296 0. =286 0.278 - - -
0 335 0.30%  0.262 0. 242 0. 247 0. 267 - - -
0. S61 0.300 0,226 D 248 0.292  0.287 0.320 0.206  0.217
0 S68 0.290 0.240  0.293 0. 270 0. 258 - - -
0 601 0.18%  0.171 0. 248 0.247 0.270 0.313  0.334  0.21%
0 610 0.087  0©.18& 0. 181 0.202  0.200 - - -
0 679 0.072 0112 0,108 0. 207 0. 190 - - -
0.705 0.107 00346 ©0.078 0. 147 Q. 143 - - -
0.767 0047 0006 0, 003 0. 00Y 0.010 - - -
Q. 779 0.022 0 00%  0.018 0.009 0.010 0.08%  0.019 0, 02%
0. 780 0.064 0.003  0.011 0.029 0.020 - - -
0 787 0 0%0 0 900 0. Q03 0. 322 0. 030 - - -
0 792 0. 033 0 014 0. 026 0. 02% 0. 025 - - -
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higher - at quadratures it was + §.06 mag and at conjunctions
+0.08 mag. On some occasions, when the error exceeded + 0.1 mag,
the observations were not included in the light curve at all.

However, 1t 1is possible that these represent the intrinsic

variations of the system.
3.1.4Bmission line flux

The flux of some lines of He I, He II, N III, N IV, N V and
C IV were measured from these energy distributions. Many lines
appear as blends ~ the most complicated being the region ) 4600
to 4760 A. The 1line of NV at 14603 is associated with an
absorption throughout the orbit. The emissions of N III at A4640
and He II at ) 4686, which follow this line immediately, are very
strong. In our spectrophotometiic scans, it was barely possible
to resolve these three emissions (resolution 1¢ A per chamnel). A
smooth curve was drawn to represent approximate gaussian profiles
of these lines. The continuum was fixed by the points at 14460
and 4790 A. The area, within the profile, above the continum
only was measured. The errors in the flux arise mainly because of
the assumed gaussian profiles. Such errors are indicated in the
corresponding plots. Strong lines like the N IV at 24058 and the
He II at 4860 have least errors because they are free of any
blends. At the same time intrinsically weak emissions like C IV
at L5808 show larger errors.

It was also found that at phases near 9.25 and .75, the
errors were larger. The scan, in general, looked noisy probably
because the linestrengths also diminished at these phases. At

phases close to #.75, sametimes, it was not possible to measure
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the emission flux because the emission was buried in noise. Such
measuraements are not included in the flux plots (Figures 3.3 to
3.8). Table 3.3 lists all the measured flux.

3.1.5Radial Velocity Curves

The radial velocities were measured with the Abbe
Camparator. The central portion of the emission line was chosen
for the measurement. Because of the broad features, the errors
are larger, especially in case of N III 464¢ A. The errors are
generally 48 to 60 kms_l . These curves were solved by Lehmann-
Filhes method and all solutions, including those obtained by
others, are tabulated in Table 3.4. The individual velocity
curves appear with flux plots (Table 3.5 & Figures 3.3 to 3.8).
It appears reasonable to assume that the measures of Stickland et
al. (1984) and Leung et al. (1983) are more accurate by virtue of
the method of measurement and solution.
3.2Correlation between light and velocity curves
3.2.1Heliom lines

The 1lines of He II that are studied are at ) 4686, 4860,
5410 and 6562 A.

The strongest line in the spectra is the He II line at
4686. Figure 3.3a shows the measured intensities and £flux., It
also includes the radial velocity measurements of Bappu &
Viswanadham (1977), who deived an orbital solution with
eccentricity e = 9,31 and the velocity for the center of mass as
vy =118 s . They also studied the line profiles, which are
narrow and shafp at minima and broad and rounded at quadratures.
The Figure 3.3a clearly shows the enhancement of flux and

intensity at phases near #.8 and #.5. This is confimmity with the
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Tabe 3.4

OREITAL EOLUTIONE FROM RV CURVEE FOR €Q CEP

LINE ~ K e W Ref
Hell 4686 +117.05 148. 2 0. 31 323 1
+133. 8 164. ¢ 0. 26 3839&. 4 e

48450 +1946.0 221.9 0. 35 284 &

+11.4 x12. 2 +0. 02 18

+198. 2 235. 8 0. 36 | 2
5411 +174.0 230. 1 0. 095 335 3
65462 +204.0 212. 0 0. 233 331 &
+10. 2 +12. 5 +0. 03 x19
NIIT 44640 ~114.0 127. 8 0.014 314 &
8. 2 +10. 4 +0. 019
-114. 3 i27. 0 0.0 2
NIV 4058 =~ 4&0.8 3i2. 7 0. 03% QL. 7 i
- B3. 4 297. 4 0.0 2
- &0 310 4
- B5 285 5
NV 4403 +15%. & 286 0 0. D41 299 &
+7. 2 *6. 4 +0. 017
+153 280 4
NV 456032 ~2lé&. 1 307. 5 0. 030 298 &
+%. 8 7. 3 0. 018
-220 299 4
References to the Table
1 BEappu & Viswanadham, 1977
2 Stickland et &al., B4
3 Giridhar, 197
4 Leung ¢t &1., 1983
S Niemela, 1980
& This work
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Table 3.5

RADIAL VELOCITIES OF CG CEP

Hell NV NV NIII
PHASE 4860 4&03e 44603a 4640

&76 +462 +445 + 35 - 57
£87 +445 +450 + 58 - B2
844 +401 4380 + 45 - 72
878 +322 +315 - 75 - 75
. 944 +252 +208 -155 -105

0.014 +180 + 80 -204 ~105
0. 087 + 22 - 35 -315 ~160
0.138 - 31 =115 —406 ~168
0. 232 - B85 -135 -515 -190
0. 264 -110 -140 ~495 ~188
0. 280 -132 -110 -485 ~-177
0. 351 - 94 - 15 -452 -175
0.433 + 43 + 50 ~295 ~-135
0.476 +188 +145 -240 -128
0. 606 +352 +320 - 795 - BS
0. 645 +435 +410 - 45 ~ &0
0.
0.
0.
0.
o
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earlier studies (Hiltner, 1958); Khaliullin, 1973; Bappu &
Viswanadham, 1977). The two maxima are of unequal magnitudes, the
one near phase @.0 is stronger. BAlso it may be noticed that the
maxima donot coincide with phases 0.0 and @.5, but are slightly
shifted. This shift was seen by Hiltner (1950) also, but in an
opposite direction. it may also be seen fram the Figure 3.2 a &
b, that the falling edges of the minima are not smooth. Similar
effect 1is probable reflected in the flux measures. A similar
effect was seen by Walker et al. (1983), who studied the eclipses
in a great detail.

The 4860 1line of He II is shown in Figure 3.3b for
intensities, radial velocities and flux. Although the general
behaviour is similar to A 4686 line, it may be seen that the flux
at phasés @.¢ and 8.5 are of similar magnitude and they do not
show a sudden increase like the 4686 line itself. Also the
variation is smoother and the flux at phase 0.75 are smaller
compared to those at phase 0.25. The amplitude of the radial
velocity curve is slightly larger than that of A 4686 and this
curve gives an orbital solution of ¢ = #.36 and y = 196 ksl .
The line profile given by Bappu & Viswanadham (1977) show that
the violet absorption cuts into the emission wing at same phases
especially after the secondary minimum. To study this all the
plates were checked for the behaviour of this line. It appearé
that A 4860 line has got a variable structure, which was noted
by Hiltner (195¢) also, with multiple camponents. The effect of
the absorption in the violet wing appears to be more praminent at
phases close to 0.75, but it appears that the there 1s an
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absorption component which moves with the emission. Since this
canponent is weak at all phases, it was not possible to measure
this line very precisely.

Figure 3.3c shows the flux and intensities of 5410 A line of
He I1. The radial velocities from Giridhar (1978) also are
included; the orbital solution from this RV curve may be quoted
as e= @g.1l and y =176 ks~ . The line profiles also have been
studied by her and they appear to be generally symmetrical, with
an indication of a violet absorption edge just after secondary
minimum. The enhancement of flux close to phases 9.0 and 9.5 are
very smooth, as are the intensity measures as well.

The radial velocities and flux of the He II line at 6562 A
are shown in Figure 3.3d. This RV curve gives an orbital solution
of e = 0,31 and Y = 206 knns—1 . The density tracings of some
spectra to include this region are shown in Figure 3.9a, which
clearly demonstrates the variation of the structure of the line.
Like the A4860 line, this also shows the violet absorption edges
soon after the secondary minimum, whereas at phases just after
the primary minimum such effects are barely detectable. However,
spectra with better dispersion can resolve this phenamenon.

mmong the He I lines, it was possible to study those at
5876 and 6678. Figure 3.9a includes the region of A 6678 as well.
It may be seen that the line profile varies ﬁhroughout the orbit,
making the radial velocity measurements wvery difficult.
Sanetimes, it appears as though the line is split into two
ccméonents. rigure 3,¥o snows tne structure of tie A5876 line.
It may be noticed that the violet absorption edge is very strong

and it appears throught the orbital cycle, whereas the emissions
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are not very sharp. Thus it was possible to measure the
absorption velocities only. Figure 3.7 shows this absorption RV
curve as well as the flux. The RV curve displays a large scatter
making it very difficult to find any orbital solution. In the
same Figure 3.7 the flux of the 6678 line also are included. The
behaviour of flux is similar to the other 1lines of heliun,
discussed till now, with a smaller amplitude of variation.
3,2.2Nitrogen lines

The nitrogen lines that are studied are N _III at 14640, N IV
at 14058 and N V at A 46@3.

The N III line at 464¢ is affected at both the wings by the
He 1II line at 4686 and N V line at 4603, Thus the measured flux
may not be very accurate. Allowing for these measures in the flux
measures, it may be seen from Figure 3.4 that the flux increases
at phases 0.0 and @.5 and the total amplitude of variation is
very small. Bappu (1973) had pointed out that this broad emission
is probably a blend of more than 3 1lines, based on high
dispersion spectral studies. The radial velocities were measured
with a mean center of emission and this also is shown in Figure
3.4. It appears that the amplitude is quite small campared to RV
curves of other 1lines. An orbital solution gives almost a
circular orbit with e = ¢.014 and v = -114 kms! . It may be
noticed that this vy value is different compared to other emission
lines. |

Bappu and Viswanadham (1977) emphasized that the N IV  line
of 4058 is the only line that represents the true motion of the

WN component. Tney gerived the arbitul solutiou’ss ¢ = Bl aud
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y = -62 kms_l. They have shown that the profile is not affected by

the absorptions and is generally symmetrical. Figure 3.5 shows
the measured line flux, showing enhancement at minima, as well as
the radial velocities.

Now, we turn to the N v line at A 4683, which has a stable
profile and a violet absorption is seen throughout the orbital
phase. It was possible to derive the RV curves for both the
emission and absorption canponents. These curves and the flux are
shown in Figure 3.6. The flux measures are probably affected by
the violet wing of the strong N III line at A4640, but only high
dispersion can reveal this effect. The line flux above the
continuum only are measured and, unlike the variation of flux of
other emission lines discussed till now, these measures show a
dip near phase 0.9, but for this the flux values are generally
constant. Both the RV curves give almost circular orbit solutions
with only they values shifted (Table 3.4)

3.2.3 Carbon lines

The only Carbon line that was available for measurement of
flux was that of C IV at 5808 A. The measured flux show the same
pattern as the other lines (Figure 3.8). The amplitude of
variation is not very large., This region is covered in the
density tracings of Figure 3.9b, which clearly points to the
difficulty in measuring the radial velocity, at any phase. Since
the spectrophotometric observations made in the red region were
not as frequent as in the blue region, the number of flux
measures are relatively smaller. This is true for the other iines
_in the region, namely 5876, 6678 lines of He I and 6562 line

orf He II as well.
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3.2.4Line Blends

We now look at the various line blends at 1454@, \42090 and
41¢90. The main contributors to these lines are known to be He II
and N III. These flux measurements show a variation similar to
that of other He II lines (Figure 3.8), indicating that both the
contributors to these blends behave in the same way. However

nmeasuranents with better resolution will decide the behaviour of

each component.
3. 3Model

All the solutions from different emission line RV curves
(Table 3.4) and the light curve solutions can be made use of for
an attempt to construct the model of CQ Cep.
3.3.1Light curve solutions and the nature of the campanion

One of the light curves at A5300@ was solved for orbital
elements using the method of Russel & Merill (1958). The results
in Table 3.6 show that the effect of tidal distortion is
significant.

The light curve at 5308, obtained by Hiltner (1950) has
been solved by Leung et al. (1983) by Wilson-Devinney method.
They discuss the choice of the mass ratio of 0.75 in great
. detail. Stickland et al. (1984) have solved the same light curve
taking into account the atmospheric eclipses. They arrive at a
mass ratio of @.6. Both the solutions necessitate a massive
companion of the order of 35 Mer, The mass of the WN component
also appears large - it is 46 Mo from Leung et al. and 64 Mg from
Stickland et al. - compared to other such mass derivations for WN

components in binaries. For exawple, it is '13'31:5@ in V444 Cyg
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(Ruhi, 1968), 5 to 12 MQ for CX Cep (Massey & Conti, 1981) and
about 19 to 20 MO for HD 211853 (Massey, 198l1). Considering that
the subgroups in these three subsystems are WN5, WN5 and WNé6
respectively, the difference in the derived mass range is perhaps
reasonable, since it is known that WN7 subgroups are different
from other subgroups in many respects (Moffat & Seggewiss, 1980).

Thus the mass range (35 MG) + 46 M(D and 38 M® + 64 MO)
derived for CQ Cep, implies a companion of spectral type. The
energy distributions obtained at various phases were checked for
any possible contribution fram the campanion. However, there was
no evidence of change of slope of the Paschen continuum from
comjunctions to quadratures (Figures 3.1 a & b).

Niemela (1980) analyzing the spectra with better dispersions
( 15 2 nm"l) found evidence for absorption arising from the
companion. Leung et al. (1983) measured the ) 3888 line of He I
and showed that it probably represents the line splitting due to
companion. Stickland et al. (1984) also found this line splitting
for the A 3888 line at one epoch only and the velocity of the
second component was almost a constant. Therefore, all the
plates, in our collection, used for spectroscopic studies in this
work, were checked carefully for detecting such absorptions. The
region of X 3888 is not well exposed for detecting such splitting
up into two components. The behaviour of the He I lines at A 4471
in the plates taken in 1951 appeared different. This definitely
shows two components (Bappu & Viswanadham, 1977). The measured
radial velocities of one camponent show a scatter similar to the
5876 line lof He I, followiﬁg the motion of the WN component; the

other camponent shows a scatter about a mean velocity value of
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Table 3.6

Setutions by Russe!l and Merill methed

Fourier Coeffecients from light outside the eclipses

AO = 0.918 Al = ~0.014 AZ = -0.073
Bl = -0.03 Bz = 0.25

Ratio of the radii = 0.7 + 0.1

Fracticenal radius of the larger star = 0,34 + 0.1
Fractional radius of the small star = 0.28 + 0.1
Anglte of inclination = 52 2 7

Eccentricity of the orbit = 0.078 + 0.06
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Figure 3.10 Radlal velocity curve of absorption components

of He | A #4471 In 1951. The sscond component Is
indlcated by crosses.
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about - 900 km s} (Figure 3.10). However the velocity of this
absorption does not resemble the motion of the campanion.

It has already been mentioned that the derived mass ratios
fram the light curves by either method imply a massive campanion
of ~ 35M® . From the UV measurements of the P Cyg profiles,
Stickland et al.(1984) have derived the teminal velocity, the
escape velocity and the ratio M, /R,= 1.2 I“b/R@ . According to
this the radius can be either 18 RQ (for the 2@M®WN canponent)
or 38 R® (for the 46 M@ WN component). The separation between the
canponents in these two cases are 20 R® and 25 R o re spectively,
which conflicts with thé sizes derived for stellar radii.
Further, Underhill (1969) has pointed out that the atmospheres of
WR systems are extended to about 5 times the core radius. In this
case, even for a smaller value of 16 M® for WN, the extension
will be about 45 Ry, Hence, irrespective of the method of light
curve solution, the campanion will be inside the stellar wind of
the WN. It is also known that the the WR atmospheres are
generally optically thick for helium and hydrogen lines for n<l1¢
(Smith, 1973). Hence these lines produced at the photosphere of
the canmpanion (which is completely embedded in the wind) will not
be appreciably recognizable after passing through the thick
atmosphere. It is difficult to check these on medium dispersion
spectra, because the absorptions indicate the motion of the WN
itself. Any absorption due to the campanion will move in the
opposite direction, in case of helium lines, well within the 10 A
width of emission profile. At phases close to‘G.ﬁ and @.5, this

absorption is expected to be superimposed on the emission
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profiles. At phase §.25, this absorption would have moved away
and at phase 8.75 it is likely to coincidelwith the violet wing
of the emission profile. This can add to the total absorption at
this phase making the effect easily recognizable, as was seen for
the He 1II lines M860 and 6562 and to some extent A 5410 also.
Whether such an effect is present for the A 4686 line is hard to
notice not only because of its increased strength, but also
because of the red wing of another strong emission of N III
at M640.

The radial velocity discrepency curves (Figure  3.11)
generated with reference to the N IV at M0@58, show more positive
value at all phases, reflecting mainly the shift in vy axes. Hence
it is difficult to judge the possibility of any contribution of
opposite moving absorption. The type of absorptions shown by the
He II 1lines at A 4868, 6562 and 5411 have not been observed by
Stickland (private coammunication). This may also imply that these
absorptions are probably of sporadic nature, although the
observed amplitude differences (and almost circular orbit for
only 5410) appears constantly at all epochs.

In the absence of any such confimation from any
spectroscopic or spectrophotametric data, other than the only one
high dispersion measurement by Niemela (198¢), we may assume that
the canpanion is of spectral type O, contributing to absorption,
if recognizable, only in He II and He I lines.
3.3.QCircunstellar Matter

The radial velocity variations and flux variations may now
be studied to undeistand the envelope structure‘surrounding the

star.
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We may use the 4058 line of N IV to be representing the
motion of the WN camponent for the following reasons
1.The spectra clearly show that this line is free of any blends.
2.1t does not show asymmetry in line profile.
3.I1ts RV curve gives an almost circular orbit, as can be
anticipated in such close binary.
4.Its y velocity has a value very close to the systemic velocity
of other members of the Cepheus Association (Stickland et al.,
1984).

We may start with the nitrogen lines for understanding the
WN atmosphere, since they are known to be formed in the WN
atmosphere only and not in the companion. The flux variation of
the N V line shows eclipse effects, implying its fommation in a
region closer to the WN photosphere and, therefore, an
approximate size of the line emitting region may be calculated.
We may also note that no eclipse effects are seen at phase 0.5,
when the WN is between the observer and the 0 type star. Assuming
that this line originates deep in the atmosphere we can think of
a configuration of an eclipse of parts of this line emitting
sphere at the primary minimum. The depth of the eclipse is about
25% and the duration of the eclipse is from phase ¢.85 to @.15.
Then the radius of the line emitting region will be about 10 Re'

From the variations of the line profile we see that the
absorption and emission are moving together so as to leave the
profile unchanged. This further indicates that the decrease in
flux at phase 8.9 corresponds to an eclipse effect only. The ‘RV

curves of this line show an interesting phenamenon; these curves
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are identical but for a shift in the axes. If we assume that
this line originated in a region close to the photosphere, it
should follow the characterics of N IV at A 4658 i.e. Y axis
should have been ~ -65 kms ! . However, because of the associated
absorption there can be a positive shift ofy axis. It may be
noticed that when we combine the effect of emission and
absorption the net value of y will be =56 kms'1 . This would imply
that the red shift of y axis is due to the associated absorption
only. However, it is not possible to verify with the present data
whether this effect is true for all other lines with absorptions,
or whether it is just a coincidence in case of N V at A 46@3.

The N TIII line at A 4640¢ shows a negative shift of vy viz
114 kms™L. an explanation of this shift based on the associated
absorptions appears to be complicated in this case because this
is a blend of atleast three emissions (Bappu, 1973) and also
because the red wing is probably affected by the strong line of
He II at A4686.

The behaviour of the He II lines has already been discussed
in the previous section. Here the shift in vy axes may be a
consequence of the absorption arising in the WN itself (like NV
at A4603) or because of the absorption due to the campanion. A
situation 1like this, of two absorption features moving in
opposite directions can also reduce the total flux at phases 8.25
and @.75. At phase @¢.75 both absorptions add to the vioclet wing
of the profile so that the measured flux will be still smaller.
This is partly true, because on some occasions at phases .75,
the flux was too small to make ahy m@aningful~ measurements.

However, this cannot totally exp&éiﬁ the observed flux increase
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at phases 0.0 and @.5.

The absence of eclipse effects for all lines other than N V
at ) 4603 demands that their line emitting regions will have to
be larger than atleast 10 P@ (the value of the same for N V
line). This also sets a limit on the size of the campanion to be
10 PD As disussed in the previous section the companion sweeps
through the WN stellar wind, thus partly occulting the wind
during quadrature, while at minima the entire 1line emitting
region is visible. This geametrical effect will cause an apparent
increase of flux at minima. This situation is likely to be more
plausible specially in case of CQ Cep, because in V4‘44 Cyg the
companion is larger and all the lines show eclipse effects.

Thus it appears that in case of helium lines absorptions and
geanetric effects cause the observed flux variation, while for

other lines it is mainly the geometrical effect.
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4., THE BINARY NATURE OF HD 58896
HD 50896 = EZ CMa is the sixth bright star in the catalog of
Wolf-Rayet Stars, with a magnitude of 6.94 (van der Hucht et
al., 198l1)., In one of the earliest studies, Wilson (1948)
reported three types of changes in line profiles -
1.The 4686 line of He II yields a variable velocity from

+120 kms  to +260 kms~' .

2.The N V line at A 4603 shows displacements unconnected with the

He II line.
3.The line profile of the N IV line at ) 4058 varies.

In a more detaled analysis, Smith (1955) studied the line
profiles of the 14858 line of N IV, the central absorptions of
the He II lines at A 4860, 5411 and also the He I line at A 5876,
and suspected it to be a spectroscopic binary. Ross (1961)
observed photometrically and reported a systematic difference of
9.1 mag, in about five months, and also an irregular variation
of @.P5 mag. ia a few days. Kuhi (1967) observed it more
thoroughly and suggested a period of about one day with an
amplitude of about #,84 mag. The night-to-night wvariations of
the He II line 4686 were reported by Smith (1968), Irvine &
Irvine (1973) and Schmidt (1974). However, none of these studies
led to a positive conclusion on the binary nature. Serkowski
(1978) reported strong polarimetric wvariations and this was
further confirmed by McLean et al. (1979) and McLean (1986). The
photometric periodic variation with a emall amplitude was
reported by‘ Firmani et“al. (1979) and further confirmed for the

same period by Firmani et al. (1988) and Cherepas hchuk (1981),
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although the shapes of the light curves did not agree. The
variations of the line profiles have been discussed by Ebbets
(1979), Firmani et al, (18¢) and Singh (1984), in time scales of
a few hours.

The most recent and detailed photometric and spectroscopic
sﬁudies are provided by Ebbets (1979), Firmani et al. (1980) and
Cherepas hchuk (1981), who point to the binary nature of the
system with a compact companion of about 1-2 M, mass range,
although other mechanisms like non-radial pulsations and roation
were offered as alternative explanations for the light and
emission line behaviour. The presence of a compact companion
goes in tune with the evolutionary scheme of a WR stage in a
binary in a post X-ray binary stage (van den Heuvel, 1976 r

¢

Tutukov & Yungelson, 1979) and therefore makes this an
interesting system for study.

The study of emission lines offers an opportunity for
understanding the envelope structure and the asymmetry, which
arise as a consequence of the presence of the companion.
Spectrophotometric studies of CQ Cep, a very close binary (WN‘7
+ 0), showed that the emission line flux variations are
dependent on the stellar wind structure and Roche Surfaces
modified for this effect, In the present analysis of HD 50896
similar studies are made with an aim to understand the possible

atmospheric stratification and the effect of the companion on

it.
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4.1 Observations
4.1.1 Spectrophotometry

The observations were obtained with the spectrum scanner, as
explained in Chapter 2. The standard stars are listed in Table
2,1, For this study the blue observations were done in second
order and the red observations, in first order,

4.1.2 Reddening corrections

Although this star is within the boundary of the open
cluster Collinder 121, doubts have been expressed on its
membership (cf. Firmani et al., 1988), because of the difference
in the age of the cluster and other WR stars, known to be
definite members of other clusters (Moffat & Seggewiss, 1979).
At the same time, the reddening of the cluster members is very
small, not making it a unique property of HD 58896 exclusively
(E(B-V) = 0.8). The dereddened fluxes are derived by Kuhi (1966)
and corrected for overcorrection by Smith & Kuhi (1981).

For the observations reported here, 27 CMa was used for
reddening corrections., The derived energy distribution was
normalized at 50068 A and cohpared with those of 27 CMa also
normalized at the same wavelength. A systematic difference was
noticed between these values and those given by Smith & Ruhi
(1981), A similar effort made with nCMa also showd a difference
in the energy distribution of Smith & Kuhi (198l1). We may also
note from the IR observations of Hillier (1984) that the
reddening corrections are small for HD SESQG. Therefore, all the
flux and magnitude measurements are not corraqted for reddening.

Figure 4.1 shows sample scans for diffenent‘epachs.
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4.2 Results
4.2.1 Photometry

On 19 and 11 April 1982, photometric observations were
obtained for monitoring the rapid variations in the visual
magnitude, The same equipment was used with the exit slot
increased to 18¢ A and the grating position centered at 5080 A.
This techniqgue has been used to derive the precise values of the
absolute magnitudes of WR stars (details in Chapter 5, Shylaja &
Bappu, 1983). HD 50646 (mV = 7.,4) was used as a comparision
star, Continuous runs of HD 50896 for stretchs of 10 minutes
were obtained with the integration time of 1 sec,.with similar
runs of comparision and sky in between. Samples of such runs on
each night are shown in Figure 4,2, It appears that the data
were noisier on 1l1lth April compared to 18th April., A similar run
of HD 58646, which is of similar brightness, is also shown in
the Figure. Power spectral analyses by DFT techniques of these
runs (Blackmann & Tukey, 1958, choosing the number of lags as
one-fifth the total number of poilnts, which limits the
detectable periodicity to 3¢ seconds), showed periodicities of
11 to 12 seconds with amplitudes of £.065 mag., although othér
smaller periodicities of still smaller amplitudes are seen
(Figure 4,3)., It may also be seen that the intrinsic variations
are not influenced by emission line variation decribed later, It

is difficult to determine any other variation with this limited
data.,
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4.2.2 Light Curves

From the observed energy distributions it was possible to
derive the light curves, Representative light curves at 4790
and 5568 are shown in Figure 4.4, The shape of the curve does
not seem to match with the broad band light curves of Firmani et
al, (1988) and Cherepash chuk (1981). The available data was
folded on 3.763 d period, after applying the heliocentric
corrections from Landolt & Blondeau (1972). This folding was
done separately for each season for reasons explained later (See
also Figure 4.3, where each season is represented by separate
symbol). At longer wavelengths also the data did not yield a
clearly defined light variation., Table 4.1 lists the derived
monochromatic magnitudes at three wavelengths, The short term
variations within a night are about #.85 mag,, which is similar
to the amplitudes observed by the previous Ilnvestigators on
broad bands. The entire data spread over three years, are shown
in Figure 4,5, It may be seen there is an apparent variation of
about 400 d. However, it is very difficult to find any smooth
variation of period 3 to 4 4 in any season individually.
4,23 Emission Line Flux

The flux of some emission lines of He I, He II, N IV, N V
and C IV were measureé from the energy distributions. The N III
~line at 24640 was too weak to make any meaningful measurements.
The type of profile variations, described by the previous
investigators, of He II X 4686 and N IV ) 4058 cbuld‘be clearly

seen on some occasions, in spite of a resolution of 16 A only.
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Table 4.1

MONDCHROMATIC MAGNITUDES OF HD 50896

JD
2444000+

5254

8254,
S254.
5330,
9330,
5330,
5330.
3330.
9330,
3330.
9330.
8330,
9330,
3370.
3370,

9370.
5370.
$370.
3370.
3370.
$370.
34035,
3405,
5405,
5405

5405,
5403,
D405,
3403

3452,
5402
3647,
S649.
3649,

34650,

375
401
432
204
=&l
234
244
259
309
321
Q61
374
396
141
1&2

. 373

192
236
251
271
Q92
307
128
140
156
167
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197
210
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ov2
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439
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. 373
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&B4
691
700
835
B40
843
847
850
863
B&7
877
881
887
449
454
458
462
474
478
483
489
493
744
750
754
757
761
763
768
772
227
187
bbS

&7

677
519

°20

95

WAVELENGTH(A)
4790 3000

N

275
262
287
275
261
262
229
281
230
264
231
241
226
276
271
263
281
262
291
244
241
207
.218
239
228
231
252
256
226
256
215
260
. 280
730
2. 210
2. 060
2.710

B

R VU U

Y

NN NBNNNNNUNNNUNUNNRNNNRNRORD

375
as:
375
275
310
285
290
=&8
278
283
245
239
283
0B
395
347
a9
336
370
e 2-1-3
348
349

NN NNPMNNRNUNNNNNNNNNNNNRNN

NNNRUNNBRNN
@
L1

5560

” -

. 68

’



Table 4.1 contd

MONOCHROMATIC MAGNITUDES OF HD 50B%é6 (CONTD )

244%800+ PRASE 4793AVEL5388H(A)5560
5650 380 0 921 2. 750 2. 360 2. 275
5650 3IBS 0. 922 2. 620 2 375 -
%650, 390 0. 923 2 390 2. 348 -
5650. 437 0 936 2. &30 2. 382 -
5450 441 0 837 2. &350 2. 340 -
5450 445 O 38 2. 350 2. 362 -
5450. 45%8 0. 942 2. 810 . 310 -
546350, 447 0. 943 2.700 2. 3%% -
5430, 448 0. 944 2. 640 2. 355 2. 271
B4LS0. 472 0. 745 2. %30 2.?38 -
D651, 412 0.19% ' 2. 240 2. 330 L
9651, 41% 0. 197 2 263 2. 280 -
3651, 439 0. 202 . 310 2. 262 -
5451. 443  0.203  2.520 2. 229 -
85651, 451 0. 20% 2. 3%0 2. 270 2, =81
5752. 279 - 2.217 2.33%  2.279
s790 158 0. 066 2. 198 2. 311 2 278
5810 147 0 378 2. 350 2. 229 2.27%
5811, 139 0. 641 2. 3%0 2.312 2. 225
6037.475 0.786 2. 266 2 335 2. 198
6047. 260  0.387 2 198 2. 232 2 268
4047.248  0.389  2.250 2. 241 2. 283
6047.277  0.391 2. 222 2236 2 277
&047. 28B4 0. 393 2 221 2.285% = 27&
&047, 17 0. 402 2 264 2. 270 2. 219
6047, 323 O 404 2 280 = 312 ®. 277
6047, 349 0. 410  2.2%  2.240  2.282
&047. 393 0. 422 2. 220 2. 255 2 2Bs
6047 400  0.424  R2.240 2272 2. 292
4047 438 0. 434 2. .2i0 2 232  2.238
&LO47 444 0. 434 . 200 2 259 2. 292
6045 213 0 640  2.1B6 2. 234 2 221
&£048 218 0. 648) 2. 2484 2 274 2 273
GD4B. 224 0.6A3 = 2.R61 R 321 -
048, 235 0. b4b 2.247 2315 2. R73
6048.232  0.650 2,27 2, 307 2 279
6048.261  0.633  2.2% 2 315 -
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Table 4.1 contd

MONQCHROMATIC MAGNITUDES OF HD 5089& (CONTD. )

244:800+ PHASE 4798AVEL§gggH(A)5360

5048 300 0. 663 2. 239 2. 282 2. 227
&048. 309 0. 6565 2.249. 2300 -

6048, 333 0. 472 2. 246 2. a3e 2, 276
6048, 341 0. &74 2.272 2. 391 2. 268
6048. 359 0. &79 2. 246 2. 268 2.317
5048. 376 0. 683 2. 246 2. 27% -

4048, 401 0. 650 R. 244 2. 326 2. 269
6048, 429 0. &97 2. 243 2. 262 2. 67
4048 445 0. 702 2. 2%1 2. 281 2. 239
6048, 466 0. 707 2. 232 2. 348 2. 303
4D4B. 451 0. 714 2. 241 2. 335 2. 228
&072. 146 - 2. 20% 2. 917 2, 283
6083, 217 0. 942 2. 245 2.3%8 R.217
6083, 299 0. 953 2. 242 2.3% 2,235
5083 337 0. 574 2. 280 2 345 -

&083. 493 0. 015 2.175 2. 272 -

6148, 115 0. 189 2.231 2. 27& 2. 285
&148. 180 0. 206 2. 258 2. 239 -

6£150. 094 0. 714 2. 249 2. 3%8 2. 218
6150, 172 0. 735 2. 259 2 812 2 27
5130, 218 D. 747 2. 277 2. 335 2 219
4197, 102 0. 207 2. 268 2. 234 2. 873
6198, 110 0 474 2. @87 2. 222 2. 254
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Figure 4.4 Monochromatic light curves folded over a  perlod
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in the longer wavelength region flux measures, C IV 5808 is
generally Stronger than He II 5876, but only on few occasions
was the latter stronger than the former., Some line blends at
4209 and 4540, were also measurable, although the individual
contributors could not be resolved., Smooth profiles were d&rawn
above the continuum to measure the area enclosed by them, The
atlas of Smith & Kuhi (1981) was used for this purpose.

Hillier (1984) discusses the influence of electron
scattering on He II line profiles. Bappu (1973) had attributed
the red wing of the He II (7-4) line at 5411 to an unidentified
transition, because this was not seen in any bther member of the
Pickering Series. Hillier shows that this is due to electron
scattering and the effect has been shown to be present in other
He II lines as well, It should be noted that these red wings can
lead to erroneoué continuum and line flux measurements, To avoid
this, only the relative line ratios are compared (Table 4.2 and
Figures 4.6 & 4.7), to see the possible effect of binarity. The
He II line at 14860 was chosen for taking these flux ratios,
because it was generally covered in both parts. The scatter in
the flux of this line (Figure 4.6) may represent an intrinsic
variation of flux for the system, which masks the effect of
binarity,

4.3 Line Flux Variations

Many recent detailed spectroscopic investigations have
established the changes in line profilés. In‘ou; gcans, although
it was not possible to see the profile variations very clearly,

because of 1ower‘resqlution.Vphase‘&aﬁandant changes in flux are
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Figure 4.6 Filux variation of He !l lines at 4860, and flux ratio

for He 1l at

A 4686 A and He | line at

A 6678.

Note the sudden change in flux neasr phase 0.68 and

its absence for

A 4686 line.

as describad In Figure 4.4.
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Flux Ratios
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Figute 4.7 Flux variation of N V at A4603-20 A, N IV st 4058

All are expressed as a ratio
Calculation of phases

A and C IV at 5808 A,
relative to A 4860 line flux.
same as described in Figure 4.4.
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seen., High dispersion spectra have shown the finer details of
such changes (Firmani et al., 1988). The two peaks of some
emisgion lines merge into one at phase @.5. The line of N IV at
4058, which is very stable and dJdeemed to represent the true
motion of the WN component in CQ Cep (Chapter 3), shows large-
scale structural variations in profiles (Firmani et al., 1980).
However, the line of N IV at A 3483 is very stable, although it
is a blend of moie number of multiplets. It‘may also be noticed
that the N V line at 14683 does not undexrgo this kind of
splitting and merging in line profiles. This line may be treated
to be truely representing the variation over the period 3.763 d.
Hence the phases of points have been calculated using this as
the reference, As explained in the previous section, the
extrapolation from JD 2,444,3199.53 (as referred to by the
previous investigators) does not show meaningful variation, which
is probably because of the uncertainities in fixing the time of
observations. Hence the folding of the data has been done
separately for each season, choosing the minimum value of A 4603
flux to correspond to phase 0.0. Since thereis an uncertainty in
this point itself of about #.881d4, precise éphemeris cannot be
provided.

The flux variations of various emission lines are shown in
Figures 4.6 & 4.7. It may be seen that the flux of He II line
4860 is a scatter over a mean value, throughout the orbital
phase. The other lines expressed as ratios relative to this line

flux may be grouped in to two categories.
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1. Those with no variation over the orbital period.

2. Those with small variations.

The lines of He II at A5411, 6562 show not much change in flux
values. The line of N V at A4683 undergoes a decrease, with the
help of which the zero phase was defined. The lines of N IV
4058 and C IV XA5888 alsc indicate a similar decrease but not
striking, It may be noticed that the line of He II X 4686 flux
does not get classified to any of these categories. The
variations show larger scatter and it appears that the flux is
slightly more at phase ~ B,9. The line blends at X 4540 and 4280
have flux similar to the He II lines, which may be because the
main contributor is He II itself.

4.4 Model

As was seen in case of CQ Cep (Chapter 3), if one were to
assume that N V originates closest to the core, the reduction in
flux at phase 0.9 can be immedietely attributed to the eclipse
effects. This requires that the size of the companion be large
enough to partly cover the line emitting region. However, the
estimated mass from the mass function of the RV curve for the
companion is very is small, The argument holds for the line
emitting regions of N IV and C IV lines also,

One may attempt to explain these variations on the basis of
asymmetric distribution of material and intrinsiec variations.
The intrinsic variation is apparent in the scatter of the
measured flux of lines eg,X 4868, which cannot be definitely
established from the monochromatic magnitudes, since the long

term variations of the comparision staxs n CHa ané 27 CMa are
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not definitely known. Thus the variations of the line flux
ratios may be deemed to represent the orbital variation ( the
intrinsic variations getting cancelled).

One may start with the model suggested by Firmani et al.
(1989), which is based on precise RV measurements. Only the N V
line 4603 gives a smaller eccentricity in the RV solutions;
others indicate an eccentric orbit, Since the applicability of
Roche surfaces is questioned, the precise values of the orbital
parameters cannot be derived (discussed in Chapter 6), However,
the small amplitude variations of the fluxes of the high
ekcitation lines like NV, C IV ahd N IV put their source closer
to the photosphere itself,

The phase dependent variation of the flux ratios of the
lines of He II and He I is not quite apparent from the flux
ratios, except the line of A4686, which shows an increase in
flux, This is possible only if their line emitting regions are
varying continuously or if the asymmetry is caused by the
companion. The same argument holds for the He I 1lines also,
vhich show insignificant variations relative to the He II lines,
It may also be inferred that these He I lines originate in a
' region which surrounds both the stars, not participating in the
orbital motion. Generally all the He I lines are associated with
violet absorption edges with high V_ , implying their origin in
the outermost parts of the‘envelope.

With the RV curve solutions, one may deérive that the mass of
the compact star as 1 - 2 Mor assuming the‘maSQ of the WN

component as 18 My and the small mass fupction with the orbital
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inclination as i = 70 , as derived from the polarimetric
measurements, If we adopt the measuremets of the WN5 component
of V444 Cyg for this case also (Cherepashchuk et al., 1984), the
extension of the atmosphere will be about that of the separation
itself. The compact star although considerably distant from the
WN5 core in this case, is not detectable by its spectral
features or the change in the energy'distribution. The accretion
onto it can produce detectable X-rays, but they can get degraded
to lower energies because of the dense electron envelope.
(Moffat & Seggewiss, 1979). Recently Vanbeveran et al. (1982)
have considered the production mechanism as well as the
absorption of X -~ rays and discussed the different reasons for
non~detection of X rays.

Thus the binary model proposed by Firmani et al., can explain
the flux variations of emission lines. N V, N IV and C IV have
their origin close to the WN5 core, similar to other systems
(Moffat & Seggewiss, 1978, 1979; Sahade,leBE). As sketched by
Firmani et al., the lines of He II at 5418, 6562 and 4868
originate in a region farther from the core, This region is
distorted by the companion and therefore, the flux show a
scatter, The region of the He I line formation is the outermost,
probably enclosing the companion and therefore, the flux

measures reflect only the intrinsic variations only.
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5. THE MEMBERS OF THE CLUSTER NGC 6231

The open cluster NGC 6231 is considered to be belonging to
the Sco OBl Association. Many detailed investigations 1like the
determination of the H-R diagram, the dJdistance modulus and the
reddening have been carried out extensively (Struve, 1944;
Schild et al., 196%; 1971; Graham, 1965; Crawford et al,, 1971:
Garrison & Schild, 1979; Lundstrom & Stenholm, 1980¢). There are
two WR stars in this cluster, HD 1522780 (WC 7 + 0) is at the
central region of the cluster, whereas HD 151932 (WN 7) is
situated 22' west of the center. The membership of these two to
the cluster has been discussed in detail (Seggewiss, 1974 a & b;
Seggewiss & Moffat, 1979; Lundstrom & Stenholm, 1988).

HD 152278 (MR 65, WR 79) is one of the four binaries with WC
component and was established as a spectroscopic binary with 0
type companion by Struve (1944). Radial wvelocity curves were
studied by Seggewiss (1974b), who improved the period to 8,893
days. Proper niotion measures Braes (1967) and RV measures of the
interstellar lines (Seggewiss, 1974b) have confirmed the
nembership to the cluster. Line profiles have the absorptions
due to the companion, as well as the violet shifted absorptions
moving with the WC component (Seggewiss, 1974b). The profile of
the C IITI line at X 5696 has been particularly studied in great
detail (Schumann & Seggewiss, 1975:‘Schmidt & Seggewiss, 1976;
Neutsch et al,, 1981; Neutsch & Seggewiss, 1985) and a cone
mbdel explanation has been offered for the double’peaked
‘profile. Polarimetric observations (Luna, 1982) have been used

for deirving the angle -of inclination of the orbit to bé 3§ .
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HD 151932 (MR 64, WR 78) was classified as WN 7A by Hiltner
& Schild (1966) because of the narrow emission lines. The
membership to the cluster itself has been debated about not only
because of its location 22' west of the center, but also because
of the large reddenrning it displays. The radial velocity and the
proper motion deviate not very signicantly from the mean values
for other cluster members, Based on the interstellar 1line
velocities and interstellar diffuse band equivalent widths,
Seggewiss & Moffat (1979) have included it into the cluster.

Schild et al. (1969)studied the radial velocity measures of
Struve (1944) and suspected that there is an unseen companion
and the orbital period is about 3.3 d. Bappu (1973) attributed
the excess reddening to a late type companion, Seggewiss (1974a)
studied the RV curves and found that the 3.3d periodicity was
spurious because even the interstellar lines showed the same
period. Hill et al., (1974) also did not find any orbital motion.
A further detailed investigation by Seggewiss & Moffat (1979)
showed that the excess reddening can be expiained by normal
interstellar reddening and an unseen companion need not be
provoked,

These two objects are‘important for study because of the
following reasons-
'l.Although HD 152278 is not an eclipsing binary, based on the
érevious studies of CQ Cep and HD 58896 (phapters 3 & 4), we may
expect to see atmospheric eclipses, which by virtue of angle of

inclination may be partial,
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2.In case of HD 151932 any similar effect of flux variation may
throw some light on the possibility of a companion.

5.1 Observations

5.1.1 Spectrophotometry

These observations were done as described in chapter 2, the
wavelength range was 40068 to 6008 A in first order (later tlis
was extended to 8508 A for measuring the continuum distributicn
only)., The standards from the 1list of Hayes (1978), Breger
(1976) and Kuan & Kuhi (1976) were used for estimatimg the
instrumental corrections. Sample scans are shown in Figure 5.1
5.1.2 Photometry

The same“equipment was used for the photometric obsevations
also. A central wavelength of 5568 2, close to the center of the
conventional V band was chosen and 188 a exit slot was used.
This system is similar to the v of Smith (1968b). In the 230 A
bandwidth used by Smith, a number of emission lines contributed
(Table 5,1). After examining the spectra of WN 7 and WC 7 stars
(Bappu, 1973), we chose a slit width of 168 A such that the
emission contribution is minimum,

Along with the cluster members, including these two Wolf -
Rayet stars, ten spectrophotometric standards (Breger, 1976;l
Landolt, 1973) were alsc obtained for the calibration of the
gsystem, These values derived for the cluster members, when
éompared with the V magnitudes obtained by Schild et al. (1969)
show a standard deviatioﬁ of #.81 mag (Figure 5.2).

In order to get the distribution‘¢f colour excess across the

gluster we have selected the regions 4388 + 18 & and 5080 + 10 A
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Figure 5.1 Sample scans of HD 151932 and HD 152270.
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Table 5.1 Fliters used by Smith (1986b) for determination of absolute

magnitude and the emission lines included in the pass
bands.
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since they are relatively free of emission lines in both in WN 7
and WC 7 (Smith, 1973; Bappu, 1973), and we have decignated them
as b and v respectively. These are similar to the b and v bands
of Smith (1968), (centered at 4270 A and 5160 A with bandwidths
of 76 A and 130 A respectively). for this purpose a few bright
members within the spectral range 08 to B3 were scanned from
4009 A to 5108 A with a slit width of 20 A.

Assuming the colour variation with the spectral type is very
small in the range 08 to B3, the colours of the unreddened star
19 Lac, 09 V (Kuhi, 1965), have been used to estimate the colour
excess E(b-v) of the WR and a few other cluster members.

The values of the colour excesses E(B-V) obtained by Schild
et al. (1969) and E(b-v) obtained here show a linear (Figure
5.3) relationship for the normal members of the cluster. With
the help of this relationship the colour excesses of the WR
stars can be obtained., In case of HD 151932, we get E(B-V)=0.42,
which is very close to the value #.44 estimated by Schmutz &
Smith (19808) independently from the observations of A 2200
feature, Hence using these values of E(b-v), the intrinsic
magnitudes have been obtained.

A distance modulus of 11,6 has been derived for the cluster
by Garrison & Schild (1979) as well as by Levato & Malorada
(1980), This value is used to get the absolute magnitudes of the
WR members and are given in Table 5.2

The Table includes the results from other sources as well,
All the estimates have been corfected fdr a distance modulus of

11.6 mag. for uniformity. The notes thak‘fallow the Table show
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Figure 5.3 Comparison of colour excesses.

E(B-VY)

Table 5.2
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that for most of the estimates no corrections have been applied
for the emission line contributions, The eleventh column gives
the results from this work. No correction has been applied for
the presence of companion in case of HD 152278, although its
presence has been established.

The monochromatic magnitudes derived from the energy
distributions are tabulated in Table 5.3 for the objects.

5.2 Results
5.2,1 HD 152276

The phases have been calculated from an initial epoch of JD
2,441,160.826 and a period of 8.893d, following Séggewiss
(1274b). Although the photometric results at 5560 A show a small
dip near phase B.4 there is too much of scatter to be attributed
to eclipse effects,

Spectrophotometric results were used to derive the line flux
of the broad features 1like (C III + He II) near A4658, C IV
547@, (C IV A5888 + He I A5876) and also C III 5696, all these

measurements are listed in Table 5,5 and indicated in Figures

5.5.
5.2.2 HD 151932

The photometric data of HD 151932 was searched for any
possible periodicities by the method of least squares
(Raveendren et al.,, 1882) between 1 ahd 1¢ 4. This showed that
there is an indication of a period of about 6 &, but the
amplitude of variation is very small 8,85 mag. However, such a
period determination is not completely free of alias effects and

further continuous monitoring only .can establish this. The
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Table 5.3 Monochromatic magnitudes of HD 151932 and HD 152270.

2446’goo+ Hon?g'i‘éggmsun 152270 auﬁom mn?gtil.x’ggmzsﬂp 152270
4711. 331 0.731 - 4740. 317 0, 710 -
4711. 396 0.73% - 4740, 300 - 0. 819
4711, 475 0.718 - 4740, 330 - 0. 823
4711. 383 - 0.813 4740. 3%6 - 0. 814
4711. 454 - 0. B20 3045, 426 - 0. 831
4711. 480 - 0. 829 8045, 43¢ - 0. 714
4712. 325 0.714 - 8048 443 0. 702 -
4712. 345 0. 727 - S04B. 434 0. 711 -
4712. 475 0. 732 - 8048, 446 0. 705 -
4712. 350 - 0. 822 S8068. 434 - 0. 826
4712, 425 - 0. B29 3048. 461 - 0. 815
4712, 4461 - 0. B4 S048. 474 ‘- 0. 822
4713. 335 0. 708 - 5069, 444 - 0. 821
4713, 366 0.717 - 3049, 444 - 0. 819
4713. 373 - 0 827 BOLY. 480 0. 719 -
A713. A43 - O B1é B04LT. 475 0. Y08 -
473%. 384 o 705 - B070. 424 - 0. 824
4739. 446 0 716 - 8070. 450 - 0. 817
4739 439 0. 725 - BOZ70. 474 - 0. 822
473% 393 - 0. 822 B070. 4534 0. 733 -
4739 419 - 0 815 BO70. 456 0. 72% -
4739, 448 - 0. B1R2 8070. 478 0, 732 -
4740, 308 0.718 - BO71, Gan 0. 724 -
4740. 313 o0 728 - 8071, a5 - 0. 821
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scanner observations were used for estimating the flux values of
N IV 4658, N V 4683, C IV 5888, He II 4860, 5410, 4686, He I
line of A5876 and the blend of 4548, The line of N III could

not be resclved to measure the flux accurately, All the measured

fluxes are listed in Table 5.4,
5.2.3 Interstellar Reddening

For a study of the colour excesses of the various members of
the cluster, previous investigators have pointed out that the
interstellar reddening across the face of the cluster is not
very smooth and therefore a single value of E(B-V) 1is not
applicable for all the members of the cluster (Schild et al,
1971; Garrison & Schild, 1979). This aspect is made clear in
Figure 5,3 which shows the observed (normalized at 5008 A)
ehergy distributions of a few cluster members. Therefore, it
became necessary to derive the colour excesses separately for
the two WR stars (Shylaja & Bappu, 1983). |

The excess of reddening, which was attributed to a possible
late type companion (Bappu, 1973) was explained as a consequence
of anamolous reddening (Seggewiss & Moffat, 1979). Thié is
apparent in Figure 5.3 also, It may bé noticed that HD 151932
and HD 152083, which are located 28' away from the nucleus of
the cluster, have similar distributions and somevwhat different
from the other members of the cluster. Therefore, it may be

inferred that there is some source of excess reddening in this

region,
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5.3 Possibilities of a Companion for HD 151932

The evolutionary calculations of de Loore (1988) for the WR
phase in a binary show that a late type companion is not
possible, Therefore, in the light of the explanation of
anamolous reddening near HD 151932, the possibility of other
type of com?anion may be sought.

The detailed spectroscopic investigation by Seggewiss
(1974a) has clearly shown that ther is no apparent RV variation,
Based on the 6d period derived from the photometry, it was
attempted to fold the absorption line RV measures of (Moffat &
Seggewiss, 1979), which did not yield any meaningful RV curve
for any line. The other emission lines show smooth RV variation
and therefore it is unlikely that the compact companion, if
present, can be detected by such velocity curves.

The existence of a compact companion implies a very high
mass ratio of g > 18, assuming the WN7 tobe~ 20 M_and the

(C]
comapct star to be about 2 M. ., However, in case of CQ Cep,

©

another binary with WN7, the mass derived is about 35 Mo
(Stickland et al., 1984; Leunyg et al,, 1983), Therefore, the
mass ratio in this case can be still higher, To estimate the
approximate amplitude of the RV curve, we may assume g = 1€ and
period 6 4 then the amplitudes will be less than 30 kme™l, Such
sﬁall amplitudes are difficult to detect with medium dispersibn
spectra, »

the presence of the compact companion represents the second

WR phase in the evolution of a binary, which in other cases like

HD 508896, has many other characterstieés like the mebulosity etc.
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Figute 5.6 Variation of flux of HD 152270,
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Figure 5.7 Flux of HD 131932 during 1982-3),
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associated, HD 151932 being a member of the relatively young
cluster does not fit into this scheme,
5.4 Line Emitting Regions in HD 151932

The violet shifted absorptions clearly indicate an expanding
envelope, following the excitation potential versus velocity
relation like other systems (Seggewiss, 1974a). Therefore, it is
implied that higher excitation like N V, N IV & C IV originate
closer to the photosphere, The variations shown by the observed
flux may be interpreted with this c¢riterion. The He I 1lines,
which are formed in the outermost regions of the atmosphere show
large scatter of flux. Their RV curves also show a large scatter
(Seggewiss, 1974a) compared to other lines. Such RV changes were
attributed to changes in the particle densityby Seggewiss &
Moffat (1979). They have shown that small changes in particle
density (the source for this is not known) can lead to large
changes of ion density in the outermost regions where the He I
lines are formed.

The observed photometric variations of period ~ 64, which
represents the asymmetry in the envelope, can alsc be explained
by the variable density hypothesis. Further, the 'intrinsic
variations of WRs are not uncommon, which, in the present study,
might have produced the observed apparent periodic variatipn.
Continuous photometry with simultaneous spectroscopic
measurements only can establish this aspect.

5.5 Possible Atmospheric Eclipses in HD 15227@
This is one of the 4 stars with Wt camponént, with an

established period of about B8,89d, Seggewiss (1974b) obtained
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the RV curves with better resolutions and noticed the central
absorption of the 5696 line of C III. The absorptions lines of
the companion also were easily detectable becavse of the phase
difference of 0.5 reletive to the emission lines at X\ 5696, 5808
and 5471, Therefore it was possible to improve the period to
8.893d. They velocities and the amplitudes of the RV curves show
different values corresponding to different emission 1lines.
Based on the RV curve of the unblended line of C IV A 5471, which
shows the systemic velocity, Seggewiss (1974b) has obtained the
masses of the components. |

The violet displaced absorptions also have been studied by
Seggewiss (1974b); they all follow the behaviour of emission
lines. Higher excitation lines like C IV have smaller velocities
compared to He I lines. However, the relation of the EP versus
velocity is not as strong as in case of WN systems. Further, the
RV amplitudes of He I A5876 and C III X 46580 are nearly same
implying that they both have similar motion in binary system.

The origin of gas streams in this has also been discussed

in detail (Seggewiss, 1974b). Further detailed investigations by
Schmidt & Seggewiss (1976) have\clea;ly shown the effect of
central absorption with phase., This was attributed to a ‘hole’
near the Lagrangian point by Neutsch & Seggewiss (13%77) and
Neutsch et al., (1985) |

The flux measures in Figure 5.6 show a dip at phase 0.4 for
some lines., The zero phase corresponds to the Wc in front and
the‘angle of. inclination is 3% ap determined by the

polarization measures of Luna (1982), Therefore, one may assume
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that at phase 0.4 part of the line emitting region is covered
only for some lines. then this represents the case of an
atmospheric eclipse, since at the corresponding phase there is
no change in the continuum (Figure 5.4). It may also be noticed
that He ITI and I lines do not show this dip.

The effect of the central absorption on the total flux may
not be significant in the resolutions of this equipment.
Further, some lines appear as blends here. The C III A 4650 and
He II A 4686 form one such blend, Similarly He II A5418 and C IV
5471 also form a blend. Smooth géussian profiles may be drawn,
but the total measured area only are indicated in the Figures.
The lines at X 4340 result in a single blend, making it difficult
to resolve the individual contributors,

The dip at phase 0.4 in some cases is broad enough to cover
up to phase 0.5, which corresponds to the O star in the front,
To determine the variation of the contribution of the He II to
the total value of the measured flux, other lines of He II were
examined., Most of them are again blends and are expected to have
central absorptions from the compénion. Figure 5.6 includes one
measure at 24340, where flux appears to be constant relative to
other lines, This, perhaps, implies that it ia free of any
orbital effects., This may also be because, He II lines have
contributions from both the compohents and the variation of the
central absorption leaves the total flui unaltered. Extending
the same argument to A 4686, although even‘highrdispersidn
gpectra (Seggewiss, 1974b) were‘dnahle to resolve the possible

tentral absorption, one may say that the contribution to the
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total flux measurec¢ is constant. Then the variation seen in
Figure 5.6 can be attributed to C III A 4650 itself.
5,6 Line Emitting Regions in HD 152270

The masses derived by Seagewiss (1974b)as 35 M5 for the O
star and 13 M® for the WC star, may be used for estimatimg the
distance of Ly s the inner Lagrangian point, form the Tables of
Plavec & Kratochvil (1964). For a separation of about 66 33, this
will be about 43 Ro from the center of mass. Since the angle of
inclination is about 35o  and since the observed eclipse is
very broad, guantitative derivations are not possible. The Roche
surface calculations probably may not be valid for these stars
with strong winds. The eclipse effects on C III and C IV imply
that they are formed closer to the photosphere than the He II or
He' I lines. Since the line profiles do not reflect the asymmetry
directly as seen in V444 Cyg (Ganesh et al, 1968) and © Mus
(Moffat & Seggewiss, 1979), the extension of the C III and C IV
line emitting material may‘be taken as the inner Roche surface

itself,

From the interoferométric measurements of WC7 binaryy2 vel

(P

78 d), Brown et al. (1978) have derived that the extension
of the C III line emitting region is 5 times larger than the
continuum emitting region, However, the dimensions derived by
them cannot be used directly here because of the difference in
‘the subgroup.

The large velocities associated with'the violet absorptions
of emission lines indicate that the winds in the envelopes are

strong enough to complicate the structure of He II and He I
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lines, which are probably formed inthe outermost parts of the
envelope., Very high dispersion spectra only can reveal this
aspect, since it is known that, even in a well separated hinary

likey2 Vel the line profiles are affected by the presence of the

companion (Ganesh, 1966).
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6. THE LINE EMITTING REGIONS

The earliest study of the atmospheres of the WR stars was by
Beals (1929), as mentioned in Chapter 1. Menzel (1929) supported
the idea of the broad emission lines originating in a simple
expanding shell, Wilson (1942) raised questions on the validity
of this hypothesis based on the non-detection of 'transit time
effect' in a binary like V444 Cyg. Later studies have shown that
this simple picture of expanding shell cannot explain all the
observed spectral feétures of WR atmospheres. Various other
mechanisms are investigated as possible causes for the observed
broad emission features, Munch (19508) showed that electron
scattering could increase the width of the emission 1lines,
considerably. Later theories included effects of varying
velocity fields and density gradients, Chandrasekhar (1934)
showed that an expanding envelope can produce occultation
effects. The variation of emission intensity with latitude has
been discussed by Bappu & Menzel (1954). The problem of
radiative transfer in moving atmospheres has been dealt with, by
Sobolev (1947) and Rottenberg (1952). Howéver, it is difficult
to infer these aspects from observations directly.

Bappu (195la) showed that rotational instability could
explain large widths of emission lines. He also derived that an
excitation gradient in the atmosphere would produce large widths
for the highest excitation lines. Limbér (1964) postulated that
continuous gravitatioﬁal contraction in a post main sequence

stage causes the forced rotational insﬁabilityy which in turn is

131



responsible for the large widths of the emission lines. Recent
studies by Castor & van Blerkom (1973) have taken into account
the electron envelopes associated with the atmospheres,

In the context of CQ Cep, various models have been put
forward to explain the emission line flux behaviour by earlier
investigators. The common envelope model proposed by Bappu can
(1951a) explain the occultation effects; however, the He I lines
are assumed to be originating deeper in the envelope , which
contradicts the velocity versus EP relation, derived from the UV
line profiles (Stickalnd et al., 1984). Sahade proposed a stream
towards the companion from WN to be responsible for enhancemenf
of line flux (cf. Hack & Struve,1197ﬂ). Leung et al. (1983)
explained the behaviour of some lines at phase 0.8 by assuming
that the line emitting material has a maximum velocity towards
the observer at that phase, The latest model by Stickland et al.
(1984) takes into account the difficulties encountered in
fitting a simple model, and provides a hot zone between the two
stars and an enhanced outflow.

6.1 Roche Surface

The only emission line which shows eclipse effects is that
of N V at X 4683, If this may be used for estimating the line
‘aﬁxting region , the size will be almost equal to the inner
Roche surface calculated from the Tables of Plavec & Kratochvil
(1964, see Figure 6.1). The use of these Tables needs many
assumptions to be made about the components, Considering the
large wind velocities‘of the WN.componenﬁfand the large

‘extension of the atmosphere, thig picture of Roche surface will
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Figure 6.1 (a) Classical Roche surfeces for CG Cep.

(b} Classical Roche surfaces for V444 cyg.
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probably have to be revised. Schuerman (1972) introduced these
effects into calculations of Roche surfaces and effectively used
them in case of massive X-ray binaries. Zorec & Niemela (1980)
considered the radiation pressure from both the components and
applied it to the case of V444 Cyg (cf. Sahade & Wood, 1978).
-Vanbeveran considered X-ray heating, deviations from synchrotron
rotation and a different rate of synchronization for the two
components(1977). From all these studies, it is clear that the
classical Roche surface calculations are not applicable here.
The Roche surface will extend towards the companion with lower
radiation pressure, making the distribution highly asymmetric
and distorting the spherical shape of both the components into
ellipsoids.

A sample Roche surface can be chosen for determining
asymmetries, from Vanbeveran (1977), reproduced in Figure 6.2,
Only hemispheres are considered for determining the ratios of
line emitting material at four phases, because it is established
that generally the helium lines (considered in this work) are
optically thick (Smith, 1973). These rétios at phases 6.0, 9,25,
8.5 and 8,75 are 9:6.,3:7,6:6.3 fespectively. Thus at phase 0.0,
the phase can be the highest, although the companion occults a
small portion of the atmosphere. This kind 6f flux distribution
is seen for the 4686 line of He II, For the N IV line at 4@58
and the other He II lines the flux at #.0 and 6.5 are almost
equal., This may imply that their distribution may not be as
asymmetric as that of X 4686, The‘aiffe:en¢e in the optical
thickness of the different linﬁs‘kléo g&éywjé gignificant role
in deciding this.
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Flgure 6.2 Sample Roche surface from Vanbeveran (1977).

V444 Cyg

WN 0

lgure 6.3 Roche surfaces for V444 cyg from Niemela (cf Sshade
& Wood, 1978) taking Intoc account the effect of

wind.
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Kuhi (1968b) suggested a hot zone between the two components
in case of V444 Cyg, since the eclipse effects were seen for all
the emission lines here, The distribution of emitting material,
in such a situation, shows concentration towards the inner
Lagrangian point. This will be recognizable in the line profiles
{(Ganesh et al., 1967; Sahade, 1958) of the He II line A\ 4686,
similar observations have been available for © Mus, (Moffat &
Seggewiss, 1977) for the C III line at A5696. The absence of
such profile variations in CQ Cep, signifies the importance of
the modified Roche surfaces.

The binary nature of HD 50896 is confirmed not only by the
radial velocity (RV) curves but by the moderate eclipse effects
shown by the emission lines of N V, N IV and C IV as well, A
gquantitative derivations of the orbit is not possible because of
the eccentric nature of the orbit and also the scatter observed
in the flux. From the available RV measurements, it appears that
the companion is a compact star. Comparision with other binaries
shows that the atmospheric structures are similar. The He II
lines probably arise from a region distorted by the companion.
The He I lines generally show constant value of flux, indicating
their formation in a region outside the influence of the
companion,

From the small amplitude of the light variation it is not
possible to deduce any information regarding the nature and type
of components. Only the N V line at A 4683 can be used as an
indicator of eclipse effects. Detailed spectroscopic and
gimultaneous spectrophqtometric méa$ugament& can throw some
light on this phenomenon.
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The variation of the total flux _of HD 151932 (Chapter 5) may
be a consequence of variable particle density or a possible
unseen companion, Considering that there is a wvariation in the
continuum, the latter possibility of a companion cannot be
completely eliminated, because a compact companion may show RV
variations < 25 kms'l. However, the other characterstic features
of such WR + compact system are yet to be detected, which, if
established, necessitates a rethinking on the membership of this
star to the cluster.

For the spectroscopic binary HD 152278 (Chapter 5), the
total flux variation show possible atmospheric eclipses of some
higher excitation lines like C III and C 1V, However, the flux
of the He II lines appear to be unaffected by the orbital
motion, which may be a consequence of the variable contribution
from the companion to the flux either as absorption or emission.
Although, the C III line at A 5696 shows a variable profile, the
measured flux shows eclipse effects,

6.2 Inferences from IR and UV studies

The earliest IR méasurements were made by Hackwell et al.
(1974) and Cohen et al. (1975), who showed that the observed IR
excess, in many cases, can be explained by either free free
emission or black body radiation. However, in case of CQ Cep
only a free free fit was possible. Stickland et al. (1984)
obtained the IR light curves of CQ Cep and showed that the
amplitude of the light curve decreases towards the IR region.
Hence the presence of a'third source' could be recognized, The
asymmetry in the distribution of the third eduree is similar to

that of other emission lines.
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The flux of different emission lines in the UV also have
been meausred by Stickland et al. (1984). The behaviour is
similar to the variation seen in the present study in the
optical region. Thus, the emissions lines both in the optical
and UV region show enhancements of flux at phases 0.0 and 0.5.
Stickland et al. (1984) have also measured oﬂe unidentified line
in the UV region whose behaviour is similar to that of N V at
46803 in the optical, showing moderate eclipse effects. The
equivalent widths of some absorptions also have been measured
and they appear to have larger values at guadratures.

Ganesh et al. (1967) pointed out that the absorptions from O
type star look widened at the primary eclipse, which is probably
because they are seen through the electron envelope, Such an
effect is difficult to see in systems like CQ Cep, because the
absorptions from the companion are not at all detectable.
Further, the IR excess measurements (Hackwell et al., 1974) have
shown that both the free free or blackbody fit very well.

6.3 Comparision with other eclipsing systems

There are only four eclipsing systems according to the
catalog of van der Hucht et al. (198l) and all the four have WN
companions. They are CQ Cep, CX Cep, V444 Cyg and HD 211853,

For CX Cep the components are WN5 and 08 and the orbital
period is about 2.1 d. This system has not been studied in great
detail ‘because of the faintness (m ~ 12). The eclipses are
shallow, because the angle of inclination of the orbital plane
is not favourable for sharp eclipses. The estimated mass range

is 5 to 12'151® for the WN component’ (Massey & Conti, 19868c),
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V444 Cyg is the only binary with more detailed studies on
line profiles and RV measurements. Here the O component is
larger and more massive. Kuhi (1968b) studied the secondary
eclipses using the passage of the O type star as an occulting
disc in front of the WN atmosphere. He mentions about the highly
individualistic behaviour of these emission lines.

The line profiles indicate the concentration of line (Ganesh
et al., 1967) emitting material towards the inner Lagrangian
point. Following the stratification seen in CQ Cep (Chapter 3),
the secondary eclipse observations of V444 Cyg by Kuhi (1968b)
may be interpreted. N V lines, being formed closer to the
photosphere should show deepest eclipses. However, this is only
partly true because the deepest eclipse is that of N IV at 7112
and the N V line is only next to it; then follow the other N IV
lines.

The other peculiarity is that the eclipses do not occur at
.5 but slightly earlier than that. This can be partly explained
by considering the Roche surface calculations of Niemela, which
is reproduced in Figure 6.3. At phase 0.5, when the O star is in
front, the line emitting region is still wvisible, but for a
small portion getting occulted, where as a larger portion will
be occulted just before or after the phase #,5, depending on the
orbital inclination.

The separation of the components is 48 Ry « from the light
curve analysis (Kuhi, 1968b). Further, all the line emitting
material will be within the Roche lobe and of the order. of the

size of the secondary (10 Ry) S0 that the solipse effects are
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seen, Since no information is available on the He I lines it is not
possible to deduce anything on their line emitting region.

Thus, it appears that there is a difference in the sizes of
the atmospheres of CQ Cep and V444 Cyg. For CQ Cep all the
emission zones had to be larger than 10 Ry wvhere as for V444 Cyg
they had to be smaller than 10 Rg » Obsérving the difference
between the subgroups WN5 and WN7 in masses, abundances,
absolute magnitudes and ionization structures (Moffat &
Seggewiss, 1988) this change in the size of the atmosphere is
understandable,

The fourth eclipsing binary is HD 211853, which shows
irregular variations of light. Earlier investigators classified
this into an eclipsing system of period 6.7 d. Ganesh & Bappu
(1967) derived the RV curves for N IV line at X 4058 and He 1II
line at )1 4686, However, the absorption measurements resulted in
a scatter. Recently Massey (1981) studied this system in greater
detail and arrived at an important conclusion: this is a
quadruple system - pair A consists of WN6 and O and has a period
of 6,7 d; pair B has both 0O type stars and a period of 3.5 d,
Based on this the estimated mass of the WN component is derived
as 10 to 28 M,. From the liné profiles, it appears that this
also shows enhancement of flux at minima; however, the
complications arise because it is a quadruple system,

The well studied binary V444 Cyg hag an orbital period close
to that of HD 50896. Direct comparision between the two is not
possible because of the difference in the type of éompanion. The

influence of the small companion is detectable only as a
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distortion in the atmosphere where the higher excitation lines
originate, Other lines show scatter,.

There are some similarities between the two systems, None of
the RV curves give identical solutions in either case. Both show
variation of polarization with phase, which implies a dense
electron envelope.

The wind dominant Roche surface can explain the flux
variation , to some extent, for CQ Cep and V444 Cyg., In case of
H» 50896 there is a complication introduced by the eccentricity
of the orbit. The value of e = 0,34 is based on the RV measures
of N IV 3483 and He II 24686, while N V gives a still smaller
value of e,

6.4 Peculiarities of some emission lines

From a study of WNL systems, it has been shown that the
motion of the WN component in binaries is best represented by
the N IV line at XA4058 (Moffat & Seggewiss, 1979). This
assumption has been extended to all binaries, so that the
differences in the behaviour of some emigsion lines can be
understood, as a consequence of the differences in the dynamics
of the line emitting regions,

Although hydrogen deffeciency is an established phenomenon
in WR stars (Sahade, 1988), in some binaries the Balmer lines of
hydrogen in absorption have been detected., Therefore, it is
difficult to estimate the contribution of the companion to some
lines like those at A X 4100, 4348, 486ﬂ and 6562. Therefore,
although these lines can be considered as due to He II, their

behaviour appears to be different relative to other lines.
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6.4.1 Total Flux Variations

The flux of the two systems CQ Cep and HD 50896 are shown in
Figures 3.5, 4.6 & 4.7 for the lines ) 4958 and 4686. It may be
seen that the flux of 14686 shows an increase at orbital phase
6.8 and 0.5, corresponding to the eclipse and transit of the
components. In case of CQ Cep, not only the N IV 4858 line, but
all the other He II lines also showed a similar behaviour, which
were attributed to the complicated structure of the atmosphere,
arising as a consequence of the proximity of the companion., In
case of HD 5¢896, the N IV line at A 4058 andlinesof He II except
4686 show a scatter of flux, Similar flux measures of other
binaries are not yet available., However, the line profiles of HD
186943 (Ganesh & Bappu, 1967) show a large difference in the
profiles from conjunctions to quadratures, from which it may be
inferred that there is an increase in flux at ecllipse and
transit.

In case of V444 Cyg (Ruhi, 1968b) all the emission lines
show eclipse effects. Again, the eclipse depth of XA 4686 is
markedly different from those of other lines. This may imply
that at phases corresponding to the eclipse and transit, the
total flux increases relative to other lines, so that the net
effect is to reduce the eclipse depth. There are some other
systems, which also indicate increase of flux indirectly. In
case of HD 90657 (P = 8.26 d), a dip in the light curve at A 4680
is observed (Niemela & Moffat, 1982) at phase 0.1, which is
attributed to the asymmetric line emitting region, However, the

light curve can be interpreted as showing an increase in flux at
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phase 8.5, corresponding to the WN4 component penind the

companion,

The line profile studies of V444 Cyg have shown the multiple
component structure of the X\ 4686 line, attributed to the
concentration of the material between the two stars. A similar
possibility exists for HD 98657, for explaining the dip near
phase 0.1, when the contribution from the region between the two
stars is minimum. In case ofAHD 5986 (P = 19.27 d), Breysacher
et al. (1982) have explained the profilé by a larger amount of
material towards the hemisphere facing the O star.

6.4.2 Radial Velocities
The RV curves from various sources are reproduced in Figures

6.4 a & b, The sources are indicated in the Table 6.1. The

following points are immedietely apparent -

1, Considering that the N IV line of ) 4058 represents the true
motion of the WN component, there is a red shift of iny the
velocity of the center of mass in all cases.

2, The amplitudes of the RV curves K(4686) and K(4058) vary from
gystem to sysﬁem. The variation of the difference is shown
in Figure 6.5 [AK = K(4058) - K(4686)]. For CQ Cep, AR is
largest and positive, while it reaches zero for systems with
orbital period near 4 d, For still longet orbital periods,
it appears that AK will remain zero or take negative values.

3. The solutions derlved from the X 4686 RV curve generally glve
eccentric orbit, while the solutions from other lines may be

circular,
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Table 6.1

*Binsries chosen for study of

the behaviour of X\ &é6B6

line.

A&ED6 "A4058

amp cm  amp cem
Nams / HD P(d) Sptype k ¥ K ' Ret.
Ca Cep 1 73 WN 7.07 134 185 287 .83 Stickiond et al 1984

148 N M -§1 Bappu B Yiswandham 1977

165 137 8% -75 Hiltner 1944

285 .85 Niemela 1980

L)) 77 310 -60 Leungetal 1583
HD S085% 3.7% WNS (SB) 25 147 Firmani et af 1980
YissCyg 421 WNS.06 283 16 303 -42 Ganesh et ai 1967
HD197406 432 WN7(S8) $7 4% 82 .126 Braocher 1979
HD INBe4 834 WNGE.05 »no -w 297 -89 Niemelo et ol 1980
HD 30857 8.26 WH4.OB 246 20 221 .33 . Niemelo & Moffat 1982
HD e8I 56 WH4.09 46 239 Mossey 1901

212 W7 W87 70 Gonesh & Bappu 1967
HD183928  20.64 WNE(SB) 147 60 135" -64" Gonesh & Bappu 1967

Al velocities in kms™’

Figure 6.5

K(4058) - K (4888) kmn s~}

- &

The varistion of

the difference

04 086 08 10 12
Log(P)days
A K,

# Approximote

in amplitude

of RY curves of XA 4686 and A&058 with the orbital
- perlod. The cross corresponds to HD 228766-
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In the context of the short period binary CX Cep(P = 2.1 4),
the amplitude differences of the two RV curves have been
discussed (Massey & Conti, 1981) and they have assumed that the
two are equal, However, their RV curve excludes the possibility
of K(4058) < K(4686), while there is a suggestion that K(4058)
may be greater than K(4686). From Figure 6.5, it may be inferred
that the value of AR may be aboﬁt + 6(7.ll'<ms'l « This can be
established by only a better RV curve for A 4058, The cross in
the Figure corresponds to that of HD 228766 (P =16.74 4), which
does not agree with the smooth curve, waever, the available RV
curve does not correspond to A 4658 only (Massey & Conti, 1977),
because the 'narrow emission' correspoﬁds to an average of the
velocities of N III, N IV and Si IV lines. Similarly for another
binary HD 311884 (Niemela et al., 1988), the RV curve of ) 4686
cannot be separated from the mean of all He II lines. In case of
HD 97950 (P = 3,77d), the mean of 14686 and 4@58 only is
available (Moffat & Niemela, 1984), Other systems have only one
of the two RV measurements available (egq. ﬁD 5984, Breysacher et
al,, 1982; HD 86161, Moffat & Seggewiss, 1982) and therefore
these systems are not included in the discussion, |
6.4.3 Effects of Companion

In general, the established companions in many binaries are
of spectral type O. Therefore, it is possible that there is an
absorption component superposed on the emission profile. Any
such abgorption component, ifvpresent, will move in the opposite
direction to indicate the movement of the companion. Attempts

made to search for this, revealed that such absorptions are not
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clearly noticeable., The profiles of ) 4868, for V444 Cyg, show
this type of absorption but A4686 line ﬁrofiles donot. (Ganesh &
Bappu, 1967). However, one may interpret the double hump profile
as being caused by an absorption rather than two emissions. In
case of HD 193928 (P = 21.64 d), there is an indication of
Gouble hump structure but not very well separated.

If one postulates a companion of type 0Of, the contribution
to the emission itself becomes considerable, This has been
Giscussed in case of HD 5986 (Breysacher et al,, 1982), where
three contributors to the emissions are considered.

1. the WN cdmponent

2. the companion and

3. the region between the two stars.

By means of such a multicomponent profile, they are able to
analyze the variation of the half-intensity widths of the line.
At phase #.8 and 8.5, probably the contribution (3) is not very
significant, causing a decrease in the half-intensity widths.

The observational evidence, thus, clearly indicates that
there are additional contributors to) 4686 relative to A4@58.0One
may consider the other possibilities such as the differences in
optical depths and the asymmetric distribution of emitting
material.

In case of binaries with Of companions, therefore, it is
possible to have significant contribution fromall the above
mentioned three parameters. In medium dispersion spectra,
however, the line prof.iles get smoothened resulting in ‘an error

in fizing the center of the profile, This can cause a net

reduction in the amplitude of the RV curve.
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In case of binaries, with compact companions, although the
contributions from the companion is not very significant, the
accretion disk can contribute. However, not many samples are
available for verifying this aspect. HD 197406 (P = 4,17 4) fits
in to Figure 6.5 very well, but the contribution from the disk
cannot be distinguished in the profile. In case of HD 58896, the
4958 line profile is complicated and therefore a comparision is
not possible,

The red shift of the+y value is a general feature. in all
binaries This aspect has been discussed by many previous
investigators (Sahade, 1958; Ganesh & Bappu, 1967). .The effects
of electron scattering in an expanding envelope was investigated
by Auer & van Blerkom (1972), who showed that the velocity field
preferentially scatters the photons to the red. Thus electron
scattering is mainly responsible for the red wing of the He II
line profile asymmetry and this has been confirmed by Hillier
(1984) by both observations and theoretical deductions in case
of HD 508%6. Thus, this effect adds to the asymmetry making it
difficult to fix the line center and hence adding to the‘errors
in the RV measurements,

The above discussed effects of the companion and the
electron scattering are probably common to all WR systems.
Therefore the reduction of AK, the amplitude difference, with
the orbital period cannot be explained by these two factors
only.

I£ 1s known that classical Roche surfaces are not applicable

to the WR systems, which have asymmetric line emitting\régions.

148



Further, it 1is also known that ) 4686 has the largest optical
depth amongst all He II lines (Hillier, 1983) and therefore we
are seeing the emission from the outermost parts of the line
emitting region. Thus the flux variations of X 4686 reflect the
asymmetries in the line emitting regions directly. However, the
exact distribution of the line emitting material in such a
surface will be decided by the density distribution, the
velocity law and also the temperature gradient. A qualitative
analysis of the asymmetry can lead to the déduction that short
period systems show more complicated line profiles and larger
flux variations. As the companion goes farther and farther,
(i.e. period longer and longer) this effect reduces.

Therefore, long period systems may not show increase of flux
at phases corresponding to eclipse and the amplitude reduction
of A 4686 RV cur&e.It may also be seen in Figure 6.5 that not
many samples are available for longer period range. It is
possible that the amplitudes donot differ greately in this
range, |

The effect of the O or Of companion on other emission lines
may be also considered. The line of N III at 24640 is a possible
contributor. However, because there are three unresolved
components , the additional contributor cannot be resolved.
However, in case of CQ Cep the behaviour of this line was
different from other lines, |

Therefore it appears that the contribution from the
companion either as emission or absorption to the line profilé

is partly responsible for the observed difference in the
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behaviour relative to X 4658, The large optical depth and the
asymmetric distribution in the atmosphere also can cause the
observed variation., Since the proximity of the companion is
responsible for the distortion of line emitting regions and
therefore the line profiles, the inequality K(4686) < K(4058)
may be valid for very short period binaries only. Thus there is
an emphasis on the study of the other short period systems like
CX Cep and HD 97950 more thoroughly for both RV and flux
variations.,

The peculiarity of the central absorption in the 1line
profile of C III X 5696 is a unique feature, not seen in any
other line, The cone model of Neutsch & Schmidt (1985) which
explains this satisfactorily, can be extended to other systems
too, However, not many samples are availble for this., The other
binary with WC7 component 6 Mus (P = 18 d) als§ has a peculiar
feature about the C TIII 15696 line; however, this has been
explained in terms of the concentration of emitting material
towards the inner Lagrangian point (Moffat & Seggewiss, 1977).
As an effect of the extension of this cohe model, one may expect
to see such 'hole' effects in the lines which are formed in the
outer regioﬁs of the atmosphere. This is a difficult task
because the He II and He I lines are complicated by the
contribution from the companion., In case of shorter period
binaries the effect may become noticeable for other higher
excitation lines as well. Therefore, a study of the absorptions
in line profile‘s of other binaries can throw some light on

whether only the 15696 line is a special case or, other lines
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also show this behaviour, It is possible that this line is

emitted in an extended region similar to the 14686 line in WN
binaries, in which case all the four binaries may be expected to
share special behaviour of this line.

6.5 Sporadic Events

It may be mentioned that there are many reports of sporadic
brightenings of many emission lines. A change in the strength of
the 14686 line wil%not result in a corresponding change of 4860
line in many cases. The cause of this may be the effect of
absorption line or the small difference in the upper level of
excitation or the optical depths or the differences in the sizes
of the line emitting regions,

A brightening of the order of §.93 mag was noted by Hiltner
(1958) for CQ Cep. Later Rartasheva (1976) reported variations
up to about ©,1 mag in 1# months., Both these observations were
for the continuum only. However, in 195#'Hiltner also noticed a
sudden change in the strength of He II at A4686. It is possible
that we have é similar situation in our observations in 1982,
?he sudden increase in flux at phase~ 0.9 corresponds to the
observations made only in one season. Hence if this corresponds
to a sporadic brightening of the A 4686 ‘line, its behaviour
otherwise is‘similar to the other He II lines. It may be also
noted that the corresponding observations of other lines do not

show any increase,
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The behaviour of the He I lines also has been changing for
CQ Cep at some epochs, as has already been discussed (Chapter
3). The line at X 4471 & split into two components in Hiltner's
plates taken in 1943, Bappu's collection of the plates of 1952
showed similar line splitting. In 1978, Leung et al. (1983) also
noticed such double peaks for the A3888 line, Therefore, it is
likely that some transient phenomenon like the enhancement of
mass loss (Stickland et al,, 1984) may be responsible for such
line splitting. High dispersion spectra can reveal these aspects
and the possible effect due to the companion,

In case of HD 50896, there is an evidence of the brightening
of the He II line at A 4860. On JD 2,446,048 this enhancement of
flux is noticeable for only this line and not for A 4686.This is
represented by different symbol in the Figure 4.6 and 4.7.

6.6 Evolution

Smith (1973) suggested that all population I WR stars have
18 Mgand therefore, they all‘evolved from more massive stars.
Recently; Massey (1981) has shown that the mean value of the WR
mass is 20 MO' Since hydrogen deficiency is a ggneral feature
cf all WR stars (Sahade, 1981), it was also postulatéd that the
outer hydrogen material is being lost., The evolutionary scheme
of de Loore (19808) invokes two stages of WR phase in a ginary.
The first phase corresponds to the more widely known (WR + OB)
phase: the second is (WR + compact star) phase,‘through a super
nova explosion. In such a binary, it is possible that the mass

from the WR gets accreted onto the companion, making it more

massive and feadily detectable (Paczynski, 1967). HOwever, the
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winds are so fast that the accretion may be negligible, When the
companion is not detectable, the material is lost to the
surroundings which may appear like a nebula. Therefore Wendker
et al. (1975) attributed the presence of the nebula in NGC 6888
to the material ejected from HD 192163, which was considered to
be single, Recently this object also has been discussed for
possible binarity (cf. van der Hucht et al,, 1981: Vreux, 1985).

The observations reported in Chapters 4 and 5 present many
interesting features about the companion. For HD 151932, it may
be seen that the variation in the total flux is very little,
unlike the continuum; while in HD 50896, the variation of flux
is more compared to the continuum. This can be a consequénce of
the asymmetric distribution of the line emitting material. If
the cone model (Neutsch & Seggewiss, 1985) for HD 152270, can be
extended to WN7 systems, the change in the line profile will
become noticeable for different ionization levels depending on
the period, This also leads to an apparent variation of flux for
some lines only., At the séme time, it should be remembered that
the extension of the WN7 systems is larger compared to any‘other
subgroup. Therefore the absence of flux variation in HD 151932
for higher or lower excitation lines may indicate an undisturbed
atmosphere. This, again, does not eliminate the possib;lities of
a companion completely embedded in the atmosphere, or a longer
orbital period system,

In case of HD 50896, the binaxry nature is arrived at through

the‘RV‘vaxiations and‘flux‘vargationSf,althaﬁgh‘jhtrinsigglgy

varying single WR stars are known., The pressige of a compact
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companion puts this to the second WR phase in the scenerio
proposed by de Loore (1980). Another characterstic feature which
would facilitate the confirmation of this aspect is the space
velocity. It is generally believed that the binary pulsars with
high space velocities are results of supernova explosions in a
binary with unidentical components. It is also derived that
depending on the mass lost, the circular orbit changes to one
with high eccentricity, without getting completely disrupted and
thus a close binary may get separated out (van den Heuvel, 1976;
Shylaja & Kochhar, 1983). The large distance of HD 56896 from
the galactic plane and the non circular orbit also favour.tMS
idea. The association with the ring nebula S308 (Chu et al.,
1982) puts its origin to the WN itself (Kwitter, 1984), since
the [N(II)] 1lines from the nebula probably indicate nitrogen
enrichment, Recently a large interstellar structure has been
detected in the line of sight of HD 5@896 (Heckathorn & Fesen,
1984).

The question of compact companion has led to many new type
of observations, Many  features like the high space velocity,
associated nebula, rapid light variations and the RV variations
are likely to be helpful in the detection of such compact
companions, since it has been’shown that pulsations also can
cause light variations of short periods (Vreux et al., 1985).
Many candid.ates like HD 192163, are being.reobserVed in this
context. |

The systém-of HD 76536, which is suspected to be having a

compact companion (Brémagelet‘al., 1982)‘was‘obaervedf to find
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evidence of flux and magnitude variations. Figure 6.6 shows the
flux of (C III + He ITI 4686) and the monochromatic magnitude at
5660 A. As can be seen, the scatter of the data prevents any
conclusion to be drawn. The variation in magnitude resembles the
variations of cataclysmic variables., However, because of the
faintness of the star, variations of other emission line flux
could not be derived. Further detailed observations may reveal
the characterstic features mentioned above. The flux variation
may mean only the asymmetric distribution of the emitting
material and notnecessarily the companion.

Although twenty binaries with WR components are known, it
has not been possible to establish any correlation between the
binary nature and the evolution associated with it. Generally,
it is observed that WC have smaller mass compared to WN, which
probably implies the former evolving from the latter. However,
it remains uncertain as to how the different sﬁbgroups evolve..
The type of atmospheric structure seems to be similar in all
these cases and thetefore, the relation between subtype, mass
and ionization cannot be established, Further, it bas not been
possible to understand whether the single WRs evolve in a
significantly different way éompared to their counterparts in
binaries (Conti et al., 1983) based on their different chemical
compositions. As remarked earlier, perhaps the Roche lqbé
overflow is not able to alter the mass loss rates significantly.

There are many massive semidetached binéries, eg. UW CMa,
with 08 components, which are considered as probable progenitors

of WR binaries, The mass loss rates, period and the masses of
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the companions indicate that they are in the contact phase of
evolution (Parthasarathy, 1978).

Thus a study of these systems provides indirect eQidence on
the stratification of the line emitting regions prevalent in
these atmospheres. The distortions in these atmospheres are
reflected as flux variations, which depict the nature of orbital
parameters and the companion, Similar detailed investigations to
include the H and He I lines may throw light on the complete
structure of the atmospheres. The chemical compositions are
considered normal (Underhill, 198d) and hydrogen deficiency is
treated as an apparent effect of their origin deep in the
atmosphere closer to the photosphere (Sahade, 1988). These
‘aspects can be understood in a better way by the study of such
binary systems since 'the variable phencmenon discloses more of

its nature than a steady one',
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SUMMARY AND FUTURE PROSPECTS

The aim of this study was to understand the effect of the
companion on the extended atmosphere of the Wolf-Rayet stars and
to examine the stratification prevalent in them., The technique
of spectrophotometry has been utilized for deriving not only the
absolute flux but the monochromatic magnitudes as well. Such a
detailed examination of the behaviour of the flux and magnitudes
have yielded as a by - product,the study of theseasonal variation of
the atmospheric extinction at the Observatory and the effect of
the minor constituents in the atmosphere on the transparency.
The monochromatic light variations in the systems studied here,
reveal different characterstics of the respective companions. In
the first system under study, CQ Cep (P = 1.64d), only one line
namely N V Mé603, shows eclipse effects, based on which,
qualitative deductions of the atmospheric stratification was
done. The other lines clearly demonstrate the effect of the
asymmetric distribution of the line emitting source, The second
system HD 50896, with a compact companion, shows emission flux.
variation, which again reflect the asymmetric distribution.
Photometric measurements indicate possibilities of mass transfer
and accretion, |

The detection of atmospheric eclipses for the higher
excitation lines in case of the spectroscopic binary HD 152274,
also .indicate the posssibility of stratification prevalent in
the atmosphere. Such eclipses are‘hot detectable 4in He II and
He I lines. The scatter in the measured flux over the orbital

period for these lines may be interpreted as due to either

158



unfavourable angle of inclination or non-participation in the
orbit. The apparently single star, HD 151932, shows irreqular
variation of flux, while the emission free continuunmn
measurements display a periodicity of about 6d. Although the
possibility of a companion cannot be completely eliminated, the
confirmation also is not possible from these technigues only.
The distortion of the line emitting region due to the
presence of the companion 1is evident in all these cases. The
maximum distortion is seen in case of the shortest period system
CQ Cep, where almost none of the emission lines displays effect
of eclipses., Their behaviour of increase of flux at phases
corresponding to eclipses can be partly explained by the wind
dominant Roche surfaces, Similar variations in HD 50896 with a
compact companion reflect the stratification (i.e. N V, N IV and
C IV originating closer to the photosphere) and hence the
moderate eclipse effects are seen, The He II and He I lines,
which arise in the outer regions show a scatter of flux,
implying the distortion of their line emitting regions. The
stratification is almost similar in case of the WC component of
HD 152270, since only the C III and C IV lines show possibility
of eclipse effect, whereas the He II lines show an‘irregular
variation. Similar variations of flux are not apparent in case
of HD 151932, whose binary hature is yet to be established. A
comparision of all these inferences with some indirect evidences
in case of‘other binaries bring out the following points -
1. Wind dominant Roche surfaces play an important role in the

distribution of line emitting material.
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2. These effects are probably true for the lines in the UV and
IR regions as well,

3. All the four eclipsing binaries show indirect evidences of
similar stratification although the extension of the
atmosphere appears to be more in case of WN7 subgroup.

4. Some of the emission lines like) 4686 of He II in WN and
C III A 5696 behave in a different way compared to other
members of the same group. This may be because of the
differences in the line emitting regions, or the
contribution from the companion in emission or absorption,
or optical depth differences,

Sporadic brightening of continuum as well as selected emission

lines and sudden changes in the line profiles appear to be

present in almost all systems.

It has been deduced theoretically that there are two WR
phases in the evolution of a close massive binary, the first one
is the more common (WR + O) phase. The detection of a compact
companion puts any WR system to the more evolved, second WR
phase, However, the stratification in the atmosphere does not
seem to have changed significantly during this evolution. Thus,
in spite of the differences in evolution, mass,‘effeCtive
temperatures and chemical abundances, the ptratification of
atmosphere appears to be similar, in the various subgroups.
FUTURE PROSPECTS

Thus. the study of Wolf~Rayet binaries in a few selected
regions clearly shows the‘ effe‘ct of the companion on the

extended atmosphere. As such, it emphasizes ,the‘ need of the
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individual attention to selected spectral lines. Thus, the
technique of spectrophotometry used here may be well utilized to
study of atmospheric eclipses, even in case of spectroscopic
binaries, especially when combined with simultaneous high
dispersion studies., This is also expected to be helpful in
understanding the long term variation of the orbital parameters.

The main limitations of the technique are the poor spectral
and time resolution, especially for faint, short period systems,
However, the detector sensitivity can be improved by better
substitutes., This technique itself is not self-sufficient in
some aspects of study - for eg. in case of HD 50896 or HD 151932
the existence of a compact companion cannot be established by
only the spectrophotometric measures of flux and monochromatic
magnitudes.

There are many massive binaries, whose understanding may be
improved by supplementing spectrophotometric data on their
atmospheric structure (eg UW CMa).’Many other systems with
suspected compact companions also need to be monitored.

There is a possibility of extension of this technigque to a
few other ﬁypes of binaries as well, For example, the RS CVn
systems have late type components and the complications of their
chromospheric activities may be better understood by mainly such
studies. On the other hand, the cataclysmic binariés‘are
generally believed to be sources of contlnuous mass accretion
from a late type star onto a white dwarf companion. However,
their faintness and short orbital perigd‘necessitate larger

télescopes along with more sophisticated, eﬁfecjﬁe‘nt‘de_;técwm
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like the Reticon and the CCD. At the same time, it is important
to have the UV observations of these binaries to understand the
fineness of the line profile variations. The IR studies also are
essential to study some aspects like the dust shell evolution of
the novae, which form one important subgroup amongst cataclysmic
variables. Finally, it is necessary to have good theoretical
models, because only then it would be possible to explain the

ultimate evolutionary aspects of these binaries,
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