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Abstract

Radlal velocltles and lino profiles are studied of the thres Wolf-Rayot bitarles HD 193928
HD [8694) and HD 211853,

HD 193928: A now orbll hns beon determined from radlal veloelty measuros of T1o]I 4686.
The orbital olemonts aro as follows: y axls == J~ 60 kinfeoe, K = 147 km/so¢, 0 =2 (.12, & = 51°,
im) = 4.62 solor mnsses. Tho NTV 4058 velooltles can bo representod by tho Hell 4686 wvelocity
emrvo displaced in phase by 0. 1P, A dlsplacomont of 185 kmysos  In tho gamma-gxis suflices to
fit the 4686 A curve onio the NV 4603 volocltles, Line proflio varlatlons with phase of the
emirslon lines are describod.  This aystom is llkoly to have an orblinl inclination that will enables
the detection of cclipses.

HD 186943: A revisod period of 9,5594 days Is (lerlvod for this ;J:tum. Orbltnl ofements
are derlved using voloclty curves Toll 4686, NV 4603 ond NIV 4038, Tho orbital elemonts
derived from Holl 4686 nro ns follows:

v axis == -|- 107 km/fsec, K — 212 kmlsoc, o= 0.04,
0 — 151°, ¢ (NIV 4058) — | 70 km/soo, v (NV 4603) — - 30 km/ssc.

TID 211853: Proliminary clemonts aro dorived rom velocily curvos of Hell 4686, NV 4603

and NIV 4058. Theso ore us {ollows: « %Ho[l 4 |- 13 8OO, Y SNV 4603;;6 - 35.0
kajseo, - Sbalslv 4058) - —120 km/scc, e ([TeI[ 4686) = 0,12, K {Holl 4680) = km/sec,
flm) {HeTl 4686) — 7.25,

The observatlon aro disoussed In torms of gome of the current ideas on the naturo of tho
Woll-Rayol pheinomonon.

HD 193928

This faint Wolf-Rayet star has a spectrael type on the Beals classification
between WNS5 and WN6. It is categorized by Hiltner (1966) as WNG-B on his
new classification scheme. The emission lines are broad and quite intense and
hence are casier o measuro than in any other Wolf-Rayet blnagﬂof the WN
sequence, The only cxisling orbit of the star is that derived b tner (1945)
in which he has used radial velocily measures of Hell 4686 and NV 4603, Hiltner
has pointed out that NIV 4058 expcriences severc changes in line proflle and cn
numerous occasions displaced absorptions of Hel 3888 and Hel 4471 can be
seen.
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Qur determination of the orbil of the star rests on eighleen spectrograms
obtained at Mount Wilson with the single prism spectrograph on the 60 inch

reflector. The spectra have a dispersion of A/mm in the region of 4300A.

We have measured the emission lines 4686A, 4603A and 4058A for a study
of the radinl veloclty changes. Because of the faintness of the star, the spectra
could not be over-:ﬁosed to show up the absorption lines conspicuously. The
spectra were primarily obtained for the purpose of spectrophotometry of the
emission lines. In Table 1 we present our radial velocl!:ly measures for this star.
Phases have been calculated with phase zero as JD 2434179,77 and Hiltner’s value

of the period of 21.64 days. The orbital clements derived from the 4686A
velocity curve using Sterne's method are,

TABIE 1
The velocity measures of HD 193928

1D, of Velocities in km/sec.

Plate observation Phase — A 1

4058 46030  4696e
32598 .. 2434144.97 0.60 —138.5 +62.5 +221.4
32601a C 145.95 0.56 —173.1 —53.5 + 98.1
32601b . 145.98 0.56 —186.2 —92.4 +132.2
32605 L 146.90 0.51 —147.1 -98.7 +.91.3
32632 A 170.92 0.40 —270.0 —195.3 — 4.6
32635 N 171.88 0.36 —~265.8 —288.0 — 97.0
312643 . 173.95 0.26 —261,0 o — 61.2
32655 S 175.97 0.17 —265.5 —228.7 — 53.0
32660 C 176.83 0.13 ~205.7 —-307.6 — 80.0
32668 A 177.93 0.08 ~132.5 —172.4 — 19,2
32684 . 194,94 0.29 —265,7 —266.1 — 90.5
32688 .. 19591 0.25 .. —276.0 — 47.0
32724 o 200.98 0.00 — 80.0 — 264,14- 37.2
32728 .. 201.91 0.97 ~ 29.0 —222.5 + 23.6
32732 . 202.96 0.92 — 29.4 —119.4 + 70.8
32747 L 224.73 0.92 .. — 83.9 + 27.2
32754 o 225.85 0.87 .~ 397 — 67.5 + 76.5

32762 . . 227.93 0.77 — 28.2 +61.6 +187.4
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vy = +60 + 8 km/seo
K = 147 £ 9 km/sec
e = 0.12 3 0.05

w = 51° & 20°
f(m) = 4.62 solar masscs.

The v -axis of the 4686A velocity curve hes a value of 60 km/sec, in exact agreement
with the value derived by Hiltner. However, the value of K differs by about 17
kmfsec. No orbil analysis has been carried out with the velocity measures off

4058 A. We show in Figure 1, tho velocily curvo of 4686 A in the upper hall
of the diagram. In the lower hall of the diagram the solid curve is 1.]1(1: Iﬁ]eore-

tical curve of 4686 A, the filled circles aro the observed velocities of 4058 A, and
the dashed curve is thc 4686 A curve displaced by 0. IP Lo have a good fit with the

4058 X velocitios.

HD 193928
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Flyurs | —Veloclty curve of HD 193928, The top hall of the dingram glvos the Holl 4686 cuve, Tn
tha lowor half the solid clrcles ars (he ohsorved velocities of NIV 4058, the sclld
qurvo ls the theorotical cuive of Flell 4686 and the deshed curve Is the Hell 4636 ourvo

dimplaced by O.1P s0 a3 10 il 1o NIV 4058 woloclly vnlues.
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It 1s difficult to explain the nature of this phasc shift as seen in 4058 A,
It is likely that over the duration of the observations there has been aclivity on
the star seen in NIV 4058 causing such a displacement.

Figure 2 is a plot of the emission line NV 4603 wilh Lhe solid curve

representing the variation of 4686 A. Tt is seen hal the curve fits the points well
out for a displacement in the +y -axis by 185 km/sec.
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Figars 2,—Veloclly observatioms of HD 193928, The polnts nio the moasured volocitles of NV4GLY
while 1ho solld curve Is the veloolly curve of Ilell 4686,

The study of the profiles in & system of this kind is obviously of considerablo
interest. Figure 3 shows the verialions cxperienced by Hell 4686 at four different
phases. At phase zero, the Wolf-Rayet atar is farthest from the observer. Al

this phase, the profile of 4686A is narrow with a slight hump on the longward
side. Al a phase when the Wolf-Rayet siar is closcst to the observer, which
hapﬁlens to be at phass 0.5, the profile is almost symmeirical and narrow. The
profile is broad at phases 0.77 and 0.60 and the hump seen near phasc zero
continues to prevail. Flgure 4 depicts the variations cxperienced by Hell 4200.
Here agnin, the lines are narrow at phase zero. The profiles at clongations arc

wider than at phase zero and on some occasions, as seen in 4200 4&, there aro
suggestions of displaced humps in the structure. At phase 0.51 a hump on the
shorter wavelengih side is seen, However, the reliability of the presence of this
hump cannot be affirmed with any degree of certainty because therc has been no
additlonal plate taken on the same dey to confirm it.
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Flghre 3,--1113 193928, Line prefiles of VleIT 4686 at four difforent phaws,
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Flgure 4. —11D 191928, Line pioflle variations of Hell 4200.
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The variations experienced by 4058 & have been striking during the period
of observation by Hiltner. OQur observations shown in Figure 5 indicate that
there are changes in the profile of this emission line. The line is more narrow
near phase zero, similar to the pattern set by the others. However, at phase
0.51 1t is quite wide and indicates a rather inlense hump on the longward side.
This perhaps, is the kind of variation noted by Hiltner and it is the presence of this
distortion in the proflle that prevented us [rom the calculation of orbital elements
from the velocity measures of this line.

HD 193928 NIV 4058
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Flgure 5.—F1D 193928, Line profiles of NIV 4058,

The gystem of HD 193928 is, therefore, one which seems to have striking
spectral variations. One is reminded of the variations secn in HD 50896 which,
of course, is not an established binary system. The amplitude of velocity varia-
tion is agprecmblg and 1t is quite likely that this star is an eclipsing variable. [f
it 18 so, however, it would have only grazing eclipses. A comparison of the mass
function with that of C Ce%hci (1)(’m)-4.4 solar masses) is of intercst. It does

seern possible that HD 193928 can be a good candidate in any search programme
of eclipsing binaries among the Wolf-Rayet stars.
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HD 186943

The spectrum of this star on the Beals classification is WN 5. Hiltner
(1966) classifies it as WN5-A. The emission lines seen in the blue region of the

spectrum are Hell 4686, the two NV lines at 4619 A and 4603 A, as well as NIV
4058. The Pickering serics of Hell arc also present, in cmission, bul are quite
faint for accurale measuremenis., The NV lines do not scem to have violel absor
tion edges. There arc some absorption features seen in the spectrum. Tll{;
spectra available for this study were obtnined with a glass prism spectrograph
and hence it was not possible to obscrve the higher members of the Balmer series.
According to Hiltner(1945), these absorplion features are cxtremely weak.

The only orbil of the star it is availuble is the one derived by Hiltner
(1945). This study yielded a pericd of 9.55 days on the basis of velocily measures

of 4686 A, the NV emission lincs and NIV 4058, The elements were delermined
from the velocity curve of Hell 4686. Hillner reported a phase shift betweon

the velocity curves of 4686 A and 4603 A He aiso derived o velocity curve
from the hydrogen absorption lines, ’

Wo have only ten spectra well distributed in phasc of this star. We had
exposed these for spectrophotometry ol N1V 4058 since a variation with phase
was apparcnl (rom Hiltner’'s work. The measures of radial velocity aro given

in Tablo 2. Preliminary orbils were oblained for 4058 A, 4686 A and 4603 A,
The v -axes derived from NIV 4058 u?d NV 4603 arc 75 km/sec and 30 km/scc
respectlvely,  On (he other hand, 1iell 4686 has a vy-axis value of 105 km/scc.
The fact thal tho NV 4603 line has e systemic velocity ncarly cquivalent to thal
of NIV 4058 indicates that the NV lines have littlo or no violet absorption edges,
The observations reported herc wore combined with those of Hiltner 1o yicld &
revised value of period of 9.5594 duys. The phases were computed with the

formula.
TaprE 2

The Velocity measures of 11D 186943

mp— et e e —— . ar e

Velocilies in km/sec

J.D. ol
Plalc Obscrvalion Phasc RN S —
4086c 4601c  4058c
32653 . . 2434175.75 0.78 —122.4 —116.2 —212.2
32659 . . 76,78 0,89 — 6.8 — 32,3 —212.2
32667 . . 177.87 0.0l +4+149.6 — 38.8 — 43,3
32686 . . 195.79 0,88 4 102.0 —180.8 —324.8
32720 . . 200,74 0.39 +136.0 .-103,3 —[29,9
327125 . . 201.71 0.50 — 27.2 — 58.1 —160.,3
32730 . . 202.84 0.61 ~—102.0 — 90.4 —316.1
32748 - . 224.80 0.91 + 20.4 — 6.5 —285.9
32761 . . 227.86 0.23 +292:4 +219.6 ~199.3
0.33 +170.0 + 38.8 4+ 4.3

32766 : . 228.90
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Phase zero=JD 2431253,041 4-9.5594E.

iltner observations of 4686 A were combined with our measu
and a l{hoa:t ;I;luam solution obtained of the orbital elements. Table 3 lists th;s.;
elements along with similar values derived from the preliminary orbits of NIV
4058 and NV 4603. The velocity curve [or Hell 4686 is shown in Figure 6.

TABLE 3

The orbital elements of HD 186943

4686A 4058A 4603A
P = 9.5594 days P =:9.5594 days P = 9.5504 days
e = 0.0361 + 0.02 ¢ =0 e = 0.0162
= 150°54" £ 6°54 =: [50° o= 14y
K = 2l1.5 J- 12,9 Kmfsee K = 165 Km/scc K = 162.5 Km/sec
HD I1B6943
' l I ! T
* 3001 A 4686 -
+200[ ° A -
+100 ‘
W of -
=100 -
1 i L 1 l 1 ]
0 04 08 12
PHASE

Fligwe 6—11D 186943 Veloclty cuive of Hell 4686

. The 4058 A emission line is extremely weak in this star. In order to ob!.ain
this with the correct densily, il was necessary to over-exposc the 4686 A region,

As such, we have no line profiles of 4686 A for this star. The 4058 A lline at
the time of observation did not exhibit the siriking changes reported on by Hiltner.
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At a phase closc to zero in Fi%ure 7, the line is sharper and more intense than at
other phases. It is quitc possible that our spectra were cxposed during a quiescent
spell of the sysiem. Hiltner reported on a phase shifl between the velocily curves

of 4686 A qnd 4603 NV. Based on our observations alone, we fail to flnd such
a phasc shifl. This is also an added confirmation of the facl that the spectra
available for this study were obtained at a particularly quicscent phasc.

HD 186943 NIV 4058

| Phase =023 o6l _
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Ipme 7--NIV 1038 Piofilo chunges in 11D 186943
HD 211853

The spectral typo of this star is WNG. Hiltner (1966) classifios il as WNG, 5-A.
The predominant line Is Hell 4686, The rest of the emission lines are
fairly weak. Absorption lines al HP, Hy and H3 are present, The: velocily
changes of these lines indicate thal they originale from tho companion. Occasion-

ally & violet shifted 447] A is scon. Hiltner (1945) has given an orbit for the star

utilizing the velocity measures of 4686 A, 4058 A end 4603 A, His measures
of the H-lines were not such as to give a confident measure of the veloeily curve
of the companion. Recently Hjellming and Hiltner (1963‘) have reported on the
light variation of this star. The obvious characterislic of the light curve is the
intrinsic variability of the system shown by a lack of repoatability from cycle to
cycle. An improved period of the binary has also been derived by Hiltner, This
is one of the stars in which Hiltner ( 1955) has measured the emission line intensi-
ties photoelectrically and found that when the Woll-Rayet star was eclipsed by
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the companion, the emission intensity was the greaiest. The observations of
light variations by Hiltner through UBYV fillers indicate that an cclipse of the
system does lake place, butl Lhe intrinsic variation in the Woll-Rayot star is such
as (o prevent casy study of this light curve by conventional methods.

We have only 10 spectra, primarily obtained for specirophotometry,
avuilable for veloeily measures. Howover, these have been utilized [or measur-

ing the velocities of 4686 A. NIV 4058, NV 4603 and the hydrogen lines of Hy
and H& of the companion. These measures are given in Table 4. Only prelimi-
nary elements have been derived on Lhe basis of the three emission lines. These
indicate that the system is one ol small eccentricily. The preliminary elemenis
and the mass function values dorived are given in Table 5. There is closc agree-
ment between lhe mass functions derived from Hell 4686 and NV 4603 while

thal derived from 4058 13«, deviales considerably (rom Lhe other two emission
lines. This is in agreement with the {indings of Hillner that NIV 4058 lacks
repealability.

TABLE 4

The radial velocity measures of HD 211853

Yelocities (km/scc)
Phasc A e e — —_

—
4686A 460JA  4058A

0.06 4 15 - 145 - 105
0.09 0 . -— 160
0.20 - 95 - - 80 0
0.34 4 180 - 125 [~ 20
(.48 | i 250 1 280 {- 65
0.58 - 40 - 125 -~ 160
0.64 4 30 4 120 — 145
0.92 — 225 - 200 - 290
0.93 -— 140 - 200 —- 225
TABLL 5
The orbital elements of 11D 211853
AGBGA 4058A 4603A

K == 220.00 km/scc 155.00 km/scc 235.00 km/scc

== +15.00 km/scc —I120 km/sce --35.0 km/see
e ==0,12 0.20 0.24

= 79° 64° JES
asini = 2.0 x 10’ 1.39x 1¢¥ 2.10 x 10/

[(m) = 7.2460 2,4010 8.239
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The velocily measurcs of the hydrogen lines plolled are seen in Figure 8.
One sces 8 general sentler of the points but the trend of velocity is similar to what
has been noticed by Hiltner, many ycars ago, It is rather difficult lo fit a velocity
curve of the companion, lhrougi; the points that arc available and thercfore,
we have made no attempl (o cstimale the mass of the companion. '
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forme 8 11D 20185Y Veloclikes of the emiwlon aml absorption lines

We have derived line profiles (or this system lor 4686 A, 4058A and

4861 A (TVigurcs 9u, b, ¢). The varinlons scen in THecll 4686 arc reminiscent
of thoso scen in V444 Cygni. At a phasc closo Lo zoro corresponding to the
position when the Woll-Rayet sar is closest {o the observer, the profile is harrower
than when the Woll-Rayet star is farthest from the observer, At phase 0.47,

there is a doublo hump structure in 4686 A. This double hump is scen even at
ﬁmses 0.60 and 0.61 und onc can speculaic on ils oxistence even al phase 0,09,

owever, the facl that al phase 0.31 the proﬂlc is symmetrical indicates Lhat
this chenge of prolile is more due to the intrinsic variations in the sysiem Lhan one

caused by the variation of phase. The 4058A Eroﬂlcs show in general that in the
vicinity of phase zero, the profilo is narrower than il is elsewhere, The inlensity

of 4058A is extremely weak in this star and hence it is nol easy to derive a reliable

profile of this emission line, The profile of the emission ling al 4680 A is aflecied
considerably by the presence of thc Hf line of the companion, In gencral, the
emission intensily ofP ionized helium in the vicinity of phase zero seems to be
much less than what il is in the vicinily of phase 0.50 to 0,60, The double
hump structure at 0.6 is typical of what one would expect of a receding O star
and an approaching Wolf-Rayet star, with the absorption line of Hf of the O star
lﬁmltilating the smooth structure of the emission line originating from the Wolf
ayet star.
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Figure 9 (a).—TID 21183} Line profiles of embslon llnes In Hell 4686
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Discassion

The obsetvations of five binary systcms that we have studied (Ganesh and
Bappu, 1967a, Ganesh, Bappu, Naturajan 1967b) provide us with a set of informa-
tion which can bo usclully examined to obtain & picture of the Woll-Rayet atmos-
phero. We have atlcm\Blcd to derive orbital clemncnts for the different systems
uing different lincs. While these orbital elemeals are liable o be affected by
mas8 motions in (he binary system, the availability of linc profile data simultane-
ously, enables a judicious selection of the orbifal eloments to be made. Four
of the syslems havo orbital clemonts with a least squares fitting of the observations.
The system of V444 Cygni is tho only onc that has a well established light curve.
It, therefore, provides the best mass estimate for tho Wolf-Rayet star as well as
the companion O star. The valucs oblained for HD 68273 satisfactorily agree
with the present day concepls of masses of the Woll-Rayel stars. It remains to
be seen whether HD) 68273 is also an cclipsing binary,

A striking fcaturo observed in niost of the binary systems examined is that
there are large-scalc changes in the line profiles caused either by intrinsic variabi-
lity in the atmosphere of the Wolf-Rayel star or & phase-dependent variation
depending on the geometry of the situation. Many of these systems have 2
structure in Hell 4686, al phases of conjunction, that are lypical of material
flow through the inner Lagrangian point. Ttis presenteven in such a well separated

tem likc HD 68273, Hence, we may conclude that in almost all cases of Wo]lafe-
yet binary systems, gas flow through the inner Lagrangian point is likely to
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present. Many of the systoms examined show large-scale changes in intensity of
emission. These are apparent in the Hell lines of the Pickering series in V444
Cygni, in HD 193928 and also in HD 211853. This is suggestive of the fact
that it is likely thal in a Wolf-Rayet atmosphere, specially of a Wolf-Rayel star
that is a member of a binary sysiem with an early Lype component, the longitudinal
distribution of emission is by no means uniform. We have ample juslification
for this presumption, not only from the dala given herc bul also [rom the study
of CQ Cecphei, In gencral, there scems to be more emission present near tho
conjunctions (han at elongations. The question of course, is whether such @
peguliar longitude distribution of emission intensity is stimulaled by the prescnce
of the companion. [ is difficult to answer this question with any degree of
certaintly wilth the present slate of observation. '

The red-shift experienced by Hell 4686 seems more or less a cerlainty for
the systems examined, HD 68273 with its large separation of components and e
period of 78.5 days also shows Lhe phenomenon, This puzzling aspect of the
enhanced systemic velocily determined {rom Hell 4686 is likely to be a vital clue
in any explanation of the origin of the emission of Hell 4686, Could it be due
to fluorescence as a resull of which selective excitation is possible only when tho

gases that ﬁive rise 10 4686 A emission bave a cerlain velocily of recession wilh
respect to the exciling source ? This i8 a problem that necds careful consideration,
For the present, the reality of the phenomenon is cstablished beyond doubt.

The binary systems have been an automatic choice for examination of
several of the hypothoses advanced earlier concerning the naturo of the Woll-
Rayci atmosphere, HD 193576 stimulated Wilson to show that a “transil Lime
effecl ” would be present il the Beals hypothesis was valid, The Beals picturc of
g simple expanding shell sufTers from various defects,  Allernative models postulat-
cd have their own difliculties. Many years ago, Bappu (1951) showed thal rola-
tional inslabilily could explain the large widths in the cmission lino in the stars.
He also sho that this would call for an excilation gradient of the Woll-Rayet
elmosphere in such 8 way Lhat the widest lincs have the highest excitation, Quite
independently, Limber (1964) has postulaled that the wide emission in the Woll-
Rayet slar can be explained in lerma of forced rotational instabilily consequont
lo the conlinual gravitatlional contreclion in a post main-sequence stage, Limber
has examined ihis hypothesis quantitatively and he has shown that il is ve
attractive when compared (o Beal's old hypothesis. A significant aspect of this
theory is that the narrow lincs originate farther away [rom the stellar surfaco
than the lines which have cnhanced widths. Limber also pointed out that there
is a surprising coincidence belween Lhe volume occupicd by the electron scatter-
ing envelope of HD 193576 and that formed by the inncr Lagarangian lobe about
this component.

. While ihe rotational inslability hypotbesis has many aitractive foatures
which indicalc a situation closer (o realily than any achieved so far, nevertheless,
several difficullies exist that need explanation. In Figure 10, we have ploticd

the individual velocities of 4686 A for three binary systems. I rotation is an
imporlant [eature, then for the cclipsing system V. (§ i or cven [or the other
.systems it would be necessary to observe the Rossiter effect, caused by rolation.
It will be seen (hat an examination of thesc curves shows that Rossiter effect
cannotl be detected. Limber, of course, postulales that Lhe absence of a Rossitor
effect is not likely o invalidate the hypothesis, since several mechanisms could
mask the feature. The broadesl emission lines in the sysiem of HD 68273 are
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identical 10 those seen in V444 Cygni. The observalions listed above on the
broadenin? of the higher members of the Balmer series at the phase when the O
siar is eclipsed by the Woll-Rayel star clearly indicale the dcfinite manifesta-
tion of electron scallering. Therefore, one can postulale with sufficient degree
of confidence, the fact that such an electron scaitering envelope exists in overy
Wolf-Rayct atmosphere, Scveral of Lhe binary sysiems studied have different
values of K. It is very likely that some of them may be systems with high orbital
inclinations and some with a small value of sin i. In gencral, it seems as though

there is very little diflerence in the line widths ol 4686 A for the various systems.
On the basis of the rotational instability hypothesis, it is nccessary (o find a change
with the inclination. Howecver, the lack ol decrease in the emission widths is
likely 1o be offsel, by the postulale of eleclron scaltering envolopes of differing
properties in such a way that the electron scatiering more than offscts the narrow-
ness of the emisaion lines.
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Flgure 10.—Volocliles of IlcIl 4686 In the Woll-Rayet binnrles
HD 68273, HD 193576 and 186943, et Sim
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Tt seems thal a profilable avenue for study of Lthe Woll-Rayet phenomenon,
is Lo study in delail the binary syslems. We nced 1o delect many more binary
gystems (than we have so far, in order lo find among them sysiems that have
avourable inclinations for an eclipse, systems that can provide reliable information
on the masses ol the stars and also those that can be uselully utilized in cnabling
the casy conjecturo of a model of the Woll-Rayet atmosphere.
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