AN INTERPRETATION OF THE WC STARS

LINDSEY F. SMITH
NASA Goddard Space Flight Centre, Greenbelt, Md., U.S.A.*

I wish to draw your attention to a (quite unexpected) property of the WC binaries.
I believe that it gives us a clue to one of the parameters that controls the subclasses
of the WR stars.

1. Observations

Table I collects the information available regarding the separations of all WR binaries
for which there are adequate observations. The data are taken from the same references

TABLE 1
Separations of Wolf-Rayet Binaries
HD Name Sp. Type awsin i aosin i sin / Basis of sin i A/Rg
Ro) Rp)
186943 WN4 +B 29.7 126 0.77 Assume Mwr~11M(, 64:
4.3
190918 WN + 091 108 17.6 0.36 Assume Mwr~11M 350
MR 114 CX Ceph WNS5 12.1 >0.94 Eclipsing 268
193576 V444 Cyg WNS5 + 06 256 100 0.98 Eclipsing 36
211853 WN6 + 061 27.5 13.1 0.96 Eclipsing 53
228766 WN7 4 06V 50 10.6:: =~1 Large mass function 61
214419 CQ Ceph WN7 9.6 ~1 Eglipsing 20:2
5.0
193793 WC7+ 05 Period 3 years (Conti, private communication large!)
152270 WC7 4 05-8 28.2 7.6 0.52. Assume Mwr~11M 69
68273  y2 Vel WC8 + 091 234 65.7 1 Large minimum 300
masses
168206 CV Ser WC8 + B0: 86.5 264 1 Was eclipsing in 113
the past

& Assuming Mwr/Mogp <1

used to compile Table VI of Smith (1968a) and Table I of Kuhi (this Symposium).
In many cases the inclination of the system is unknown; I have estimated it by assum-
ing a mass of 11 M, for the WR star. (Since the quantity derived from the observa-
tions is Mysin?i, the derived value of sin i is not sensitive to the assumed mass, and
the values obtained for sin i should be reasonably accurate.) It is immediately obvious
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that the separations of the binaries containing WN stars are all, with one exception,
less than 65R, while those of binaries containing WCstars are all greater than 65R,
often much greater. I think we may safely deduce that the wide separation is a univer-
sal property of WC binaries and must be a consequence of the evolution that creates
WC stars.

The difference in separation characteristic of WN and WC binaries provides an
explanation for the observation that spectra of WC stars are apparently unaffected
by the presence of a companion (see, for example, the spectra of WCS binaries in the
Large Magellanic Cloud shown by Smith, 1968b); whereas the spectra of WN stars
in binary systems appear to be significantly different from those of single stars with
comparable degree of excitation (see Hiltner and Schild, 1966). The WC binaries are
sufficiently widely separated that the WC atmosphere is unperturbed by the presence
of the companion, while the companions of WN stars are closer and gravitational
perturbation, reflection effects and limitation of the atmosphere’s extent by the Roche
lobe (see Limber, 1968) may each have an effect. This suggestion is confirmed by the
observation that the spectrum of the WN4 star in the very wide binary, HD 190918,
shows little sign of perturbation by the companion — in particular, the line widths are
the same as in the spectrum of the ‘single’ star, HD 187282,

2. Interpretation

The binary WR stars have certainly all undergone mass exchange according to the
original suggestion of Paczynski (1967). The separation of a binary ch:a‘nges during the
mass exchange. The final separation is usually greater than the initial separation;
however, its value depends on the initial separation, initial masses and also on the
unknown amount of mass loss to the system as a whole (Paczyniski and Ziolkowski,
1967). Thus, it is not obvious what values of the initial parameters will yield the
observed final separations. However, let us consider the simplest possibility, that the
large final separations of WC binaries result from large initial separations. (I suspect
that mass loss is probably also vitally important but, in as much as its effect is not yet
clear, I will not pursue that thought at this time.) Thus, I suggest that the initially
closer binary systems produce WN stars, and the initially wider binary systems produce
WC stars. That the separation should cause such a difference is not unreasonable,
since the initial separation and mass ratio defines the stage in the evolution of the
primary at which mass exchange commences. If the binary is wide, mass exchange will
commence later. In the most extreme case (case C — Weigert, 1968) mass exchange does
not begin until after ignition of helium burning in the core of the star; such a situation
has the attractive consequence of creating plenty of carbon and oxygen for subsequent
production of the characteristic spectrum of the WC stars.

It is of interest to ask if the initial separation might also be important in the defini-
tion of the subclasses of the WN stars. If it is so, I suggest that the separation increases
from left to right in Table VIII of my review paper. Adding the WC stars and the ini-
tial separation to that table produces Table II.
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TABLE II
The WC stars
M|Mg Moa - — WC8
17~ —95 I ' -
14 —-9.0 T WN7 - WN5 WNS5-C6 wCé6
11.5 —8.5 WNS8 ‘ - WN6 -+ WN6-C7 wC7
8.5 —8.0 L - WN3  WN4
7 —-1.5 L L -
(H/He) <23 <10 0.8: 0.4 0.0 0?
Tetr 23000° 46000 53000 50000?
(K) 40000
29000
Increasing Initial Separation >
3. Discussion

I offer the following observations in support of the hypothesis that the order of the
subclasses given in Table II represents a smooth progression of the basic stellar param-
eters and may be due to a progression of increasing initial separation.

(I) The intermediate WN-WC types always have WN subclasses found at the right
of the diagram, e.g. HD 62910, WN6-C7; HD 90657, WN4-C; HD 117688, WN6-C;
MR 76, WC7-N6; NGC 6751, WC6-NS.

(II) The WN7 binary, CQ Cep is the closest binary known, consistent with the
position of the WN?7 stars on the left side of the table. If a binary is initially very
close, mass exchange can commence before exhaustion of hydrogen in the core of the
star (Kippenhahn and Weigert, 1967; Case A); the comparatively high H/He ratio
in WN7 and WN8 stars may result from such an evolution. (It should be noted that
the WNS binary, CX Cep, also appears to have a very small separation, indicating
that the scheme is not yet perfect.)

(III) The ‘single’ WNS and WN6 stars commonly found in ring nebulae may be
interpreted as very widely separated or disrupted binaries (see Paczynski, 1967),
consistent with their place on the right side of the diagram. Note that, for disruption
of a binary to occur, significant mass loss from the system as a whole is probably
required. This may account for the presence of the nebulae around these particular sub-
classes, and also for the efficient removal of nearly all of the hydrogen from the surface
of the star.

(IV) Hydrogen abundance decreases to the right among the WN stars. Thus, the
suggested placement of the WC stars implies that they also have no hydrogen in their
atmospheres. Kuhi and I have not attempted a derivation of the H/He ratio of the
WC stars because of the severe blending of carbon lines with the Pickering series.
However, Paczynski, in his reveiw (this conference) gives us a choice between cosmic
abundance and zero hydrogen for WC atmospheres. If the H/He ratio were 10/1, as
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for the cosmic abundance, then among the later lines of the Pickering series (which
presumably eventually become optically thin) the even-n lines would have 10 times
the strength of the odd-n lines. I think that, despite blending with carbon, such a con-
trast would be immediately noticeable. Thus, I anticipate that a H/He ratio of 10/1
will be ruled out by the observations.

It is worth noting that the strength of the helium lines is much less in the WC spectra
than in the WN spectra; this is in accord with Paczynski’s prediction that the helium
abundance will begin to be significantly depleted in the extreme case where all the
outer envelope of the star is lost, and the products of helium burning have been some-
how mixed to the surface.

From the spectrum of y, Velorum, Castor and Nussbaumer (1971) derive a lower
limit to the number ratio of carbon to electrons of 2.5 10~3. That number is the order
of magnitude expected if all hydrogen is gone and the helium is fully ionised. However,
since it does not include C 1v ions, Castor and Nussbaumer point out it may be an
underestimate by a large factor.

(V) Temperature increases to the right among the WN stars. Thus, Table II implies
that all the WC stars have very high photospheric temperatures. This may seem sur-
prising considering the quite low excitation of spectra such as that of the WC 9 star
in y, Velorum. However, consider the fact that that star has a minimum mass of 15 M,
(Ganesh and Bappu, 1968). If it is a pure helium star, its bolometric magnitude should
be about —9.2. Thus, an observed visual absolute magnitude of —4.8 implies a bolo-
metric correction of —4.4 and a temperature of 50000 K. \

The planetary nebulae associate with WC8 and WC9 nuclei are usually of quite
low excitation. Johnson’s suggestion (this Symposium) that the atmosphere of the WR
star itself may be capable of ‘smothering’ the UV radiation is of interest in this regard.
If the stars are as hot as I suggest, they must be quite small; ~15R,, in the case of 7,
Velorum. The atmosphere of y, Velorum is, however, about 100 R, (Hanbury Brown
et al., 1970). (Note a distance of 460 pc is used to obtain this value; Hanbury Brown
et al. use 350 pc.) The large size of the atmosphere relative to the core together with
the profusion of broad lines in all regions of WC spectra may mean that line opacity
is dominant at all wavelengths and the amount of radiation escaping from the photo-
sphere may be negligible. I think this is probably an equivalent statement to Johnson’s
‘smothering’.

It is of interest that, while the planetary nebulae around WC8 and WC9 nuclei are
of low excitation, NGC 6751, which has a WC6 nucleus, is of moderately high excita-
tion; thus, a temperature sequence like that among the WN stars may be indicated.

4. Conclusions

The observations are in reasonable accord with the suggestion that Table II represents
a smooth progression of physical properties of the WR subclasses.

Ultimately, we would like to be able to arrange the classes according to the ‘causal’
parameters. To this end it has been suggested that the initial separation may be one of
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the more important such parameters and that its relationships to the subclasses and
other final properties of the stars may be approximately as indicated. However, it
seems certain, from both observational and theoretical considerations that a one-param-
eter family, as suggested by Table II, is an over-simplification. The evolution of the
stars is probably sensitive not only to the initial separation, but also to the initial masses,
angular momenta and chemical composition of the stars. The relationship of these
initial parameters to the final subclasses, temperature, H/He ratio, or separation may
not be simple, or even single valued. Thus, the absence of an obvious and simple
relationship between the final properties and the inferred initial properties is not
surprising.

It would be an interesting experiment to deduce the initial configurations from the
observed final configurations. The unknown amount of mass loss from the system
represents a major uncertainty; however, calculations ignoring that problem would
be a first step.
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DISCUSSION

Underhill: There is one problem. In some of the WC’s, I think HD 192103 is one of them, Hp, with
the blends and all, is very considerably stronger than 14541,

Smith: Ten times?

Underhill: What has the factor of 10 to do with anything? If all the things that are making that
line are pretty optically thick, it doesn’t matter if you add one hundred times; you do not increase the
intensity that much.

Smith: Yes, that is correct, and Hp is still thick, but by the time you get down to the thin lines...

Underhill: 1 am not talking about any optically thin lines, I am talking about Hf and 14541, both
of which, I believe, are probably rather optically thick.

Smith: Yes, but there are high lines which are eventually thin.

Underhill: Try to remember that there is a very definite intensity difference between those two
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lines. And you are saying there should be practically none. I cannot interpret that intensity difference
without going to the theory, because I am pretty certain that it is not an optically thin situation.

Smith: 1 agree. From the thick lines you cannot say anything because differences of line strengths
of a factor 2 are more likely to be due to blending with C than with H. A definite answer is only
possible when the lines are thin so that the full factor 10 will show up if H is present in its cosmic
abundance.

Conti: 1 have a comment here. First of all, if one wants to put an element like hydrogen in there,
then, you must see it. Also another interpretation one could have instead of the initial separation
arguments which goes exactly the same wayj, is that the change in the period is a clue to the change in
the mass ratio.

Smith: Yes, 1 am aware of that. That is the other possibility.

Conti: This argument says that a WC star would have peeled off more of its envelope, and become
further separated.

Underhill: Were you first trying to infer that it is not true that the intensity of Hf is not strong,
considering the blends?

Conti: 1 was just saying you can play games if you see something or if you do not see something,
even before you have a theory. But you cannot say ‘‘just because you do not see it, it is there, although
1 do not have a theory to explain it’’.

Underhill: You cannot say it is not there, if you consider that things are pretty well optically thick.

Conii: No, but you cannot say that it is there, if you do not see it.

Thomas: But do you believe that there is hydrogen in these stars?

Underhill: It depends on what ‘seeing’ is. What do you mean by ‘seeing’ something?

Conti: Hydrogen is seen in every star, except in these kinds of stars. That means there is definite
observational evidence.

Thomas: Let me remind you the remark that Shapley once made, in discussing solar physics. He
said, “Once you have seen one of Menzel’s invisible prominences, you have seen them all’’. I think that
is a very appropriate thing here.

Niemela: There are four stars, in Lindsey Smith’s Catalogue, classified as intermediate objects. I
took spectra of two of them, HD 117688 and HD 90657, and I could not confirm that they really are
intermediate objects, they are just normal WN stars. HD 117688 was classified ‘as an intermediate
object, because of the emission line at 44325 which was assigned to C, but as you can see in Figure 1,
the line is present in other normal WN stars: it is actually a N 11 line, not a C line. Another reason
for the classification as an intermediate object, was that the N 111 emission at 114634-40-41 had a con-
tribution from C. On Figure 2 you can see that the line is centered at 14638, so it should be
N . :

Smith: 1 can always be wrong. HD 117688 is one of the milder cases where the C contribution
appeared to me much weaker than the N contribution. However, in cases such as HD 62910 and
MR 761 think there is little doubt, the spectra look like double exposures between WN and WC stars.
I am very glad that you have continued the investigation, because it has obvious relevance to this
somewhat revolutionary proposal I just made.

Niemela: Another thing I need to point out are those V/R variations I was talking about in the
first part of the discussion. They are seen in the Balmer lines, and in the He 1 lines, but not in He 1r.
Could it mean that there is hydrogen in y2 Velorum?

Smith: Yes, that is the alternative explanation, of course. A naive interpretation of the mass
exchange theory might suggest that if the separation is wider you may get more hydrogen left on the
surface. My feeling was that the scheme presented fits the observations more consistently. Hopefully
the theoreticians can solve this one, if the observations cannot.

Underhill: The answer to this question of leaving hydrogen on the surface, I think is pointed well
towards the direction of hydrogen being on the surface, when you look at the spectra of two X-ray
sources, that have optical spectra. There you see very strong hydrogen lines in emission as well as
typical C, Hen, O v and so on. There is no doubt about it: nobody has ever questioned that the
hydrogen is there. Perhaps you would say, an X-ray source is a very old star, a helium star, very far
long in evolution. However, it managed to keep some hydrogen which shows in the spectrum. That
qualifies it, by the definition of the Wolf-Rayet spectrum, as a Wolf-Rayet object.

Conti: There is a theory I heard very recently about X-ray sources, which suggests that an X-ray
source is a binary system in which material is falling in to one star, and, of course, that would all be
hydrogen. So, the argument can go either way.

https://doi.org/10.1017/50074180900098740 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900098740

234 LINDSEY F.SMITH

HD 117688
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Fig. 1.
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Fig. 2.

Van Blerkom: Can I ask about the temperature in the envelope of the X-ray source. It must be
very hot.

Underhill: The region that is creating the X-rays, according to one calgulation I read, is between
107 and 108 degrees and N, is 1016, The spectrum that you see, the Wolf-Rayet like spectrum looks
like a very cool WC, except that it has very strong hydrogen lines.

- Van Blerkom: The fact that you see hydrogen strongly in emission means that it probably has not
been ionized away, even in these very hot envelopes, and it certainly would not be ionized away in
the cooler Wolf-Rayet star.

Underhill: It would be an interesting question; exactly what happens to it and how it emits so
strongly. So, we have now a question. For every Wolf-Rayet star, and there are some where there is
very definitely HB stronger than 14541, can we always throw in a third star to provide us with the
hydrogen?
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