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ABSTRACT 

The catalog of 101 stars provides standards of spectral type in the sequence from MS through S 
and SC to the carbon stars with weak C2 bands. In addition to temperature types and O/O indices, 
intensities of ZrO, TiO, Na D lines, YO, and Li 6708 are given whenever possible. For variables of 
large amplitude the observations at different dates are tabulated. 

Subject headings: stars: carbon—stars: spectral classification — stars: S-type 

I. INTRODUCTION-ABUNDANCE INDEX 

The difficulties of classifying the stars of type S and 
the even rarer SC stars have been described by 
Boeshaar and Keenan (1979), who defined criteria for 
the revised MK system as applied to these stars. This 
catalog is designed to complete that work by making 
available a set of carefully determined types extensive 
enough to provide a network of standards for the 
classification of other stars of these groups, or for the 
selection of representative stars for detailed analysis. 

The earlier scheme of classification for the S stars 
developed by Keenan (1954) was based on the simphs- 
tic assumption that the change from type M to type S 
was due only to the replacement of iron-peak elements 
(represented by TiO) by ^-process elements (repre- 
sented by ZrO). For the stars showing both TiO and 
ZrO bands this worked fairly well, but with the gradual 
recognition that the SC stars, sometimes called D line 
stars (Gordon 1967), formed a group forming a con- 
tinuous sequence connecting the S stars to the carbon 
stars (Bidelman 1954; Stephenson 1965; Catchpole and 
Feast 1971; Greene 1971) it became clear that in these 
stars the amount of free oxygen available could be of 
even greater importance than the abundances of the 
metals in determining the strength of ZrO and other 
oxide bands. The computations of dissociative equi- 
librium by Tsuji (1965), Greene (1972), and Scalo and 
Ross (1976) showed that the ratio C/O was the domi- 
nant composition variable, the SC stars being those in 
which C = 0 to within about 1%. This was explicitly 
recognized by Ake (1978, 1979), who introduced a C/O 
index which we have modified. 

C/O Index—In the notation of the revised MK 
classification the temperature type is separated by a 
slant line from the new C/O abundance index. This 
index is explained in Table 1. In the first column X 

represents any temperature type from 0 to 9, though it 
must be remembered that abundance differences can 
generally be estimated more accurately among the 
cooler stars. When the bands of ZrO and/or TiO are 
present their intensities are given also. This is done 
because it has not been established that the ratio Zr/Ti 
is necessarily proportional to C/O. As C/O becomes 
greater than 1, the C2 bands begin to appear faintly, 
and it is useful to add their intensity to the type. As 
long as the D lines remain very strong, however, it 
seems useful to classify the spectrum as SC, though at 
the interface with the carbon stars both designations 
could be used. Thus WZ Cas at mean brightness can be 
assigned to type SC 7/10 or Cl, 2. 

The column in Table 1 headed C/O gives estimates 
of this abundance ratio based on the calculations of 
dissociative equilibrium. It is included as a reminder of 
the extreme sensitivity of the abundance index to this 
ratio, but the actual numbers will undoubtedly need 
some revision as better abundance analyses become 
available. 

II. TEMPERATURE TYPE 

The problem in assigning types that will be con- 
sistent measures of temperature lies in finding criteria 
that are sensitive, and yet not too much affected by 
other physical variables. 

In type MS, and in S stars with C/O indices of 4 or 
less, the bands of TiO remain useful just as in the 
M-stars. It is always safer to use ratios rather than 
individual band strengths. The ratios of bands arising 
from levels of different vibrational energy are best, and 
among those found useful in type M such ratios as TiO 
[a(l,3)A5810/y/(l,0)A5847] can still be applied in 
weak S stars. In these stars VO 5737/TiO 5810 is 
particularly useful in defining types later than S6, but 
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as ZrO becomes dominant over TiO the VO bands 
rapidly disappear, and in nearly pure S stars are not 
seen at even the lowest temperatures. 

The ZrO bands are so sensitive to abundance dif- 
ferences, both directly and through changes in the 
continuous opacity, that they are not as satisfactory as 
TiO for temperature criteria. However, the presence of 
strong ZrO absorption sets lower limits on the tempera- 
ture type. We have searched for ratios of bands that 
can be used, and have found that ZrO (?) 5305/ZrO 
5552 is extremely sensitive to temperature in pure S 
stars (Boeshaar and Keenan 1979). There is a question 
of the identification of the X5305 feature, which is 
never very strong in laboratory spectra of ZrO, but 
whatever the stellar contributors to the band may be, 
its rapid increase as the temperature goes down makes 
the ratio valuable as a practical criterion. 

The YO bands at 6132 and 5972 Á appear only in 
the cooler stars, but in MS stars and weak S stars they 
are so sensitive to heavy-element abundance that they 
are not very useful as temperature indicators. 

For SC stars as well as for S stars in which C/O is 
approaching unity, the bands of metallic oxides, even if 
weakly present, tell little about the temperature. We 
must turn to atomic lines. The most obvious, of course, 
are the D lines of sodium, which have been used 
extensively as temperature indicators in the carbon 
stars (Keenan and Morgan 1941; Bouigue 1954; 
Gordon 1967; Yamashita 1972, 1975). Their equally 
great sensitivity to the opacity due to overlying bands 
of TiO, ZrO, CN, etc. (and thus to the C/O ratio) has 
become generally recognized in recent years as largely 
responsible for the great scatter found when types 
based on the D lines are plotted against more direct 
estimates of temperature of either S or carbon stars. 
Whether luminosity effects also enter the picture re- 
mains to be established. In any case, we feel that it is 
dangerous to give dominant weight to the D lines as 
temperature indicators for S and SC stars. They must 
be taken into account, however, in assigning the total 
type, just as is the À4227 line of neutral calcium in 
classifying the stars that are not too red to be observed 
in the blue. 

For all such stars in the earlier subdivisions of types 
S and SC the ratio Sr i(X4607)/Ba n(X4554) is a 
valuable temperature criterion. Here again it would be 
dangerous to use this criterion alone, for this ratio 
should be sensitive to luminosity differences also (and 
may eventually prove valuable in establishing such 
differences). These lines are most useful in the SC stars, 
for they are obscured by bands of TiO, ZrO, and C2 in 
the stars in which these bands are strong. 

In the red region there are two blended features 
which give the ratio Ca, Co, V, CN(X6450)/La, Ca, 
CN(X6456), which we have shown (Boeshaar and 
Keenan 1979, Fig. 2) to be an excellent temperature 

indicator when observed with moderate dispersion in 
the SC stars. In that class it fails only for the members 
of the 13 C group, in which the peak between 6450 and 
6456 Á disappears because of 13 CN absorption. The 
low-level lines of lanthanum were suggested as temper- 
ature criteria by Gordon (1967), but La 6709, which she 
recommended, is badly blended with lines of Zr and 
Fe, and is hard to resolve from Li 6708 at very low 
dispersion. 

It is also among the SC stars that the presence of the 
red bands of CaCl sets an upper limit to the tempera- 
ture. The O, O heads of the red system, ^l2II-Ar22, 
appear as a pair of roughly symmetrical bands which 
tend to obscure the CN head at about 6206 À. At the 
same time the bands of the orange system develop, 
overlapping the D lines, as can be seen in Figure 2 of 
Boeshaar and Keenan (1979). It can be seen from the 
catalog (Table 2) that CaCl is normally observed with 
appreciable intensity only in types SC 6 or later. On the 
other hand, examples of discrepant behavior have been 
reported in Mira variables (Rybski 1973) and can be 
suspected in other stars (Keenan and Bidelman 1979). 
Again, we must conclude that the CaCl bands are a 
useful, but not infallible, temperature criteria. 

In column (4) of Table 1 the ranges of usefulness of 
these temperature indicators are summarized. 

III. PRACTICAL APPLICATION OF THE CRITERIA 

In order to use all of these criteria it is necessary to 
record the spectrum of a star in both the blue and the 
red regions. This extra trouble is worthwhile in view of 
the complexity of the spectra and the comparative 
rarity of the S and SC stars. We have not been able to 
cover the entire spectral range for all of the stars in the 
catalog, but have tried to do so for as many as possible. 
Whenever there are entries in any of the last three 
columns of Table 2, it is an indication that spectro- 
grams extending into the visual or red regions were 
available. 

The recognition of the SC stars is quite easy if 
spectrograms showing the D lines are available, and we 
have found that it is not difficult to assign C/O indices. 
Between indices 6 and 7, where the interface between 
types S and SC occurs, there is more of a problem in 
deciding where to place a star, but the decision can be 
based on the degree to which the temperature type 
suggested by the ZrO band strengths agrees with that 
implied by the Ba n/Sr i line ratio and the D line 
absorption. 

We have seen that the criteria for temperature 
change rather rapidly along the C/O sequence because 
of the appearance or disappearance of the different 
band systems. Thus it is not feasible to present a simple 
table defining all the temperature types for all possible 
abundance indices. As in the classification of other 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8 

O
A

pJ
S.
 . 

.4
3.

 .
37

9K
 

382 KEENAN AND BOESHAAR 

stars with complicated spectra, it is necessary to define 
the types by the examples, and we have tried to include 
in the catalog stars with a sufficient range of types to 
serve this purpose. 

The zero points of the temperature types present 
another problem. In the original classification of the 
carbon stars (Keenan and Morgan 1941) CO was as- 
signed to spectra in which the C2 Swan bands were first 
clearly visible at low dispersion. It was then found that 
type C5 corresponded in temperature approximately to 
K5 or MO for the giants. On the other hand, types MS 
0 and SO are naturally chosen to correspond to MO as 
closely as possible. Thus there must obviously be some 
shift in zero point as we make the transition from S to 
C through the SC stars. The difficulty is increased by 
the scarcity of the transition stars, and the best that we 
could do was to establish the temperature types some- 
what arbitrarily, and leave to later atmospheric anal- 
yses their calibration in terms of effective temperature. 

It is possible to make some estimation of the equiva- 
lent types in the KM oxygen sequences. Thus the 
temperature type of CY Cyg is S2 in the catalog, and 
on coudé spectrograms taken of the red region at 
Palomar Observatory nine pairs of temperature- 
sensitive lines of similar elements give an equivalent 
type of M2.2±0.95. This assumes that CY Cyg has the 
luminosity of a normal giant, while actually it is proba- 
bly more luminous (Culver 1971) than a typical S or SC 
star. 

Nevertheless, it appears tht SCO is roughly equiva- 
lent in temperature to MO. When we get to the carbon 
side of the group, the equivalent C type should then be 
several subdivisions later than the stars of the earlier 
types. Apparently the difference is less for the cooler 
stars with heavily-banded spectra, and SC læCl. 

IV. DESCRIPTION OF THE CATALOG 

In the first column the variable star designation or 
the BD number or other identification is given, fol- 
lowed by the HD number in the second column. The 
type of variability in the third column is in the notation 
of the Russian general catalogue (Kukarkin et al. 1969 
-1970). 

The 1900 coordinates follow in columns (4) and (5). 
For variable stars of large amplitude (usually Mira 
variables) the date on which the type was observed is 
essential, and is given in Julian days in column (6), 
followed by the visual magnitude and the phase. The 

latter data were obtained mainly from the American 
Association of Variable Star Observers (AAVSO) Re- 
ports, supplemented by a few observations from the 
Groningen Observations of Variable Stars, the Sonneberg 
Mitteilungen über Veränderliche Sterne, and unpub- 
lished AAVSO observations very kindly furnished to us 
by Janet A Mattei, director of the AAVSO. 

Column (9) contains the revised type. Intensity 
estimates for ZrO bands, TiO bands, the sodium D 
lines, YO bands (usually X6132), and Li 6708 are given 
in columns (9)-(13). An x indicates that the features 
are absent from spectrograms of our dispersion, while 0 
indicates the lowest detectable intensity and implies 
that their presence is doubtful. The remarks in the last 
column include comments on emission lines when their 
appearance seems abnormal for the type of variables or 
the phase at which they were observed. For faint stars 
additional identifications are sometimes given, “Ste” 
referring to the Catalog of S Type Stars (Stephenson 
1976) and “Vys” to the discovery lists published by 
Vyssotsky (1942, 1943). An asterisk refers to more 
extended notes at the end of the table. 

The observations of the stars south of — 30° declina- 
tion, and some between 0° and —30°, were obtained 
by one of us (P.C.K.) while a Visiting Astronomer at 
the Cerro Tololo Inter-American Observatory, which is 
operated by the Association of Universities for Re- 
search in Astronomy, Inc., under contract with the 
National Science Foundation. 

Many of the observations were made by one of us 
(P.C.B.) using the Carnegie image tube spectrograph on 
the 72 inch (1.8 m) Perkins and 42 inch (1.1 m) tele- 
scopes at the Lowell Observatory. This spectrograph 
was kindly made available by Dr. W. Kent Ford, Jr. 
Partial support for the observations of P.C.B. was made 
possible by a summer research grant from the 
Graduate School of the University of Oregon. 

To the director and staff of the Hale Observatories 
we are grateful for the opportunity to classify spectro- 
grams in their collection. To Dr. W. P. Bidelman of the 
Warner and Swasey Observatory we are greatly inde- 
bted for the loan of a set of spectrograms taken by him. 

The publication of this catalog was supported by a 
grant from the National Science Foundation through 
the Ohio State University Research Foundation. 

The arduous task of typing the tables for photo- 
graphic reproduction was carried out by Delores 
Chambers. 
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