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ABSTRACT

We present a spectral atlas of six bright carbon stars (U Hya, TX Psc, RZ Peg, V Oph, Y CVn, and UV Cam)
observed with the Hamilton Echelle Spectrograph at coudé using the 3 m telescope at Lick Observatory. These
data are of high resolution (0.13 A at 6100 A) and high signal-to-noise. The spectral range spans from 5080 to
7850 A; however, there are gaps due to the unmatched size of the echelle format and the CCD. We have observed a
total of 87 carbon stars in the solar neighborhood over the period from 1988 May through 1991 September, with
two or more observations for 67 stars of the sample. The reduced spectra (40 orders per observation for a total of
nearly 9200 individual spectra) will be available to the scientific community via the Astrophysics Data System
(ADS). The current study has produced the most detailed multi-epoch observations to date of a large number of
carbon stars.

Presented here, along with spectra of the six sample stars, are separate template plots to be used as a tool for the
ADS on-line database. These templates are of atomic features, as well as '2CN and !2C, transitions taken from the
tables of Davis & Phillips (1963) and Phillips & Davis (1968), respectively. We have calculated band head
positions for the isotopic species *C'*N, 2C'3C, and *C!3C, whose transitions contribute significantly to the

spectra of carbon stars with enhanced '*C abundance, known as J-type carbon stars.
Subject headings: atlases — stars: AGB and post-AGB — stars: carbon

1. INTRODUCTION

Asymptotic giant branch (AGB) stars are important for a
number of reasons. They determine, in large part, the elemen-
tal composition of the interstellar medium, directing the next
generation of star formation. Their dusty circumstellar enve-
lopes are chemical laboratories in which compounds form that
will seed the interstellar medium with siliceous and carbon-
aceous grains, chains, and perhaps even Buckminsterfuller-
enes. AGB stars are enormously bright (e.g., from 6 X 103 to
several X104 Lo ; Claussen et al. 1987; Kastner etal. 1993 ) and,
therefore, they are resolvable at large distances in the Milky
Way and even in some nearby galaxies. Carbon stars, the sub-
ject of this atlas, make up a subgroup of stars on the AGB
which have an inverted carbon-to-oxygen ratio (C/O > 1).
Since carbon stars are approximately one bolometric magni-
tude brighter than oxygen-rich AGB stars of the same mass
(Iben & Truran 1978), they have been used to probe the kine-
matics and dynamics of the Galaxy (Dean 1976; Tyson & Rich
1991) and of external systems (e.g., Reid & Mould 1990).
Carbon stars have also played a role in attempts to answer
questions of cosmological significance. Radial velocity mea-
surements of bright carbon stars in dwarf halo galaxies of the
Milky Way have provided observational evidence for a large
amount of dark matter in these systems (Seitzer & Frogel
1985; Aaronson 1983; Aaronson & Olszewski 1987; Mateo et
al. 1991), although these results have been disputed (Jura
1986; Godwin & Lynden-Bell 1987; Barnbaum 1992a).

Carbon stars have peculiar atmospheric and circumstellar
chemical abundances due to the dredge-up of freshly processed
material from their interior (Iben & Renzini 1983; Boothroyd
& Sackman 1988). A spectrum of a carbon star’s atmosphere
is a window into the stellar interior which normally is locked
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away from view. The presence or absence of certain elements,
such as those produced by the s-process, offers insight into
evolutionary status and interior structure. Optical spectra can
also reveal clues to the dynamics and physical processes in the
tenuous stellar atmosphere; the velocities of atomic transitions
at different energies show a changing velocity structure with
phase, as well as shocks, in these pulsating giants (e.g., see
Barnbaum 1992b; Barnbaum & Morris 1993).

In the early days of optical spectroscopy, seminal studies
were made measuring radial velocities of carbon stars using
low-resolution spectra (20 A mm™" in the visual and near-in-
frared) taken on photographic plates (Sanford 1935, 1944,
1950; Merrill 1940; Joy 1954; Fujita 1952). These spectra initi-
ated us into the peculiarities of these cool, swollen stars, such as
strong Balmer emission and heavy molecular line blanketing
in the blue spectral region. Atomic absorption lines are largely
overwhelmed by molecular transitions, making line identifica-
tion and velocity measurements difficult and unreliable with
low or even moderate dispersion. Adding to these difficulties,
photographic plates are more sensitive in the blue wavelength
region where carbon stars are faint, and they are significantly
less sensitive in the red region where carbon stars are brightest
and most easily observed. Thus, observing a large number of
carbon stars with high resolution was impractical until the ad-
vent of the red-sensitive CCD.

After Sanford and Merrill’s work, optical spectroscopy of
carbon stars reached higher dispersion (8 to 10 A mm™') and
extended into the near infrared; Utsumi (1963) and Utsumi
(1967) obtained broad wavelength coverage of two carbon
stars (Y CVn and U Cyg, respectively), and Fujita & Yama-
shita (1960) observed V Agl. These data and microphoto-
meter tracings have approximately half the dispersion pre-
sented here, and do not have high signal-to-noise ratios,
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although a dispersion similar to our present data was obtained
by Fujita & Yamashita (1963) on Y CVn. None of these stud-
ies, however, presents either the multi-epoch observations
needed to ascertain changes in velocity and profile structure of
individual atomic and molecular lines or observations of a
large number of carbon stars.

Starting in 1988 and ending in 1991, we observed 87 carbon
stars of the solar neighborhood, 67 with two or more observa-
tions, using the Hamilton Echelle Spectrograph and TI 800 X
800 CCD with the 3 m telescope at Lick Observatory. These
data are high resolution (0.13 A at 6100 A), high signal-to-
noise (typically from 150 to 600 at 6100 A and from 250 to 800
at 7100 A), and span from 5080 to 7850 A. The reduced spec-
tra (40 orders per observation for a total of nearly 9200 individ-
ual spectra) will be available to the scientific community via
the Astrophysics Data System (ADS). The current study has
produced the most detailed multi-epoch observations to date
of a large number of carbon stars. In this paper, we present a
spectral atlas of six of the stars in the sample of 87 (U Hya, TX
Psc, RZ Peg, V Oph, Y CVn, and UV Cam). Separate tem-
plate-plots of molecular and atomic lines for each order are
included, to be used as a tool for this atlas and the ADS on-line
database: the ?CN and !?C, transitions are taken from the
tables of Davis & Phillips (1963 ) and Phillips & Davis (1968),
respectively.

Model atmospheres of AGB stars have been difficult to de-
velop, due to the complicated conditions in a cool, tenuous
atmosphere (e.g., non-LTE effects and nonlinear opacities).
However, sophisticated models of carbon star atmospheres
have recently been developed (Johnson & Luttermoser 1992).
The spectra in this study will allow theorists a detailed compari-
son of their models with high signal-to-noise spectra for many
types of carbon stars over many photometric phases.

All carbon stars observed in this program whose spectra will
be available with ADS are listed in Table 1, with spectral type,
variability type, period, and epoch where available. In the last
column are comments indicating interesting aspects of the ob-
servations, such as Ha, Mg 1, and K 1 emission, and, for two
stars, Ha absorption. Table 2 lists the dates of the observations
for each star. In § 3 we describe the molecular and atomic
features which characterize the optical spectra of carbon stars,
presenting typical examples of variable features in Figures 1-4.
The figures of the spectral atlas (Figs. 5-44) are described in
§ 4, and the template plots of atomic and molecular features
are found in Figures 45-52 and Figures 53-65, respectively.

2. OBSERVATIONS

The program stars were selected from a flux-limited sample
of Galactic carbon stars detected by the Two Micron Sky Sur-
vey (Neugebauer & Leighton 1969 ) and compiled by Claussen
et al. (1987). For the most part, we chose stars brighter than
magnitude 6.5 in the 7 band (9000 A ), observing 84 of the 215
stars listed by Claussen et al., with three additional carbon
stars, EU And, DY Per, and V778 Cyg.

Optical spectra were obtained between 1988 May and 1991
September with the 120 inch (3 m) Shane Telescope at Lick
Observatory. The Hamilton Echelle spectrograph at coudé
produces high-resolution spectra (0.13 A at 6100 A) with a
linear reciprocal dispersion ranging from 2.8 A mm™! in the

blue to 4.3 A mm™ in the red (see Vogt 1987 for a description
of the spectrograph). Note that the broad wavelength range,
from 5080 to 7850 A, has gaps due to the unmatched size of the
echelle format and the CCD (see Table 3 for exact wavelength
coverage). The detector, a TI 800 X 800 CCD, measures only
12 mm and must be moved over the larger echelle format to
the desired wavelength region, covering ~3,000 A at any one
setting. The choice of wavelength region was based on the na-
ture of carbon stars as well as on the properties of the echelle
grating. The effective temperature, T4, of carbon stars on the
AGB is generally between ~2000 and 3600 K (Mendoza &
Johnson 1965; Lambert et al. 1986). Carbon stars are very
bright in the red and faint in the blue, and their meager blue
light is greatly attenuated by line blanketing. In addition, the
Hamilton Echelle grating, as well as the CCD detector, have
their highest efficiency in the red region. Achieving adequate
signal-to-noise in the blue would greatly over-saturate the red
region. Therefore, the wavelength coverage was chosen to
reach as far as possible into the blue with adequate signal-to-
noise without necessitating multiple exposures to preserve the
red region. The setup results in 40 spectral orders per observa-
tion.

Stellar spectra were taken with a 2”5 decker and 640 p slit,
projecting 172 on the sky. Focusing typically produced a
FWHM of 2.3 to 2.5 pixels. A Thorium-Argon lamp was used
for wavelength calibration, bracketing stellar exposures. We
find the spectrograph to be stable, with a drift of 0.7 km s™!
(0.3 pixels) over 8 hours. The raw data were reduced with the
IRAF software package. Specifics of echelle spectra reduction
are given by Goodrich & Veilleux (1988). The bias was sub-
tracted from each image. A quartz lamp was used for flat field-
ing with a 4” (arcsecond) decker, which adequately covers
each order of the stellar spectra, observed through a 2”5 decker.
The alternative method discussed in Vogt (1987) uses a deck-
erless quartz exposure for the flat-fielding, and then a 2”5
decker quartz image is extracted as spectra and later used to
divide into stellar spectra to remove the fringing resulting from
the open decker flat. We experimented with both methods and
found the 4” decker flat to be adequate. Extraction of the
orders was carried out using an exposure of a smooth contin-
uum standard as a template (a rapidly rotating A or B star).
The Hamilton Echelle spectrograph was designed for minimal
order separation, and therefore accurate sky subtraction is not
attempted (see Vogt 1987). Inter-order scattered light was
found to be fairly consistent at ~12%, and is subtracted from
each order. Table 3 lists the beginning and ending wavelength,
number of angstroms covered, dispersion, and resolution for
each of the 40 orders for a typical reduction. The exact number
of angstroms plotted in each figure presented in this paper, as
well as the figure number for a given order, appear in the last
two columns of Table 3.

3. SPECTRAL CHARACTERISTICS OF CARBON STARS

The optical spectral region of carbon stars is characterized
by very closely spaced molecular absorption lines, namely,
those of CN and C,. The continuum is obscured throughout
the optical region, and atomic absorption lines are over-
whelmed by the molecular transitions. Since the wings of even
the strongest atomic lines are not visible and the level of the
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TABLE 1

PROPERTIES OF CARBON STARS OBSERVED IN THIS STUDY

APPARENT MAGNITUDE
RANGE
SPECTRAL PERIOD® EPocH
STAR Type® VARIABILITY Maximum  Minimum (day) (IJD +2,400,000) COMMENTS
AQAnd ........... N C5,4 SR 9.9 11.8 346 29970
EUAnd ........... R C4,4) SR 12.9 14.1p Silicate-rich CSE;H,O maser®
SUAnd............ Nb C64 Lc 8.0 8.5v
VX And ........... N7 C4,5) SRa 7.8 9.3v ...
VAql ..ol N6 C64 SRb 6.6 8.4v 353
V374 Aql .......... Ne C7,3e SRa 8.8 11.7v 456.5 38314 Ha emission
AUAur............ NoOe C6,3e M 13.0 15.8p 400 29057 Ha emission
AZAur ............ NOe C7,le M 10.5 17.7b 415.9 42866 Ha and Mg 1 emission
ELAur ............ N3 C54 Lb 11.5 12.3p ... ...
FUAur ............ NO (7,2 Lb 11.0 12.2b
SAur .............. N3 C44 SR 8.2 13.3v 590.1 42000 Ha emission
TXAur............ N3 C54 Lb 8.5 9.2v
UUAur............ N3 (53 SRb 7.8 10.0b 234
UVAur............ Ne C6,2ep] M 7.4 10.6v 394.4 41062 Hea and Mg 1 emission
SCam ............. R8e C7,3¢ SRa 1.7 11.6v 327.3 43360 Ha and Mg 1 emission
STCam............ N5 C54 SRb 9.2 12.0p 300
UCam ............ N5  C3,9 SRb 11.0 12.8p ... 43060
UVCam ........... R8 C5,3) SRb 7.5 8.1v 294 Ha absorption
TCnc.oovevvennn.n. N6R6 C3,8 SRb 7.6 10.5v 482
XCne oovvveinnnn.. N3 C54 SRb 5.6 7.5v 195 43631
WCMa ............ N C6,3 Lb 6.4 7.9v
YCVn............. N3 G54 SRb 7.4 10.0p 157 ...
RCMi ............. CSep C7,le] M 7.2 11.6v 337.8 41323 Ha emission
HOCas............ R C4,3 Lb 134 14.0p ... ...
HVCas............ Ne C4,3e M 12.9 17.2p 527 38120 Ha emission
WCas ............. ... Cille M 7.8 12.5v 405.6 44209 Ha and Mg 1 emission
XCas....ooovvnn.. Nle C54e M 9.5 13.2v 422.8 43922 Ha emission
SCep .vvvevnvnnn... N8e C74e M 7.4 12.9v 487.0 47213° Ha emission
VCGB ............. N2e C6,2¢ M 6.9 12.6v 358.0 47342° Ha and Mg 1 emission
RSCyg ..o NOep C8,2e SRa 6.5 9.5v 417.4 47270° Ha emission
TTCyg .ovvnnnn... N3e C5,4e SRb 10.2 11.9b 118
UCyg cevvvnennn... Nep C7,2¢ M 5.9 12.1v 462.4 47326° Hoa and Mg 1 emission
VCyg.oovvvoannnnn. Nep C5,3e M 7.7 13.9v 421.4 47382° Hea emission
V778Cyg .......... N C4,5] Lb 11.6 13.5p e Silicate-rich CSE;H,0 & OH
maser®

WXCyg oo N3e C82eJ M 8.8 13.2v 410.5 47407° Ha emission; 4 Li
RYDra............ Ndp C4,5) SRb 6.0 8.0v 172.5 b
TDra.............. NOe C6,2e M 7.2 13.5v 421.2 47337° Ha and Mg 1 emission
UXDra............ NO (73 SRa 5.9 7.1v 168
RFor.............. Ne C4,3e M 7.5 13.0v 388.7 41974 Ha emission; P-Cyg K 1
BMGem .......... N C5,4) SRb 11.5 12.1p 286 ... Silicate-rich CSE®
TUGem ........... N3 C64 SRb 9.4 12.5p 230 ...
VX Gem........... Nep C7.2¢ M 10.8 15.1p 379.4 41280 Ha emission
ZZ.Gem ........... Ne C5,3e M 12.4 16.0p 317 33999 Ha and Mg 1 emission
CZHya ............ Ne Ce M 9.7 15.5p 442 27546 Ha and Mg 1 emission
RYHya ........... N C6,4¢ SRb 12.2 15p 529 Ha emission
UHya ............. N2  Cé6,5 SRb 7.0 9.2v 450 47210°
VHya ............. Né6e C6,3¢ M/SRa 10.9 16.0v 529.2 46900° Ha emission
YHya ............. N3p C54 SRb 83 12.0p 302.8 ...
RLep...c.c.oeett Né6e C7,6e M 5.5 11.7v 427.1 42506 Ha and Mg 1 emission
HKLyr............ N4 C6,4 Lb 7.8 9.6v ...
TLyr cc.coovnnn... R6 C6,5J Lb 7.8 9.6v ...
ULyr.............. NOe C4,5¢ M 8.3 13.5v 455.6 47088° Ha emission
CLMon ........... Né6e C6,3e M 11.0 17.5p 497.2 37440 Ha emission; P-Cyg K 1
CZMon ........... N5 C45 Lb 12.5 14.5p
DFMon ........... N C44 Lb 12.5 14.8b
GYMon ........... N3R8 C6,3 Lb 9.4 11.6p
TWOph ........... N C5,5 SRb 11.6 13.8p 185
TYOph ........... N C5,5 Lb 12.7 15.1p
VOph ............. N3e C5,2¢ M 7.3 11.6v 298 47180° Ho and Mg 1 emission
BLOrm ............. N C6,3 Lb 79 9.7p
GKOri ............ N C44 SR 9.5 11v 236 26002
RTOrn ............ N C6,4 SRb 9.7 11.8p 321 e
WOr ............. N5 C54 SRb 8.2 12.4p 212
RZPeg ............ CSe (9,le M 7.6 13.6v 439.4 47413° Ha and Mg 1 emission
ACPer............. N3  C6,3 Lb 11.8 12.4p
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TABLE 1—Continued

APPARENT MAGNITUDE
RANGE
SPECTRAL PERIOD® EPOCH
STAR TypE? VARIABILITY Maximum  Minimum (day) (JD +2,400,000) COMMENTS
DYPer ............ R8 C4,5 SRb 10.6 13.2 900 ...
SYPer............. N3e C6,4 SRa 8.7 13.0v 474 37635 Ho emission
TXPsC covvnnnn.... NO C7.2 Lb 4.8 5.2v
ZPSC ..o NO (7.2 SRb 8.8 10.1p 144
ACPup ............ N Cs5,4 Lb 8.9 10.1v
SSSgr ...iiinnn... N/R3 C3,4 SRb 10.9 11.3p
SZSgr ...l N C7,3 SRb 11.1 11.9b 73
V781Sgr........... NO C Lb 12.5 14.0p
V2548 Sgr ......... N3 SRa 14.5 16.4p 159 23950
SUSCO ....onnnnn. NO G55 SR 11.7 13.2p 414 He emission
V901 Sco .......... Ne Ce SR 13.6 15.8p Ho emission
RScl .............. Np  C6,5¢ SRb 9.1 12.9p 370
SSctveiviiiiin.. N3 C6,4 SRb 9.6 10.9b 148
FOSer............. R6 C4,5] Lb 8.4 8.7v Ha absorption
FXSer............. ... C Lb 14.1 15.7v Ho emission
TTTau ............ N3 C4.2 SRb 10.2 12.2p 166.5
TUTau............ N3 Cs5,4 SRb 5.9 9.2v 190
YTau ............. N2e C6,5e SRb 6.5 9.2v 241.5
TMSS—30293 ...... ..
VYUMa .......... NO (6,3 Lb 5.9 7.0v
RUVir ............ R3ep C8,le M 9.0 14.2v 436.2 47322° Ho and Mg 1 emission
SSVir ............. Ne C6,3e M/SRa 6.0 9.6v 354.7 47177° Ha emission

2 Spectral and variability types and magnitudes are from Kholopov 1985. The J-type classification of EU And and FO Ser is based on the optical spectra
obtained in this study. Note that the magnitudes are indicated as either v (visual), b (blue), or p (photographic). These designations refer to both the
maximum and minimum magnitudes.

® Period and epoch provided by AAVSO (Mattei 1990). All others are from Kholopov 1985.

¢ See discovery papers: Little-Marenin 1986; Willems & De Jong 1986; for review, see Barnbaum et al. 1991.
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TABLE 3
TYPICAL SPECTRUM PARAMETERS®
THE FIGURES
ORDER )‘bgsin >‘e°nd TOTAL RANGE A\ PER PIXEL DISPERSION RESOLyTIONb Total A in Plot® Figure
NUMBER (A) (A) (A) (A) (A mm™) (A) (A) Number
12 ...... 5084.089 5117.969 33.880 0.0426 2.84 0.11 34.0 5
11 ...... 5129.885 5164.069 34.184 0.0429 2.86 0.11 344 6
110 ...... 5176.513 4211.008 34.495 0.0433 2.89 0.11 34.7 7
109 ...... 5223.997 5258.808 34811 0.0437 2.92 0.11 35.0 8
108 ...... 5272.360 5307.493 35.133 0.0441 2.94 0.11 353 9
107 ...... 5321.627 5357.089 35.462 0.0446 2.97 0.11 35.7 10
106 ...... 5371.824 5407.620 35.796 0.0450 3.00 0.11 36.0 11
105 ...... 5422.977 5459.113 36.136 0.0454 3.03 0.11 36.4 12
104 ...... 5475.113 5511.596 36.483 0.0458 3.06 0.12 36.6 13
103 ...... 5528.262 5565.099 36.837 0.0463 3.09 0.12 37.1 14
102 ...... 5582.453 5619.651 37.198 0.0467 3.12 0.12 374 15
101 ...... 5637.717 5675.283 37.566 0.0472 3.15 0.12 37.7 16
100 ...... 5694.086 5732.027 37.941 0.0477 3.18 0.12 38.1 17
99 ...... 5751.594 5789.918 38.324 0.0482 3.21 0.12 38.5 18
98 ...... 5810.276 5848.991 38.715 0.0486 3.24 0.12 38.4 19
97 ...... 5870.167 5909.281 39.114 0.0492 3.28 0.12 39.3 20
9% ...... 5931.307 5970.827 39.520 0.0497 3.31 0.12 39.7 21
95 ...... 5993.733 6033.669 39.936 0.0502 3.35 0.13 40.2 22
9 ...... 6057.488 6097.849 40.361 0.0507 3.38 0.13 40.5 23
93 ...... 6122.614 6163.409 40.795 0.0513 3.42 0.13 41.0 24
92 ...... 6189.156 6230.393 41.237 0.0518 3.45 0.13 41.4 25
91 ...... 6257.160 6298.850 41.690 0.0524 3.49 0.13 41.9 26
9 ...... 6326.675 6368.828 42.153 0.0530 3.53 0.13 423 27
89 ...... 6397.752 6440.378 42.626 0.0536 3.57 0.13 42.8 28
88 ...... 6470.445 6513.555 43.110 0.0542 3.61 0.14 43.3 29
87 ...... 6544.809 6588.414 43.605 0.0548 3.65 0.14 43.8 30
86 ...... 6620.902 6665.014 44.112 0.0554 3.69 0.14 444 31
85 ...... 6698.786 6743.417 44.631 0.0561 3.74 0.14 44.8 32
84 ...... 6778.524 6823.686 45.162 0.0568 3.78 0.14 45.1 33
83 ...... 6860.184 6905.889 45.705 0.0574 3.83 0.14 45.9 34
82 ...... 6943.835 6990.097 46.262 0.0581 3.88 0.15 46.1 35
81 ...... 7029.552 7076.385 46.833 0.0589 3.92 0.15 47.0 36
80 ...... 7117.411 7164.829 47418 0.0596 3.97 0.15 47.6 37
79 ...... 7207.495 7255.513 48.018 0.0604 4.02 0.15 47.6 38
78 ...... 7299.889 7348.522 48.633 0.0611 4.07 0.15 48.7 39
77 ...... 7394.682 7443.946 49.264 0.0619 4.13 0.16 49.2 40
76 ...... 7491.970 7541.882 49.912 0.0627 4.18 0.16 50.0 41
75 ...... 7591.853 7642.429 50.576 0.0636 4.24 0.16 50.5 42
74 ...... 7694.435 7745.695 51.260 0.0644 4.29 0.16 51.4 43
73 ...... 7799.827 7851.789 51.962 0.0653 4.35 0.16 52.1 44

2 Total number of points in each spectrum is 796. These particular values are those of U Hya 1989/12/10, and the values listed are those before
heliocentric correction.

® Resolution is based on FWHM = 2.5 pixels, each pixel measuring 15 um.

¢ Each figure is exactly the same physical length in the x-axis. The total number of angstroms plotted in each figure is indicated here.

3.1. Molecular Lines
3.1.1. 12C'*N and *C,
The spectral region from ~ 5600 to 7850 A is dominated by

continuum is unknown, direct measurements of equivalent
width are not possible without performing spectral synthesis
using model atmospheres and all the assumptions entailed. In
this paper we have identified a number of atomic features, as

well as CN and C, absorption lines. We have calculated band
head positions for the isotopic species *C'N, 2C!3*C, and
BC13C, which also affect optical spectra, particularly the spec-
tra of stars with greatly enhanced '*C abundance, known as
J-type carbon stars (**C/'3C ~ 3 for J-types vs. 12C/'*C ~ 50
for other carbon stars; Lambert et al. 1986 ). This section de-
scribes the general characteristics of carbon star spectra result-
ing from the complex combination of molecular and atomic
absorption features in their cool atmospheres.

the vibration-rotation transitions of CN, specifically, by the
Red System, 4°I1- X *Z. The Swan bands of C,, 4°I-X’I1,,,
dominate the blue region and extend into the red region, up to
near 6600 A, overlapping with those of CN. The CN and C,
transitions connect the ground state to the first electronic ex-
cited state, with orbital angular momentum change from the
ground state AA = —1 for CN and AA = 0 for C,. These states
are split into vibrational terms whose energy intervals are
closely spaced, and the vibrational terms are split by the even
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more closely spaced rotational transitions. It is the combina-
tion of electronic, vibrational, and rotational transitions that
produces the complex bands characteristic of these spectra.
The direction in which a molecular band degrades, to the blue
or red, depends on whether the internuclear distance increases
or decreases, respectively, as the result of the vibration-rota-
tion change from the upper to lower state. CN branches of the
Red System degrade to the red, and the band heads are signifi-
cantly more diffuse than the sharp, well-separated band heads
of C, (Swan bands), which degrade toward the blue. The rota-
tional transitions are the P, Q, and R branches which represent
a change in the rotational quantum number K of —1, 0, and
+1, respectively, and each with spin splitting, producing eight
branches of P, @, and R for CN and six branches of Pand R for
C,. These branches overlap both within a given vibrational
transition and among the many vibrational transitions for
each molecular species, creating a jumble of absorption fea-
tures in carbon star spectra which are very difficult to sort out.
To complicate matters further, an isotope of carbon, '*C,
forms molecules whose absorption lines mingle with those of
12CN and !%G,.

With the tables of Davis & Phillips (1963) and Phillips &
Davis (1968), we have identified a number of CN and C, tran-
sitions over the region of interest through pattern recognition,
although these identifications are a small fraction of the total
number of absorption dips in the spectrum. Isotopic species
are likely contributors to the optical spectra of carbon stars,
and therefore, we have calculated the positions of isotopic
band heads within our spectral window.

3.1.2. Isotopes 3C'*N, 2C'3C, and *C"3C

Isotopic species of CN and C, have been known for some
time to occur in the spectra of carbon stars (e.g., Sanford
1950). These molecules are especially evident in carbon stars
with greatly enhanced '3C, the J-type carbon stars. The in-
creased strength of the *C isotopic species in J-type stars
causes their spectra to have a clearly different appearance from
those of carbon stars with normal *C abundance. The effect of
a heavier isotope on the band structure of a diatomic molecule
both shifts the band origin and contracts the entire vibration-
rotation band, with respect to the lighter molecule. For exam-
ple, for a given vibration transition, the rotational branches of
3CN are more contracted about the band origin than those of
12CN (Herzberg 1950), and additionally, the band origin itself
is shifted redward. The superposition of isotopic shifts with the
normal line positions might be the cause of the smeared appear-
ance of many regions of the spectra of J-type carbon stars (e.g.,
see the figures of Y CVn in this atlas).

No detailed atlas, such as those of Davis & Phillips (1963)
and Phillips & Davis (1968), exists for the isotopic species of
CN and C,; therefore, we have calculated the location of a
number of isotopic band heads. The position of an absorption
line is the sum of its electronic, vibrational and rotational
terms. Since the isotopic shift of the electronic term is negligi-
ble (Herzberg 1950), the adjustment comes from the vibra-
tional and rotational terms, where each is a function of the
reduced mass, u = (m,;m,)/(m, + m,), where m, and m, are
the masses of the atoms of the diatomic molecule. The equa-
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tion for the band head, in wavenumbers (cm™), is

_ (Bv' + Bv”)z
4(B, ~ By’

Voh = Vo

The B,’s are the rotational constants,
B, =p?B, — p3a,(v + 35

where p? = u/p; is the ratio of the reduced masses (the sub-
script i indicating the reduced mass of the isotopic molecule),
and B, and «, are constants and functions of the moment of
inertia of the molecule. The symbols » and »” refer to upper
and lower vibration states, respectively. The band origin, »,, is
equal to the electronic term, »,, and the vibrational term:

vo = v, + [pw(V +3) — pPuxX(v +3)?]
— [pwl(v" +3) — pPwixd(v +1)?].

For our calculations, the constants, v,, «,, w,, and w,x, were
taken from Phillips & Davis (1968) and Davis & Phillips
(1963), for C, and CN, respectively. The R, bandheads for CN
are found by calculating the transition of the R, branch for
various rotational quantum numbers, J, as given in Herzberg
(1950), and then finding the minimum wavelength, the vertex
of the parabolic branch.

As a check on our calculations, we compared our results for
12CN with the laboratory data of Davis and Phillips, shown in
Table 4. The first column lists the vibrational transitions for
the bandheads occurring in the spectral region of this atlas. The
mean difference between observed and calculated wavelengths
of 2CN band heads is 0.15 A. The results for '*CN are in the
last column, and are calculated for all vibrational transitions
from 5080 to 7850 A. The band heads which fall off order, yet
whose individual lines away from the band head might affect
our spectra, are so indicated.

Calculating band head locations for C, is nontrivial. Phillips
and Davis describe the difficulties due to perturbations. We
were unable to use their experimental values of v, for specific
upper and lower vibration states, since v, is a function of p,
which is not equal to unity for isotopic species. However, we
were able to use their experimental values for w, and w,x, to
calculate the B,’s. The difference between our calculated band
heads for >)C'2C and those presented in the tables of Phillips
and Davis are substantially larger than for 2CN. The differ-
ences were smallest for the lower vibrational transitions, and
we present the results for 2C'2C in Table 5, as well as the
calculations for the same vibrational transitions for the isoto-
pic species, 2C'3C and '3C'3C. These band head locations give
a general idea of the spectral regions likely to be affected by an
increase in '>C abundance.

3.2. Atomic Lines
3.2.1. General Characteristics of Atomic Lines

Atomic absorption lines in the optical spectra of carbon stars
are so severely blended by molecular features that in almost all
cases only their line cores are present. The strongest lines, Na
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TABLE 4
R, BAND HEADS OF 2C**N AND "*C'*N FOR THE RED SYSTEM 422-X?I1

IZCMN
13cl4N
Davis & Phillips R, Band Head R, BAND HEAD
VoY Measured Calculated 0-C CALCULATED
10, 3 5043.46 5043.35* 0.11 5093.81
6, 0 5129.62 5129.45% 0.17 5183.76
7, 1 5239.26 5239.25 0.01 5292.46
8, 2 5354.09 5353.70 0.39 5406.02
9, 3 5473.28 5473.11* 0.17 5524.22*
5 0 5606.93 5606.88* 0.05 5661.67
10, 4 5597.90 5597.79 0.11 5647.55
15, 8 5659.70 5659.42 0.28 5702.31
11, 5 5728.15 5728.13 0.02 5776.34
6, 1 5729.92 5729.85 -0.07 5783.51
7, 2 5858.17 5858.16* —0.01 5910.53
12, 6 5864.42 5864.49 -0.07 5910.97
8 3 5992.62 5992.16* 0.46 6043.08°
9, 4 6132.40 6132.24 0.16 6181.522
4, 0 6192.09 6192.15 —0.06 6246.25*
10, 5 6278.82 6278.82 0.00 6326.25*
5 1 6332.18 6332.14 0.04 6384.80*
11, 6 6432.20 6432.36 —0.16 6477.71
12, 7 6593.00 6593.37* -0.37 6636.37
7, 3 6631.29 6631.30 —0.01 6680.52°
8, 4 6791.88 6791.37 0.51 6838.54°
3, 0 6925.82 6926.12* —0.30 6977.39
9, 5 6959.20 6959.11 0.09 7003.97*
4, 1 7088.69 7088.76* —0.07 7138.12
5 2 7259.01 7258.95% 0.06 7306.16
6, 3 7437.32 7437.22 0.10 7482.03*
7, 4 7624.08 7624.16 —0.08 7666.27*
8 5 7820.91 7820.43 0.48 7859.51#

2 The location of the band head is outside the spectral ranges of Figs.
5-44, but lines belonging to this vibrational transition might affect the
observed spectra.

D (A5895.93 and A5889.96), K 1 (A7698.96), Mg 1b
(A5183.61), and Li 1 (A6707.84), are clearly present in all
stars. Even for these strong lines, the wings are completely
obscured, with the exception of Na D in a few stars where the
absorption is so deep and l:zroad that the effect of these two
lines is seen over the full 40 A spectral order. However, even in
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the case of Na D only a suggestion of profile wings is evident,
and these wings are severely mottled by the overlapping and
closely spaced molecular absorption lines. Figure 1 shows an
example of the broad Na D lines in UV Aur before minimum
light (¢ = 0.26) and the narrower Na D lines at maximum
light (¢ = 0.03). Broadening and narrowing of Na D was de-
scribed as early as 1920 by Shane, who noticed this phenome-
non in a number of carbon stars, and was also noted by San-
ford (1950) in the spectrum of U Cyg; temperature variations
are likely to contribute to the effect (Alksne & Ikaunieks
1981). However, the extreme change in the Na D lines with
phase does not occur in all Miras of our sample of carbon stars.

The spectra of carbon stars show other interesting changes
with phase. In addition to the broadening and narrowing of Na
D, emission lines brighten and fade. For a given observation,
atomic line velocities differ from each other, and the magni-
tude of these differences changes with phase. The differences
among atomic line velocities are smallest at minimum light
and are largest at photometric maximum. Miras have larger
velocity variations and differences among atomic line veloci-
ties than do SR or Lb variables. Additionally, their cross-corre-
lated optical velocities! are consistently redshifted with respect
to center-of-mass velocity, as measured by circumstellar CO
(J = 1-0), whereas the optical velocities of SR and Lb vari-
ables vary equally to the red and blue of the center-of-mass
motion (Barnbaum 1992a). Figure 2 shows the measured ve-
locities of Li, K, and Mg absorption lines as well as the cross-
correlated optical velocities and circumstellar CO (J = 1-0)
for a typical Mira, SR, and Lb star. The velocities are plotted
versus phase for the SR and Mira variables (U Hya and CZ
Hya); the Lb variable (TX Psc) has no regular period and so
the velocities are plotted versus Julian Day. The velocity varia-
tions of atomic lines with phase and the dispersion among
them for a given observation have been described in Barn-
baum (1992b); although opacity changes and differential at-
mospheric bulk motion throughout a pulsation are likely to
play a role (Hinkle 1978), the phenomenon is not well under-
stood.

! These velocities were measured by cross-correlating the entire spec-
trum, over 25-30 orders, with a template. See legend of Fig. 2.

TABLE 5
BAND HEADS OF '*C'’C, '?C'*C, AND *C"*C FOR THE SWAN SYSTEM A°IL-X°II,

lZClZC
12C13C l3cl3c
Phillips & Davis Band Head BAND HEAD BAND HEAD
vy Measured Calculated 0-C CALCULATED CALCULATED
I 1 5129.36* 5128.56 0.80 5129.4 5130.2°
0, 0 5165.24* 5165.11 0.13 5165.2* 5165.4*
2, 3 5540.70 5537.65 3.05 5530.3 5522.8%
1, 2 5585.49 5584.56 0.93 5576.2% 5567.6*
0, 1 5635.50* 5635.29 0.21 5625.6* 5615.8
1, 3 6122.15* 6121.04 1.11 6100.12 6078.8
0, 2 6191.27 6190.96 0.31 6167.9% 6144.4

2 The location of the band head is outside the spectral ranges of Figs. 5-44, but lines belonging to
this vibrational transition might affect the observed spectra.
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F1G. 1.—Spectral region of Na D in UV Aur over two epochs. Each spectrum is normalized to its maximum point, with the scale for ¢ = 0.03 on the left
and for ¢ = 0.26 on the right.
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F1G. 2.—Heliocentric velocities as a function of phase. The legend and the error bars for the line velocities (+1.5 km s™!') are indicated in panel (a).
Cross-correlated (labeled “optical™) velocities were obtained by cross-correlating spectra with a template over 25 to 30 spectral orders, and represent a
statistical average of the molecular and atomic line shifts, taken together (see Barnbaum 1992b for discussion). (a, b) Velocities are plotted as a function of
phase for SR variable U Hya and Mira CZ Hya. The observations have been folded and plotted by phase, not chronology. (¢) Velocities for Lb variable TX
Psc are plotted chronologically, according to Julian Day, since Lb variables do not have regular periods. Note that the velocity scale is the same for all three
plots. The heliocentric circumstellar emission line velocity of CO (J = 1-0) is indicated on the left-hand side of each plot, being —23.3, 425, and +11.2 km
s~! for U Hya, CZ Hya, and TX Psc, respectively (taken from Olofsson et al. 1990; Olofsson et al. 1993; Olofsson et al. 1987).
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Emission lines, such as Ha, Mg1, and K 1, arise with changes
in phase. Ha emission is present in 34 stars of our sample of 87
and is noted in Table 1. Its presence is ascribed to shocks propa-
gating through the pulsating atmospheres of AGB stars (Hill &
Willson 1979; Willson & Hill 1979). In the absence of shocks,
Ha is not expected to be in absorption since in atmospheres of
T.x ~ 3000 K, the n = 2 level is not greatly populated. How-
ever, two stars of this sample, UV Cam and FO Ser, show Ha
in absorption (see UV Cam in Fig. 30b below). It is interesting
to note that both of these stars have enhanced '*C (J-types) and
are classified as late R spectral type. The variation of the cross-
correlated velocities of both stars is only 3 km s™! (the error of
each measurement is +1.5 km s™'), and is not likely due to a
companion (Barnbaum 1992b).

Ha absorption has been reported in a number of carbon-rich
stars in the Galactic bulge, although these stars are thought to
be too faint to be on the AGB (Tyson & Rich 1991). A possible
mechanism to populate the n = 2 level would be the presence
of a chromosphere. Eaton et al. (1985) successfully observed
with JUE a number of R carbon stars, including UV Cam, and
attributed the Mg 11 emission and ultraviolet flux to chromo-
spheres. However, these chromospheres appear weaker than
those of other late-type giants (such as K and M giants). Of the
eight R carbon stars in our sample, only two have Ha absorp-
tion. Johnson et al. (1986) and Johnson & Luttermoser
(1987) found evidence for chromospheres in a few N carbon
stars (presumably cooler than the R stars). Four of these stars,
BL Ori, U Hya, UU Aur, and TX Psc, are contained in our
sample, and none shows Ha in absorption or emission. The
cause of the Ha absorption lines in UV Cam and FO Ser re-
mains uncertain, although a chromospheric origin is possible.

Mg 1(5183.61 A) presents an inverse P-Cygni profile in 13
of the 34 Ha emission stars in the sample and appears to be
well correlated with the strength of Ha. Two of the 34 emission
line stars show K 1(7698.96 A) as a P-Cygni profile (R For and
CL Mon); neither of these has any observable Mg 1 emission.
In R For, K 1 and Ha emission do not appear to reach maxi-
mum strength at the same time, but only two observations are
not enough to be certain. The Mg 1 and K 1 profiles are dis-
played in Figure 3, along with concurrent Ha emission profiles
over two phases, for V CrB and R For.

Finally, the spectra of some Miras show a doubling of
various molecular and atomic absorption features. Notably,
K 1 is doubled in many stars of the sample near maximum
light, and a few show significant broadening of the K 1line near
minimum light (e.g., RZ Peg). The velocity variation of K I is
significant. As shown in this atlas, the position of K 1 fre-
quently differs from the velocities of other atomic and molecu-
lar lines. When K 1 is doubled, the velocity of the red absorp-
tion component is often closer to the center-of-mass velocity
(as is the case for RZ Peg and V Oph shown in this atlas), but
sometimes it is the blue component. A discussion of the struc-
ture and possible origin of this line appears in Barnbaum
(1992b). There is also a suggestion of splitting of Na D lines
and/or emission, but Na D emission from San Jose, near Lick
Observatory, makes even a qualitative analysis of the profile
unreliable. In a few Miras, not only does the K 1 line double,
but many features of the spectral region, particularly redward
of 6000 A, appear to double as well. In these cases, the cross-
correlation function (from cross-correlating spectra with a
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F1G. 3.—Samples of variations in emission line spectra. The spectra
were each normalized to the strength of a nearby absorption feature. (a, b)
Ha emission and Mg 1 inverse P-Cygni profile of V CrB at ¢ = 0.06 and
¢ =0.72. (¢, d) Ha emission and K 1 P-Cygni profile of R For at ¢ = 0.87
and ¢ = 0.84. While the phase and period for V CrB are from the AAVSO,
that of R For is from Kholopov (1985) and might not be accurate. (e, /)
These spectra of RZ Peg and V Oph show the Ha emission profiles that are
truncated in Figs. 30a and 305.

template) is doubled-peaked, or strongly asymmetric. Figure 4
shows an example of this spectral doubling in AZ Aur. Phillips
& Freedman (1969) noticed a possible doubling of absorption
lines near 6200 A in R Lep. Our two observations of R Lep are,
unfortunately, both near minimum light when splitting would
not be expected.
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T e BO noise spectra is reproduced in the spectrum of every star. This

- =081 AZ Aur property is clearly demonstrated in the spectra of the six car-

10 L= =003 i bon stars chosen for this atlas. SR, M, and Lb variables are
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Fi1G. 4.—Example of molecular line doubling in AZ Aur. At phase ¢ =
0.81 the absorption lines are single, and the cross-correlation function (not
shown), resulting from cross-correlation with a template, is single peaked.
At ¢ = 0.03, many features appear to double, and the cross-correlation
function (not shown) is double peaked. Each spectrum was normalized to
the same feature. The relative intensity for ¢ = 0.03 is indicated on the left
and for ¢ = 0.81 on the right.

3.2.3. Identifications of Atomic Lines

Fujita (1952) and Fujita & Yamashita (1963 ) listed atomic
features identified in U Cyg (at 20 Amm™")and Y CVn (at 4
to 8 A mm™!), respectively, and Wallerstein ( 1989) identified
a number of lines in the spectrum of RZ Peg (at 7 A mm™").
We started with these identifications, looking for atomic fea-
tures corresponding to the rest wavelengths of U Hya. Some
features are weak in U Hya but appear stronger in the other
stars; these have been included in the list of identifications. All
elements identified and the number of transitions for each ap-
pear in Table 6, and Table 7 lists each transition and wave-
length separately. Note that Table 7 should be considered a list
of possible lines, not all firm identifications, since interference
by molecular features make the presence of only the strongest
atomic lines irrefutable. Of the 1056 atomic lines found by
Fujita and Yamashita within the wavelength region of the pres-
ent study, only 320 of these matched features in the spectrum
of U Hya or in other stars in this atlas. Given that the disper-
sion in the spectra of Fujita and Yamashita is a factor of 2
lower than ours, it is reasonable to suspect that many of their
identifications are severely blended with molecular lines and
are not reliable.

4. THE ATLAS FIGURES
4.1. The Stellar Spectra

The purpose of this atlas is to present a tool for comparing
and identifying atomic and CN features in the optical spectra
of carbon stars, as well as to advertise the carbon star ADS
database. With this in mind, we have prepared stellar spectra,
as well as atomic and molecular line templates with precisely
the same scale, for easy use.

The six stars presented here were chosen both as a representa-
tive sample and as a demonstration of pecularities. Although
complicated in appearance optical spectra of carbon stars are
very similar. Line ratios sometimes vary significantly from star
to star, but nearly every absorption dip in the high signal-to-

represented here, as well as J-types and one CS star. These stars
span a range of temperature and carbon abundance. Spectral
classification of the six stars, period, phase (where available),
date of each observation, and heliocentric velocities are listed
in Table 8. The velocities are the result of cross-correlation of
25 to 30 orders with a template; the procedure is described in
Barnbaum (1992b) where velocities for this entire sample of
carbon stars are listed.

All stellar spectra in this atlas as well as in the ADS database
are corrected to heliocentric motion. Figures 5-44 display the
spectra, one order per figure, with U Hya, TX Psc, and RZ Peg
in part (a), and V Oph, Y CVn, and UV Cam in part () of
each figure. The y-axis units are data numbers (DN) where one
DN represents 2.5 electrons. Since the readout noise is small
(~7 electrons), the signal-to-noise goes as 2.5 X VDN. The
X-axis is in angstroms, and the number of angstroms per spec-
trum is exactly the same for each plot of a given order, and is
given in the eighth column of Table 3. This will allow perfect
alignment for overlaying spectra of interest with any of the six
stars.

On the left-hand side of each spectrum is a solid, half-height,
vertical line which represents the zero-velocity shift of the spec-
trum (referred to as the “zero-velocity axis™), with respect to
the wavelength range chosen for the atomic and CN plots (see
below). The zero-velocity axis serves as a fiducial for all the
plots in the atlas. That is, if spectra of the same order are
aligned so that their zero-velocity axes coincide, their absorp-
tion features will align. When the vertical line seems absent, it
is because the zero-velocity axis coincides with the y-axis of
that spectrum (especially for the spectra of UV Cam), except
in Figures 34 and 42 where no zero-velocity axis is indicated,
since the domination of telluric features makes velocity difh-
cult, if not impossible, to determine. Note that the placement
of this zero-velocity axis varies from star to star due to differ-

TABLE 6
ELEMENTS IDENTIFIED
Number Number
Element of Lines Element of Lines
Ba ............. 5 Na ............. 4
Bam ........... 2 Nb..ooooeeell o 3
Ca .....ooene. . 13 Nd............. 2
Ce .coovninnnn. 2 Ndm........... 13
Cenm ........... 1 Niooovoionn... 6
Co .ovviinn, 23 Prix............ 7
(© ST 41 Rb ............. 1
Fe.............. 105 Scoiiii 23
Gd............. 10 NI | G 9
Gdm ........... 10 Sm............. 1
Ko 1 St 4
La ............. 3 5 S 75
Lam ........... 13 Vo 36
| 5 O 1 Vi ............ 6
Mg............. 1 Y (o 12
Mn............. 8 Y ............ 4
Mo............. 2 V4 SR 30
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TABLE 7
LiST OF ATOMIC LINES IDENTIFIED IN U HYDRAE

Element o Multiplet Element Ao Multiplet Element o Multiplet
Fe ....o........ 5110.41 1 Fe ............. 5324.18 553 Co . vvvvnnnnnnn. 5558.83 166
T o 5147.48 4 Vi ............ 5325.71 54 Vo 5561.66 77
T .. 5152.20 4 Fe ............. 5328.05 15 Fe ............. 5586.76 686
Gdm........... 5178.84 147 Fe ............. 5328.53 37 Ca.....oeeeue 5588.75 21
Mg .oooeinnn... 5183.62 2 (@ S 5329.12 94 Vo 5592.42 37
Ca.........c.... 5188.85 45 Co* ... 5331.47 39 Ca® ... 5594.45 21
Ndme .......... 5191.45 24 Fe ............. 5332.90 36 Ca....oo.ooeee 5598.49 21
Fe ............. 5191.47 383 Semr ........... 5334.23 30 Ndm........... 5603.65 45
Fe ............. 5192.36 383 Mn ............ 5334.80 36 Vo 5604.95 37
Ndm........... 5192.62 75 i S 5338.33 35 Yn............ 5610.36 19
i S 5192.98 4 Fe ............. 5339.94 553 Ndm........... 5614.30 87
Fe ...ooooooa... 5194.95 36 Sc o 5342.05 30 Gdi........... 5616.20 61
(6 S 5200.19 201 SC o 5342.96 4 Fe ............. 5617.22 626
Y ...ooeenne 5200.41 20 Gd............. 5343.02 7 Gd............. 5617.91 3
Fe ............. 5202.34 66 (6 S 5345.81 18 Nd..ooovnnennn. 5639.54 ...
Y ..ol 5205.72 20 Cr...ocenn. 5348.32 18 Fe ............. 5649.66 838
(@ P 5206.04 7 Ca..ooovenenn 5349.47 33 Co.vvvnannnnn 5651.73 56
[ 5207.04 . Vi ............ 5350.38 54 Voo 5656.90 127
(& S 5208.44 7 Gd............. 5350.41 7 Fe ............. 5658.67 1087
S B 5210.39 4 T 5351.08 300 i S S 5662.91 269
Fe ............. 5225.53 1 SC i 5355.75 19 Zr i 5664.51 47
Fe ............. 5226.88 383 Sc o 5356.10 17 Vo 5668.36 37
(@ 5226.89 37 T 5376.59 3 Ndi1........... 5668.87 84
Fe ..ooooeinnt. 5227.19 114 Fe ............. 5379.58 928 Vo 5670.85 36
(6 S 5227.75 58 i S T 5384.63 35 ] 5671.81 12
Fe ............. 5228.41 1091 V4 S 5385.14 26 i 5675.44 249
Ndim........... 5228.43 46 S 5389.18 35 Gd............. 5696.22 3
Fe ............. 5229.87 553 Sc o, 5392.08 19 Smiu .......... 5696.24 ..
Co.ovvnnnnn 5230.22 39 Mn ............ 5394.67 1 Vo 5698.52 35
(6 S 5230.23 58 S B 5396.60 3 SC o 5700.14 12
Fe ............. 5232.94 383 Fe ............. 5404.15 1165 Fe ............. 5701.56 209
S T 5233.82 37 Fe .ooovinnn.... 5405.78 15 Lam ........... 5703.33 48
Fe ............. 5238.25 962 Nioovvvnnenn... 5424.65 70 Voo 5703.56 35
i S S 5238.58 . S 5426.26 3 Ndi........... 5706.21 86
(& S 5238.97 59 Fe ............. 5429.70 15 Voo 5706.98 35
Scl ........... 5239.82 26 Nda........... 5431.53 80 (6 5712.78 119
(@) S 5243.40 201 Mn ............ 5432.55 1 T o 5715.13 228
Fe ............. 5247.06 1 Fe ............. 5434.53 15 i S T 5716.48 249
(& S 5247.56 18 i 5438.32 108 N 5717.25 12
Co.ovvannnnn 5247.93 39 Fe ............. 5441.32 1144 Fe ............. 5717.84 1107
Nd1i........... 5249.59 75 Ti ooeeeen.... 5446.64 . Nd1r........... 5718.12 86
Fe ............. 5250.21 1 Fe ............. 5446.92 15 S S 5720.48 249
Fe ............. 5250.65 66 Lam ........... 5447.59 112 Sc o 5724.07 12
S S 5250.95 37 Ti el 5448.90 259 Vo 5727.03 35
S S 5251.49 37 Ti oo 5449.16 107 Vo 5727.66 35
Tioceeeeeennes 5252.11 4 St 5450.84 9 Vo 5731.25 36
Gdm........... 5252.16 99 Fe ............. 5452.12 870 Fe .....o.e.... 5753.14 1107
Fe cvvvvvnnnnnn. 5253.48 553 SC oo 5455.21 .. i RO 5762.27 309
Fe*............. 5254.96 1 Fe ............. 5455.61 15 Y o 5765.64 ..
NdI........... 5255.51 43 i S 5477.71 265 Nd.......nen. 5767.33 ..
Y4 S 5277.41 27 Fe ............. 5478.47 1062 Lai ........... 5769.07 70
Fe ...cooovenne 5280.36 880 St 5480.84 9 Ce .ovvveeennnn 5773.59 ...
CO® i 5280.65 172 Mn® ........... 5481.40 4,31 i S DU 5774.05 309
i S S 5282.39 74 Lam ........... 5486.84 68 Fe .ooooovvinnn. 5775.09 1087
Gd.......en.n 5283.09 6 Ti oo 5490.85 3 Ba ............. 5777.67 9
Tioceeeeieene. 5283.45 156 Fe ......o...... 5491.84 1031 Fe .ooooviinnn 5778.47 209
(6 5285.63 192 Fe ............. 5493.33 873 Mo+ Mn ...... 5780.11
SC ot 5285.75 23 Fe ............. 5497.52 15 (6 S 5781.20 119,188
[0/ 5287.57 175 Fe ............. 5501.47 15 Voo 5782.61 35,127
Fe ..coovvvenne. 5288.38 406 S 5503.90 287 Vo 5783.50 141
| U 5288.53 929 Fe ............. 5506.78 15 Ti ceeeeeeenee 5812.84 309
Ndm........... 5293.17 75 Co.vvvvannnn 5530.77 38 Fe ..ooooovennt 5814.80 1086
Sci ........... 5295.30 22 Ce ovvvennnnn. 5535.23 Gdm........... 5815.85 112
(@) N 5296.69 18 Ndm........... 5535.27 .. Sm* ............ 5816.34 ...
(6 S 5297.36 94 Fe ............. 5536.59 345 Vo 5817.06 92
Crooovvvevnnnn. 5300.75 18 Fe ............. 5543.18 926 S T 5823.71 239
(@ I, 5301.06 39 V2 o 5545.93 38 [©fs I 5826.30 169
SC oo 5301.94 4 Y............ 5546.01 27 Vo 5830.72 142
Lam ........... 5301.98 36 Ce oovvnnnnenn 5556.25 S S 5832.47 309
Pro ........... 5322.78 35 Mo ............ 5556.28 Fe ...ooooieint 5833.93 209
S S 5323.96 36 Vo 5558.75 77 Nb...oovneanen 5838.15
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TABLE 7—Continued

Element o Multiplet Element o Multiplet Element Ao Multiplet
Nb* e 5838.64 e Vo 6093.89 V4 S 6407.00 2
S BT 5839.78 105 Fe ............. 6094.34 . Fe ............. 6411.66 816
Gdu........... 5840.47 112 Vo 6097.42 33 N 6413.35 1
Nd....o....... 5842.39 86 R 6098.57 304 Tioeeeeeee 6419.10 196
[ S 5844.61 119 V4 SO 6124.84 24 Fe ............. 6419.98 1258
Fe ............. 5848.09 552 T 6126.22 69 | 6421.36 111
Gdmo........... 5871.81 79 V4 S 6127.44 2 Fe ............. 6428.80 1138
S BT 5877.73 . | U 6127.92 1017 Co.ovvnnnnnnn 6429.91 81
V4 S 5879.80 4 Vo 6128.34 33 | 6430.85 62
Ti oo 5880.31 71 Ni.ooooeieiaae 6128.99 42 Y ool 6435.00 2
Lam ........... 5880.63 35 Latm ........... 6129.55 47 Vo 6438.08 ..
Fe ............. 5881.76 63 V4 S 6134.55 2 Ca..oooveennen 6439.07 18
V4 U 5885.62 2 Vo 6135.38 34 Ca..ooovvennnn 6471.66 18
NaD .......... 5889.95 1 | 6136.62 169 Mn ............ 6491.71 39
NaD .......... 5895.92 1 Fe .....oooenn. 6137.00 62 Bam ........... 6496.90 2
T 5899.32 72 Fe ...ooviiean.. 6137.70 207 S S 6497.69 102
Fe ............. 5909.99 552 Y oo 6138.41 3 Fe ............. 6498.95 13
Fe ............. 5934.66 982 Y4 S 6140.46 24 Ca.oovnnnnnnn 6499.65 18
V4 S 5935.20 2 Bam® .......... 6141.72 2 Nioovrvieennn 6502.21 ..
Lam ........... 5936.22 19 | 6141.76 816 Vo 6504.17 48
S BT 5937.82 72 V4 S 6143.20 2 V4 S 6506.36 e
Ti o 5940.68 2 Vo 6150.15 20 Tiocoevniennn. 6508.14 102
Ti oo 5941.76 72 Fe ............. 6151.63 62 Ca.oovvnnnnnn 6508.74 18
Fe ............. 5943.58 63 Na............. 6154.23 5 Fe ............. 6546.25 268
Fe ............. 5949.36 14 Ca.ooovnnn 6156.29 20 T 6546.28 102
Prum ........... 5951.27 .. Fe ............. 6157.73 1015 Fe ............. 6547.58 13
Gdm........... 5951.58 95 Na............. 6160.75 5 ) S 6550.26 12
T oo 5953.17 154 Ca..ooovvennne 6162.17 3 Fe ............. 6551.68 13
V4 S 5955.35 3 V4 S 6192.96 24 T 6554.23 102
Gdm........... 5956.46 59 SC o 6193.67 3 ) 6556.07 102
Fe ............. 5956.71 14 SC o 6210.68 2 Y oo 6557.39 1
Fe ............. 5958.34 63 V4 S 6213.05 24 Ve o 6558.02 59
Cen vovunnnnnn. 5959.69 .. | 6213.44 62 Co v 6563.42 80
Ti i 5965.84 154 Vo 6216.37 19 Croooovvnnnennn 6564.14 ..
SC o 5969.19 e Fe ............. 6219.28 62 Vo 6565.88 48
Fe ... 5969.55 1086 Fe .....ooooant. 6221.36 . Pru ........... 6566.77
V4 S 5995.37 .. Fe .......o..... 6221.66 13 V4 S 6569.43
(6 S 5996.64 . Y oo 6222.60 2 Lall ........... 6571.96 .
Ba ............. 5997.09 7 Vo 6224.26 20 Ca..ooeennnn 6572.78 1
Fe ............. 5997.78 1175 ) U 6258.10 104 Fe ........o.... 6574.24 13
Ti oo 5999.66 227 Ti oo 6258.71 104 V4 S 6576.56
Sem ........... 6001.53 20 Tiocevviieennne 6261.10 104 La ....ooooeee 6578.51 1
Y oo 6009.19 Lamt ........... 6262.30 33 Vo 6578.96 32
Tioooeeeiiinnnn 6011.59 .. Fe ............. 6265.14 62 NdI........... 6580.94
Fe ............. 6012.21 64 Voo 6266.32 20 Y oo 6584.84 1
Mn ............ 6013.50 27 Ti cooeeeeeiint 6268.53 103 Ni* ..l 6586.33 64
Mn* ........... 6016.64 27 Vo 6268.82 20 Co et 6623.76 .
Ba ............. 6017.47 . Fe ............. 6270.22 342 Vot 6624.85 48
Ti oo 6018.42 198 Ni.ooooeieennn 6271.77 . (& S 6629.06 .
Fe ............. 6019.36 780 Ti oo 6273.39 1 Cr.oovvvvvennn 6630.02 16
Ba ............. 6019.47 7 Vo 6274.65 19 Vo 6632.04 ...
Mn® ... 6021.80 27 SC o 6276.31 2 Co.evvnnnnnn 6632.45 111
Y oo 6023.41 3 Vo 6285.17 19 Vo 6642.73 .
/7 S 6025.36 . Fe ............. 6291.88 . A U 6643.64 43
Mo ............ 6030.66 S Vo 6292.86 19 | SN 6648.08 13
Ti e 6031.68 2 T 6295.25 1, 144 J S R 6650.36 .
V4 SN 6032.61 .. T 6295.95 144 Vo 6653.43
Scm ...l 6059.25 20 S SO 6296.65 1 Pruo ........... 6656.83 e
V4 S 6062.85 3 T 6298.08 144 Cr.ooovvvennn 6657.54 282
Fe ............. 6062.89 63 Cr.covvvvennnn 6330.10 6 Vo 6659.88
S SO 6064.63 69 | 6335.34 62 Fe ............. 6663.45 111
Fe ............. 6065.49 207 T 6336.10 103 Zr 6702.12
Voo 6077.40 e SCoiiiiie 6344.83 1 Fe ....oooiiit 6703.58 268
Vot 6081.44 34 St 6347.75 Fe ............. 6705.12 1197
Fe ............. 6082.71 64 (& 6348.36 . [ S B 6706.29 ...
SR 6085.23 69 V4 SN 6357.10 2 | B B 6707.74 1
Tc? o 6085.22 . Fe .......c..... 6358.69 13 | 5 6707.89 1
Voo 6087.49 33 (& 6362.87 6 V4 S 6709.61 ..
Vo 6089.47 33 Laml ........... 6399.05 104 Fe ............. 6710.31 34
Vot 6090.21 34 Fe ............. 6400.26 13 Ca.oovvnennnnn 6717.69 32
5 T 6091.18 238 Y oo 6401.01 . Nb....ooeeeane 6723.62
Tioveeeiien 6092.50 Y oo 6402.01 2 Fe ............. 6733.17 1195
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TABLE 7—Continued
Element o Multiplet Element Mo Multiplet Element o Multiplet
Fe ............. 6737.96 .. Lam ........... 6952.49 18 V4 S 7335.97 23
Fe ............. 6739.54 34 Lam ........... 6954.50 1 V4 SN 7399.30 ..
Ndi........... 6740.11 .. Co . ovvinannnn 7052.89 54 YIP ..ol 7406.21 25
Tiocoeeeiiiiin. 6743.12 48 Ba ............. 7059.96 5 Ti ool 7417.06 ..
Fe ............. 6783.71 205 T ool 7065.15 100 Co v 7417.38 89
Vo 6785.03 e Lam ........... 7066.21 1 J S B 7431.98 142
St 6791.05 3 La ............. 7068.36 1 V4 S 7439.86 23
Y oo 6793.70 1 ) SR 7070.10 3 Ndi........... 7514.40 .
Yu............ 6795.40 26 Gdu........... 7135.73 .. Ce oovvvvnnnnn.. 7539.52
| 6796.13 1007 Co v 7154.71 89 K. 7698.96 1
Ca............. 6798.48 31 . 7160.33 98 Ni ...l 7714.32 62
Fe ............. 6800.87 ... S T, 7213.35 143 Y oo 7724.08 ...
Fe ............. 6804.00 1174 V4 S 7318.08 ... Rb............. 7800.23 1
Vo, 6812.37 31 I S BT 7330.97 143 Sc i 7821.64
Covviiinnnnnn 6814.94 54 4 S S 7332.26 143 Gd............. 7846.35 ..
Tioceeviieennnn 6818.14 .. La ............. 7334.17 .. V4 SR 7849.35 40
NoTE.—The multiplet numbers are taken from Moore 1972.
® Indicates that there is a possible blend, listed here:

Pru 5147.48 ... Vi 5280.62 55 Co 5545.94 191 Fe 6016.66 738

Fe 5151.92 16 Fe 5285.60 961 Ndu 5594.43 79 Fe 6021.82 63,1079

Co 5152.23 7 Mnu  5295.29 11 Fe 5614.29 1314 Fe 6141.73 816

Cru 5191.46 24 Fe 5295.32 1146 Fe 5715.11 1061 Sc 6558.05 24

Ti 5206.06 276 Fe 5331.48 210 Fe 5816.36 1179 Gd 6702.12 130

Cr 5254.92 201 Ti 5481.43 265 Cr 5838.66 119 Co 7406.23 164

ences both in the instrumental set-up and in corrections for
heliocentric motion of each star. In order to display the broad-
est wavelength coverage for each star in each order, the begin-
ning wavelength for plots within a given order is not the same,
although each spectrum of a given order is plotted with exactly
the same number of angstroms, for easy comparison.

4.2. Molecular and Atomic Line Plots

The atomic lines identified are indicated in the spectra of U
Hya. In addition, they are plotted separately in Figures 45
through 52, which can be used as templates for line identifica-
tion in other spectra. Table 7 lists each of these features and the
corresponding wavelengths. The CN transitions (from Davis
& Phillips 1963) and the C, transitions (from Phillips & Davis
1968) are plotted separately on the spectra of TX Psc (Figs. 5
through 44a). Figures 53-60 and Figures 61-65 display the

line locations of CN and C,, respectively, as templates. All
occurring transitions are shown together on the bottom of each
plot, as displayed on the spectra of TX Psc, and then each
separate vibrational transition is shown above, with the spe-
cific vibrational transition labeled on the left-hand side. This
arrangement allows separation and identification of vibra-
tional transitions when these templates are compared with the
stellar spectra, and the specific rotational branch can be easily
found in Davis & Phillips (1963) and Phillips & Davis (1968).

The zero-velocity axis is also useful when comparing spectra
with the separate template plots of atomic lines or molecular
transitions. Aligning the zero-velocity axis of a stellar spectrum
with the y-axis of the corresponding atomic or molecular plot
brings the stellar absorption features to rest velocity. If the
wavelength tick marks of a spectrum and template are posi-
tioned to coincide, any shift in wavelength of the atomic lines
to the stellar features indicates the heliocentric stellar velocity.

TABLE 8
PROPERTIES OF THE S1X CARBON STARS IN THIS ATLAS

DATE OF THE OBSERVATION

SPECTRAL PERIOD JD VELOCITY? T

STAR TYPE VARIABILITY (day) PHASE Local (+2,400,000) (km s7?) (K)
UHya ........ N2  C6,5 SRb 450 0.47 1989 Dec 10 47871.0 -25.7 2825°
TXPsc ....... NO (7,2 Lb 1989 Jul 16 47724.0 9.6 3030°
RZPeg ....... CSe® (9,le M 439.4 0.04 1989 Dec 11 47871.6 -23.3 3100¢

VOph ........ N3e CS5,2¢ M 298 0.82 1989 Jul 16 47723.7 -373
YCVn........ N3 C54) SRb 157 1990 Dec 9 48235.0 12.0 2730°¢

UVCam ...... R8 (5,3 SRb 294 1990 Sep 6 48141.0 —13.6

2 Heliocentric velocity from cross-correlation with a template as described in Barnbaum 1992b, 1.5 km s™'.

b Keenan & Boeshaar 1980 classify RZ Peg as SC 6,9.
¢ Lambert et al. 1986.
4 Dominy et al. 1986.
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5. SUMMARY

We present high-resolution, high signal-to-noise optical
spectra of six carbon stars (U Hya, TX Psc, RZ Peg, V Oph, Y
CVn, and UV Cam) over 40 spectral orders. The spectra con-
trast Mira, SR, and Lb variables, as well as a variety of spectral
types. These spectra are a sample of the 87 carbon stars we
have observed from 1988 through 1991; 67 of the 87 stars have
two or more observations, with a total of 228 observations in
all. Approximately 9200 individual spectra will be available to
the scientific community in an on-line database, archived with
ADS. A number of atomic features have been identified in the
spectra of U Hya, and we have plotted the Red System of CN
and Swan Bands of C,, with velocity corrections, on the spec-
tral plots of TX Psc. Templates of atomic and molecular fea-
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tures are given as separate plots, to be used as a tool for identi-
fying features in the spectra of other carbon stars.
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Thanks are also due to J. Phillips who provided the on-line CN
wavelengths. Thank you, M. Morris, J. E. Pitesky, and H.
Spinrad for reading the manuscript and looking at the endless
figures. I am most grateful for R. F. Wing’s review and advice
which improved the quality of the presentation, and for the
support provided by W. J. Welch and NSF. This project was
funded by AST-8714721.

This work is dedicated to the memory of Leon E. Salanave,
astronomer, teacher, and friend.
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because the zero-velocity axis coincides with the y-axis of that spectrum (especially for the spectra of UV Cam), except in Figs. 34 and 42, where the telluric
features dominate. Note that where telluric features are important, spectra of a smooth continuum star (HR 2669, B9 V, v sini ~ 160 km s ') are plotted with
dashed lines. In Figs. 30a and 305 the strong Ha emission lines of RZ Peg and V Oph dominate the spectra and dwarf the molecular absorption lines.
Therefore, in these figures the Ha emission lines have been truncated, and the entire Ha profiles are shown, instead, in Fig. 3¢ and 3 f.
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