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ABSTRACT

The carbon, nitrogen, and oxygen abundances of 22 massive, Galactic, A-type supergiants are presented in
order to study the evolutionary status of these stars. Various evolution scenarios describe vastly different his-
tories for these stars, which can be distinguished by the atmospheric abundances of CNO that they predict.
Chemical abundances are determined from observations of weak optical spectral lines gathered at the
McDonald Observatory. An atmospheric analysis is performed for each star adopting the most recent Kurucz
LTE model atmospheres. Atmospheric parameters and LTE metal abundances for these stars have been pre-
sented in Venn (1995).

Non-LTE (NLTE) line formation calculations have been carried out for the nitrogen and carbon abun-
dances. For carbon, we adopt the Stiirenburg & Holweger (1990) model atom and extensively test the effects
of the atomic data on the resultant NLTE corrections. We find significant NLTE corrections [ =log e(X)xyte
— log €(X).re] for the cooler supergiants that range from —O0.1 in the FO stars to —0.5 in the A3 stars. The
mean NLTE carbon abundance is log €(C)yyrg = 8.14 & 0.13 for the 14 A3-F0 supergiants. For the hotter
stars, we show that the only C1 lines that we have observed near 9100 A do not yield reliable elemental
abundances. For nitrogen, we have constructed a new, detailed model atom (Lemke & Venn 1995). Applica-
tion of this model atom to the A-type supergiants shows that departures from LTE strongly affect the nitro-
gen abundances. NLTE corrections for weak lines are quite large, ranging from —1.0 dex in the A0
supergiants to —0.3 in the FO supergiants. The average NLTE nitrogen abundance is log €(N)yy1g = 8.05
+ 0.19 for the 22 AO0-FO supergiants. These NLTE abundances do not show the strong dependence on the
effective temperature that we observed in the LTE nitrogen abundances.

When the NLTE nitrogen and carbon abundances of the A3-FO supergiants are compared to those of the
main-sequence B stars, we find [log €(N/C),; — log €(N/C)g,] = +0.38 + 0.26. This value is significantly less
than the first dredge-up abundances (~ +0.65 for 10 M stars) predicted by several evolution scenarios.
However, the nonzero [N/C] ratio suggests that the A-type supergiants have undergone some partial mixing
of CN-cycled gas. This is similar to recent abundance results for some B-type supergiants (Gies & Lambert
1992; Lennon 1994), suggesting that partial mixing may occur near the main-sequence (possibly by turbulent
diffusive mixing; Maeder 1987; Denissenkov 1994). We conclude that the 5-20 M A-type supergiants in the
Galaxy have evolved directly from the main sequence.

Subject headings: radiative transfer — stars: abundances — stars: atmospheres — stars: early-type —

stars: evolution — supergiants

1. INTRODUCTION

To understand the chemical evolution of our Galaxy, we
must have a clear picture of the evolution of its massive stars.
These stars are important sites for the nucleosynthesis of the
chemical elements, which are returned to the interstellar
medium through supernovae events and stellar winds. One
group of massive stars in the Galaxy that represent an unex-
plored piece of the chemical abundance puzzle are the A-type
supergiants located in the Galactic disk. These stars, with
masses between 5 and 20 solar masses, are only moderately
evolved, which puts them in a propitious phase for a study of
the evolution of massive stars. Specifically, various evolution-
ary scenarios predict vastly different histories for these stars,
which should be distinguishable by the CNO contents in the A
supergiant atmospheres. The chemical abundances in A super-
giants have been relatively unexplored in the past, but there are
good reasons for this inattention. There are no suggestions
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from their spectra that there is anything odd in their chemical
compositions, and their stellar atmospheres are very difficult to
model effectively for reliable abundance determinations.
Modern techniques alleviate some of these model atmosphere
problems, such that we have pursued a detailed abundance
analysis of a sample of A-type supergiants in order to help
constrain the evolutionary scenarios for massive stars.

1.1. The Uncertain Evolutionary Status of A-T ype Supergiants

Different evolutionary scenarios for massive (5-20 M) stars
can be derived depending on the initial physical assumptions
made for the evolution calculations, in particular, for the con-
vection criterion, mass-loss rates, metallicity, and treatment of
convective overshooting. These are reviewed by Langer &
Maeder (1995) and Fitzpatrick & Garmany (1990) and are
discussed briefly here.

Many stellar evolution calculations at solar metallicities (El
Eid 1994; Langer 1994; Bressan et al. 1993; Schaller et al.
1992; Stothers & Chin 1991 for M > 10 M,; Maeder &
Meynet 1989; Chiosi, Nasi, & Sreenivasan 1978; Stothers &
Chin 1973, and references therein) predict that the inter-
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mediate-mass, A supergiants are in a phase of helium core
burning. Core helium ignition occurs when the star is a blue
supergiant, but thermal instabilities cause the star to imme-
diately expand to the red supergiant region. As a red super-
giant, the star is able to resume thermal and radiative
equilibrium through convection in the outer layers, and it
returns to the A-type supergiant region for most of its He-core
burning lifetime. If a massive star evolves quickly off the main
sequence to the red giant branch (RGB), then the development
of a deep surface convection zone mixes gas from the
hydrogen-burned layers into the observable stellar envelope
(first dredge-up). Hydrogen burning on the main sequence pri-
marily occurs via the CNO cycle in massive stars. Thus, the
first dredge-up causes the surface abundances of carbon, nitro-
gen, and oxygen to be altered in a discernible way (C decreases
by ~0.15 dex, N is enriched by ~0.5 dex, and O is only slightly
reduced by ~0.05 dex), with the sum of the nuclei remaining
constant since they only act as catalysts in the cycle. Therefore,
in this evolutionary scenario, most A-type supergiants should
show first dredge-up CNO abundances. Note that the star
would have existed once previously as an A-type supergiant,

‘but thermal instabilities would make the star’s first pass

through this phase very rapid; e.g., only 1 in 100 (+ 50) stars
would be in this rapid envelope expansion phase compared to
the quiescent, post-RGB helium-burning phase according to
the Schaller et al. (1992) calculations.

An alternative scenario is that the A-type supergiants initiate
helium core burning without visiting the RGB; hence, they
would evolve directly from the main sequence (Stothers &
Chin 1991 for M < 10 M y; Stothers & Chin 1976, and refer-
ences therein; Chiosi & Summa 1970; Iben 1966). In this sce-
nario, a fully convective intermediate zone is predicted, such
that after He ignition, the envelope is able to establish thermal
equilibrium without rapid expansion. Therefore, the star is
stable as an A-type supergiant when core He burning begins,
and in this case, no mixing with deeper layers is anticipated,
hence the CNO abundances should be normal (e.g., like those
of main-sequence B stars).

The interesting point is that these evolution scenarios can
predict completely different abundances for the CNO elements.
If these stars are post-RGB stars, then CNO will resemble the
first dredge-up abundance pattern (above), and if these stars
have evolved directly from the main sequence, then CNO
should resemble normal main-sequence B star abundances. A
possible complication is that some evolved B stars (Lennon
1994; Gies & Lambert 1992) have shown evidence of some
CN-cycled gas in their atmospheres, contrary to the zeroth-
order evolution theory where no physical mechanism for
mixing CN-cycled gas is included when stars evolve off the
main sequence. Maeder (1987) suggested the physical mecha-
nism for mixing on or near the main sequence could be turbu-
lent diffusion induced by rapid rotation on the main sequence,
such that “a fraction of normally redwards evolving stars
[may] show CNO ratios intermediate between cosmic and
[CN-cycle] equilibrium values.” Langer (1992) included inter-
nal mixing by turbulent diffusion in 20 M models at LMC
metallicities for an evolution scenario for the blue supergiant
stars, Sk —69° 202, progenitor star to SN 1987A. More recent-
ly, Denissenkov (1994) has used partial mixing by turbulent
diffusion to explain the slightly altered CNO abundances
found by Gies & Lambert (1992) for evolved, 10 M B stars.
Thus, we have an additional possibility for the CNO abun-
dances in A-type supergiants; they could show partial mixing
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of CN-cycled material, but still have evolved directly from the
main-sequence.

1.2. Existing Abundance Analyses of A-T ype Supergiants

Very little CNO abundance work has been done on early
A-type supergiants because of the difficulties in modeling their
atmospheric physical properties. A little more information
exists for FO supergiants. In this project, we will define A-type
supergiants as spanning the temperature range from A0 to FO
and the luminosity range from Ia to IL

The only CNO analyses for Population I, early A-type
supergiants known to us are for the A0 Ib star n Leo (HD
87737) by Lambert, Hinkle, & Luck (1989), for the B9 Iab star
o Cyg (HD 202850) by Ivanova & Lyubimkov (1990), for the
AO II star £! Sgr (HD 175687) by Tomkin & Lambert (1994),
and the preliminary LTE results for three of the program stars
in this paper by Venn (1993). In general, all of these analyses
found CNO abundances that resemble the predicted first
dredge-up abundances indicating mixing with deeper stellar
layers. Interestingly, however, for HD 87737, a solar boron
abundance is reported by Boesgaard & Heacox (1978) from a
low signal-to-noise Copernicus satellite spectrum of the B 11
line at 1362 A. If boron is not depleted in the atmosphere of
this star, then this implies that there has been little mixing with
the deeper, hotter stellar layers which would destroy boron, in
contradiction to the CNO abundances conclusion.

CNO abundance analyses for late A-type and FO super-
giants have been performed for the A7 Ib, high Galactic lati-
tude star HD 148743 by Luck, Bond, & Lambert (1990), and
the FO Ib stars Canopus, « Lep (HD 36673), and : Car by Luck
& Lambert (1985, 1981). Again, the CNO abundances in the
FO supergiants (actually throughout the F-K supergiants
range) resemble those after the first dredge-up. For HD
148743, the LTE analysis by Luck et al. (1990) found this star is
slightly metal poor ([Fe/H] = —0.35),2 with CNO each being
overabundant. From this analysis, and that of three other F
supergiants, they conclude that the high-latitude supergiants
have a unique chemical composition from other Population I
supergiants in the disk. (Our analysis of this star disagrees with
this conclusion, discussed later.)

In this paper, we present the CNO abundances of 22 Popu-
lation I, massive (~5-20 M) AO-FO supergiants. We will
calculate the CNO abundances for these stars from line-
blanketed, LTE model atmospheres and examine the correc-
tions to the carbon and nitrogen abundances when LTE is not
assumed in the line formation calculations.

2. OBSERVATIONS

The spectroscopic data for this project have been obtained
using the facilities at the McDonald Observatory. High signal-
to-noise ratio (~100-150), high-resolution (~0.07-0.25 A
pixel ~!) observations of weak C 1, N 1, and O 1 spectral lines
were obtained using the coudé spectrographs and CCD
cameras at the 2.1 and 2.7 m telescopes. For more information
on the observations and data reduction, see Venn (1995).

Representative spectra for the CNO lines are shown in
Figure 1. Spectral lines of C 1, N 1, and O 1 have been identified
using the Moore (1970, 1975, 1976) multiplet tables. Telluric
features were removed if necessary by dividing the spectrum by

2 Throughout this paper, we adopt the usual spectroscopic notation,
namely, [X] = log;o€(X)yar — 108,0€(X)p for any abundance quantity X,
where log €(X) = log(Nx/Ny) + 12.0 for absolute number density abundances.

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


http://adsabs.harvard.edu/abs/1995ApJ...449..839V

No. 2, 1995 CNO ABUNDANCE AND EVOLUTION OF A SUPERGIANTS 841
T ] T | T l T I T
— HD 87737 — — HD 87737
1.0 1.0 MM\N‘*‘.\[‘
B HD 13476 B HD 13476 7
1.0 1.0
> r HD 34578 7 2 [\ HD 34578 7
L e Vi VA Al A e e ey £ 1.
s ] s
£ r HD 25291 7 £ HD 25291
.g 1.0 WWNM\M“ .g
k] r 7 k] b
& B ] & ]
C @ vy a9 N 1 ]
0.5 — g ek 2 ] 05 @ e 2 2l
C R EERE K ] C g g 3 =]
L O 00 Vo O 4 L 2, 2. 2. L
L i o oi oi ol |
° 1 | L | L | L | L
7120 7140 9060 9080 9100
Wavelength Wavelength
FiG. 1a FiG. 1b
] T I T I T L | i I ' I B
0 - HD 46300 = 10 HD 46300
[ HD 15316 1 I HD15316 a
1.0 "*‘V\/""’"‘\/“""_\/’"w \f‘-\/ 1.0 W
B HD 148743 b I HD 148743 7
£ 10 g 10 5
c c - .
2 2
£ r D 6130 7 £ [ HD6130 b
2 1.0 HD 613 2 10 - —
§ N ] § Wﬂ\[\v\/‘—’\/\/\/\m
¢ [ . 1 ¢ [ o . L C ]
r © t'.J ] n B ol:) cl> c;> q'a cl') - ]
05 ] o 0 — 05— < © [=] =] © Il —
o © © © =1 - - N
roR N = - b & 8 § 8 8
r oz z z ] L z =z z z z z ]
o L L | . 1 - o L | . | ! | ]
7420 7440 7460 8180 8200 8220
Wavelength Wavelength
FiG. 1c Fic. 1d

FIG. 1—Representative CNO spectra for a variety of stars that span the full range in temperature and gravity of our program. Spectra have been offset for clarity.
The following spectral features are shown: (a) C 1147115 (telluric features removed), (b) C 1 419100 (telluric features removed), (c) N 1 117440, (d) N 1 148200 (telluric
features removed), (¢) N 1 418700 (other N 1 lines present in the spectrum, but not used in the analysis because they are significantly blended with the Paschen line
wing, e.g., three lines near 8685 A), (f) O 1146158, and (g) O 1 416454 (the telluric features redward of 6457 A have not been removed and do not necessarily line up in

our offset spectra).

that of a rapidly rotating hotter star (O9-B3 stars, with v sin i
greater than 120 km s~ ') observed near the same air mass and
reduced by the same methods. Most stellar features observed
in A stars are not present at much higher temperatures, and the
rapid rotation guarantees that any weak lines present will be
highly broadened and recognizable. Telluric features were
removed from the C 1 spectra taken near 7115 and 9100 A, and
the N1 spectra near 8200 A. After telluric features were
removed, the resultant spectrum often suffered a small degra-
dation in the signal-to-noise ratio due to imperfect cancel-
lations.

3. MODEL ATMOSPHERE ANALYSIS

Chemical abundances have been calculated from a model
atmosphere analysis, discussed in detail in Venn (1995). Model
atmospheres generated by ATLAS9 (Kurucz 1979, 1991) have
been adopted which assume plane-parallel geometry, hydro-
static equilibrium, and LTE. These models are usually suffi-
cient for detailed analyses, although the low surface gravities of
A supergiants put them adjacent to the regime where depar-

tures from LTE may be significant. A complete analysis of
A-type supergiants should also consider effects due to depar-
tures from LTE; however, sufficiently line-blanketed NLTE
model atmospheres do not currently exist for these stars.
Abundances for each program star have been calculated from
single spectral lines using the detailed analysis code LINFOR,
developed by H. Holweger, W. Steffen, W. Steenbock, and M.
Lemke at Kiel University. LINFOR is a standard atmospheric
abundances code that can calculate LTE abundances from
equivalent width data, or perform spectrum syntheses. First,
we checked that the LTE abundances from LINFOR are in
agreement with those from WIDTH (since we used this
program for the metal line abundances in Venn 1995). When
the abundances calculated from LINFOR and WIDTH are
compared, we find excellent agreement for most lines of all the
elemental species that we examined in these stars, ie., A log
€(X) < 0.02 (on rare occasions, the difference could be as much
as 0.06 dex). The input data for both programs is essentially the
same, and we consider the agreement in the abundances
between these two independent programs to be very good.
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3.1. Atomic Data

Theoretical C 1 oscillator strengths have been adopted from
the Opacity Project (OP) calculations (by Hibbert et al. 1993).
These values are in excellent agreement with the values calcu-
lated by Nussbaumer & Storey (1984) for multiplet No. 3 near
9100 A, which Grevesse et al. (1991) discuss as in good agree-
ment with recent radiative lifetime measurements. The theo-
retical values are also in good agreement with the solar
gf-values calculated by Lambert, Roby, & Bell (1982) around
7115 A. Lambert et al. (1982) adopted a solar carbon abun-
dance that is 0.07 dex larger than assumed here; thus, we
adjusted the gf-values upward by this amount when comparing
to the OP values.

N 1 oscillator strengths have been collected from the experi-
mental radiative lifetime measurements by Zhu et al. (1989).
Grevesse et al. (1990) discuss sources for N1 oscillator
strengths and remark on the excellent agreement between the
Zhu et al. values and theoretical predictions by Hibbert et al.
(1991a) for the spectral lines observed in this analysis. Zhu et
al. estimate the accuracy of their gf-values as within 15%
(about +0.05 dex).

Theoretical gf-values have been chosen for the O 1 spectral
lines from OP calculations (by Hibbert et al. 1991b). These
results are in excellent agreement with the astrophysically
determined values by Lambert et al. (1982) for the 16158 multi-
plet lines in the Sun.
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3.2. Atmospheric Parameters

Atmospheric parameters and the selection of the model
atmospheres have been described in detail by Venn (1995). The
same model atmosopheres are used in this analysis [where log
€(He/H) = 0.1 throughout]. Spectroscopic parameters have
been used throughout to determine T, gravity, and micro-
turbulence values per star; this includes fitting the Hy line
profile and using Mg 1/11 ionization equilibrium [such that log
€Mg 1) = log e(Mg )] for 19 out of 22 of the program stars.
For the other three stars, we did not observe the necessary
Mg 1lines and used Fe 1 versus y (lower excitation potential) as
a temperature estimator. The Hy profiles and Mg ionization
equilibrium are sensitive to both T, and gravity, such that a
locus of possibilities exists for each spectral parameter in the
T.-gravity plane. The intersection point of these two loci was
adopted as the atmospheric parameter set for each star. NLTE
calculations of the Mg 1 and Mg 11 abundances showed that
both of these species are very nearly in LTE in the line-forming
atmospheric regions. Microturbulence (£¢) was found per star
by minimizing the slope in abundance with W, for the Fe 11,
Fe 1, and Ti un lines observed. Within our estimated uncer-
tainties, the same ¢-value was found from each elemental
species per star.

4. ABUNDANCE RESULTS

All of the line data for the program stars are listed in Table 1.
Spectral lines that are significantly blended with other elements
have been removed. Lines from crowded spectral regions that
are slightly blended with nearby lines have also been excluded
if the computed abundances were greater than 2 ¢ from the
mean; this also excludes all lines that occur well into the wings
of Balmer lines. Final abundance results are presented in Table
2 as unweighted average abundances per species, along with
the line-to-line scatter (6) and number of lines used in the
average. Only weak lines have been used to compute the aver-
ages. Weak lines are defined as those where a change in micro-
turbulence of +1.0 km s™! yields a change in the derived
abundance of less than 0.1 dex, with a maximum W, = 200 mA.
Strong lines that do not meet this criterion are marked in
italics in Table 1 and are not included in the final averages (but
have been considered when calculating the best values for
microturbulence). When fewer than five lines are averaged, o is
probably not a true indictor of the possible error in the abun-
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TABLE 1A
SPECTRAL LINE EQUIVALENT WIDTHS
A Mult. X Log gf Ref. 161695 87737 46300 207673 175687 195324 3940 14489 13476 15316 222275

CI
4766.62 (6) 7.48 -2.51 op 22
4770.00 (6) 7.48 -2.33 op 17
4771.72 (6) 7.49 -1.76 op 54
4775.87 (6) 7.49 -2.19 op 19
7108.94 (25)* 8.64 -1.60 op 14
7111.48 (26) 8.64 -1.07 op .. cee 24
7113.18 (26) 8.65 -0.76 op 12 16 46
7115.19 (26)b 8.64 -0.92 op 10 11 43
7116.99 (25)* 8.65 -0.91 op 17 18 45
7119.67 (25)* 8.64 -1.15 op e e oee 10 20 33
9061.48 3) 7.48 -0.34 op 90 80: 120 . .. e
9062.53 (3) 7.48 -0.45 op 86 69: 110
9078.32 (3) 7.48 -0.58 op 44 58 46 85 56 97 . 28 184 230 248
9088.57 3) 7.48 -0.42 op 67 82 63 110 98 119 30: 66 240 239 282
9094.89 3) 7.49 0.16 op 117 175 145 212 235 253 80 131 392 430 440
9111.85 3) 7.49 -0.29 op 70 81 60 93 108 120 30 34 240 291 322

NI
6484.88 (21) 11.76 -0.68 op 15 22 20
7423.63 (3) 10.33 -0.69 zhu 60 74 56 89 95 104 54 102 95 100 115
7442.28 3) 10.33 -0.40 zhu 97 118 95 187 135 158 89 171 164 153 146
7468.29 3) 10.34 -0.21 zhu 124 152 119 174 157 192 126 221 214 194 168
8184.80 (2) 10.33 -0.29 zhu 115 198 212 182 278 250 264
8187.95 2) 10.33 -0.29 zhu 120 198 240 166 269 251 216
8200.31 (2) 10.33 -1.00 zhu 38 cee 84 40 v cee 55:
8210.64 (2) 10.33 -0.68 zhu 62 112 136 52: 135 128 115
8216.28 (2) 10.34 0.09 zhu 174 308 305 287 3878 358 322
8223.07 (2) 10.33 -0.29 zhu 110 205 192 120 233 218 193
8242.34 (2) 10.34 -0.26 zhu v oo 107 207 192 137 226 216 200 cee
8629.24 8) 10.69 0.08 zhu 138 167 134 210 230 cee v 269 240 196
8703.24 (1) 10.33 -0.34 zhu 150 198 156 224 240 279 248 195
8711.69 (1) 10.33 -0.24 zhu 156 204 161 242 255 306 28 214
8718.82 (1) 10.34 -0.35 zhu 131 178 136 204 221 258 241 e
8728.88 (1) 10.33 -1.04 zhu 44 74 47 71 96 91 84:

Ol
6155.99 (10) 10.74 -0.67 op 41 50 41 45 41 53 42 45 55
6156.78 (10) 10.74 -0.45 op 60 60 61 70 59 69 v e 82 72 73
6158.19 (10) 10.74 -0.31 op 72 80 71 86 70 85 66 83 99 86 92
6453.64 9) 10.74 -1.30 op 11 16 11 15 15
6454.48 (9) 10.74 -1.08 op 17 27 oo 20 20 25 v .. v
7156.80 (38) 12.73 0.27 op 31 30 16 22 25

* Full designation for this multiplet in the Revised Multiplet Table (RMT; Moore 1970) is No. 25.02.

b Spectral line originates from two multiplets, RMT Nos. 26 and 25.02.

dance. The atmospheric parameters adopted for each star (see
Venn 1995) are also listed in Table 2.

The estimated abundance uncertainties due to the tem-
perature and gravity assignments per species are listed in Table
3. Uncertainties are shown for only six stars which represent a
small subgroup of the program stars with similar atmospheric
parameters and, thus, elemental abundance uncertainties, e.g.,
the abundance uncertainties for HD 87737 are similar to those
for HD 46300, 161695, 175687, 195324, and 207673. The
groups are listed at the bottom of the table. Only weak lines
have been used to calculate the final abundances, therefore the
uncertainties due to microturbulence (+1 km s™!) are less
than 0.1 dex (the weak line criterion defined above).

4.1. LTE Abundance Results

The mean abundances determined here for the A-type super-
giants are listed in Table 2 and shown schematically in Figure
2 relative to solar. The adopted solar abundances for compari-
son purposes are as follows; for oxygen, we adopt the photo-
spheric abundance discussed by Anders & Grevesse [1989, log
€(0), = 8.93], and for carbon and nitrogen we adopt the
photospheric abundances from Grevesse et al. [1991, log
€(C)p = 8.60; 1990, log € (N) = 8.00]. We adopt the meteor-
itic abundance for iron from Anders & Grevesse [1989, log
e(Fe)p = 7.51].
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TABLE 1B
SPECTRAL LINE EQUIVALENT WIDTHS

m: A Mult. X Log gf Ref. 210221 67456 59612 34578 147084 148743 58585 25291 196379 36673 6130

o

1

L CIL
5380.24 (11) 7.68 -1.60 op 44 52
6001.13 (26.07) 8.64 -2.02 op 8: 15 16
6007.18 (26.07) 8.64 -2.02 op sen v ver 6: cee e s 11 se oo 13
6010.68 (26.07) 8.64 -1.90 op e e s oee v cee ree 13 e 20
6012.24 (26.06) 8.64 -1.96 op 10 13
6013.22 (26.06)* 8.65 -1.11 op v 30: v 31: cee [ ser 56 e v 59
6014.84 (26.07) 8.64 -1.55 op cee e e 13: cee s see 23 e s 28
6587.75 (22) 8.54 -1.02 op 41 70
7100.12 (26.02) 8.64 -1.47 op 28 29
7108.94 (26.02) 8.64 -1.60 op e 12 7 14 15 22 21 25 33 18 22
7111.48 (26) 8.64 -1.07 op 12 32 14 25 30 36 42 49 65 35 47
7113.18 (26) 8.65 -0.76 op 25 59 35 52 54 69 65 77 103 59 75
7115.19 (26)* 8.64 -0.92 op 20 51 33 48 53 67 68 78 101 59 76
7116.99 (25)b 8.65 -0.91 op 26 56 34 49 53 69 69 80 104 60 77
7119.67 (25)b 8.64 -1.15 op 15 40 23 33 37 37 46 53 68 36 62
9061.48 (3) 7.48 -0.34 op 849 362 448
9062.53 3) 7.48 -0.45 op cee e s 335 s s 350 425 vee e e
9078.32 3) 7.48 -0.58 op 234 300 cee 291 e 369 317 375 oo 360 386
9088.57 (3) 7.48 -0.42 op 263 341 cee 323 ces 444 356 416 e 390 437
9094.89 3) 7.49 0.16 op 410 447 e 449 e 592 469 530 e 540 521
9111.85 3) 7.49 -0.29 op 289 3853 e 341 e 482 368 429 cer 421 440

NI
7423.63 3) 10.33 -0.69 zhu 124 87 150 91 107 125 102 [EX cee v e
7442.28 (3) 10.33 -0.40 zhu 179 90 179 115 125 152 107 93 53 161 92
7468.29 (3) 10.34 -0.21 zhu 230 115 222 143 146 196 129 118 61 192 106
8184.80 (2) 10.33 -0.29 zhu ce e s 114 s 210 e 97 e 204 112
8187.95 (2) 10.33 -0.29 zhu e ses oo 139 e 221 cee 110 108 185 150
8200.31 (2) 10.33 -1.00 zhu ..
8210.64 (2) 10.33 -0.68 zhu oo cee s 86 e 131 oo 75 50: 122 95
8216.28 (2) 10.34 0.09 zhu ree ves ree 204 ves 295 vee 171 117 268 209
8223.07 (2) 10.33 -0.29 zhu . e cee 131 s 185 s 121 74 193 130
8242.34 (2) 10.34 -0.26 zhu .- cee e 145 v 191 e 116 59 204 148
8629.24 (8) 10.69 0.08 zhu 262 133 260 e e 247 cen 82 [RX 139
8703.24 (1) 10.33 -0.34 zhu 287 136 274 eee o 259 s oo 80 v 144
8711.69 (1) 10.33 -0.24 zhu 310 146 298 sen e 284 s oo 139 oo 163
8718.82 (1) 10.34 -0.35 zhu 266 147 261 253 112
8728.88 (1) 10.33 -1.04 zhu 112 144
OlL

6155.99 (10) 10.74 -0.67 op 50 49 51 46 40 50 47 oo e s e
6156.78 (10) 10.74 -0.45 op 92 56 75 69 57 78 62 52 see 64 55
6158.19 (10) 10.74 -0.31 op 110 84 96 85 70 104 80 [RX 96 103 97
6453.64 9) 10.74 -1.30 op 22 20: 16 15 8:
6454.48 9) 10.74 -1.08 op 46 22 cee . cee 28 tee 19 oo 20 10
7156.80 (38) 12.73 0.27 op cee 20 19 18 18 ces 17 7: 19 11 10:

2 Spectral line originates from two multiplets: A46013.22 from RMT Nos. 26.06 and 26.07 and 17115.19 from RMT Nos. 26 and 25.02.
® Full designation for this multiplet is RMT No. 25.02.

Carbon abundances have been determined primarily from
two multiplets; 149100 in the hotter stars and AA7115 in the
cooler stars. Whenever possible, other multiplet lines were
observed, but this was usually only in the cooler stars. Both of
these spectral regions required the removal of telluric features
which often slightly degraded the signal-to-noise ratio. The
carbon abundances are in good agreement between multiplets
and are in rough agreement from star to star, with an average
underabundance of [C/Fen] = —0.14 +0.20. When the
carbon abundances are plotted relative to temperature, the
hottest stars in the program tend to have lower abundances

than the cooler stars, as if there is a discontinuity near 9000 K
(see Fig. 3). There may also be a slight increase in the carbon
abundances with temperature from 7400 to 8500 K in the
higher luminosity stars (Ib-Ia). These patterns may not be sig-
nificant, but we shall return to discuss them after our NLTE
analysis of carbon. No significant trends are found in the
carbon abundances with gravity (see Fig. 4), except possibly for
the FO supergiants.

Nitrogen abundances have been determined from several
multiplets. The lines near 7450 A proved to be very useful
because they are clean of blends through most of the tem-
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TABLE 2
LTE ELEMENTAL ABUNDANCES

Cl

(kms™!) loge +o (#)

NI
log e o (#)

oI
log e o (#)

HD Sp.Ty Tex Logg ¢
(K)

161695 A0 Ib 9950 2.2 3.0
87737 AoIb 9700 2.0 4.0
46300 A0 Ib 9700 2.1 4.0
175687 A0 II 9400 2.3 3.0
207673 A2Tb 9300 1.75 5.0
195324 Al Tb 9300 1.9 5.0
3940 Al la 9200 1.4 6.0
14489 A2 Ja 9000 1.4 8.0
222275 A31I 8500 2.2 3.0
13476 A3Iab 8400 1.2 8.0
15316 A3 Iab 8350 1.2 7.0
34578 A5 11 8300 1.85 4.0
67456 A5 11 8300 2.5 3.0
147084 A5 11 8300 2.0 4.0
210221 A3 Ib 8200 1.3 7.0
59612 A5Ib 8100 1.45 7.0
58585 A81I 8000 1.8 4.0
148743 A7Ib 7800 1.15 8.0
25291 Fo II 7600 1.5 4.0
196379 A9 II 7500 1.6 5.0
36673 Fo Ib 7400 1.1 4.0
6130 Fo II 7400 1.5 4.0
<loges >
logep

8.24 +0.05 (4)
8.34 +0.07 (5)
8.16 £0.10 (5)
8.16 +0.13 (3)

8.39 £0.11 (5)
8.39 £0.07 (3)
7.80 £0.06 (3)
7.93 £0.19 (4)
8.63 £0.15 (10)

8.47 +£0.15 (5)
8.50 +0.23 (4)
8.56 +0.10 (12)
8.42 +0.09 (7)
8.56 +0.08 (7)

8.39 +0.09 (5)
8.37 £0.11 (6)
8.52 +0.09 (6)
8.65 +0.11 (7)

8.41 +0.09 (12)
8.45 +0.08 (6)
8.14 +0.08 (6)
8.31 +0.11 (14)
8.35 +0.21 (22)

8.60

8.92 +£0.22 (5)
9.01 £0.10 (3)
8.66 £0.18 (12)
9.13 £0.27 (3)

8.86 +0.10 (3)
8.92 +0.11 (5)
8.62 +0.14 (7)
8.92 +£0.07 (2)
9.28 +0.07 (2)

8.76 +0.11 (4)
8.68 +0.18 (8)
8.53 £0.24 (6)
8.76 £0.13 (3)
8.92 +0.08 (2)

8.88 +0.10 (3)
8.96 +0.07 (3)
8.74 £0.13 (3)
8.51 +0.25 (6)

8.25 £0.19 (7)
7.85 +0.23 (11)
846 ... (1)
8.36 £0.11 (5)
8.72 +£0.32 (22)

8.00

8.89 £0.06 (5)
8.97 £0.05 (6)
8.87 £0.05 (4)
8.83 +0.04 (5)

8.85 +0.06 (5)
8.90 +0.02 (5)
8.77 1)
883 .. (1)
8.91 +0.06 (4)

8.73 +0.12 (4)
8.73 +0.02 (4)
8.73 +0.07 (4)
8.80 £0.08 (5)
8.64 +0.01 (4)

8.88 £0.14 (5)
8.68 +0.03 (4)
8.68 +0.04 (4)
8.72 £0.08 (5)

8.54 +0.22 (4)
8.79 £0.05 (2)
8.68 +0.17 (5)
8.54 £0.23 (5)
8.77 £0.12 (22)

8.93

845

NoTte—The atmospheric parameters are those found and discussed in detail by Venn 1995.

perature range (with the exception of the coolest stars where
N 117423 is blended with Si 1). The wings of the Paschen lines
near 8700 A make some lines from multiplet No. 1 unusable.
Telluric divisions near 8200 A had to be done very carefully to
recover the spectral lines with good signal-to-noise ratio. For
the abundance analysis of the lines near 8200 A, we found that
the default continuum frequency sampling grid in WIDTH was
too coarse for accurate abundances. When we refined the grid

TABLE 3A

ABUNDANCE UNCERTAINTIES

to calculate the continuum flux more carefully in this region
where the Paschen jump occurs (8203.6 A), then the abun-
dances from these lines were in much better agreement with
those from LINFOR calculations and with abundances from
other multiplets.

Nitrogen is significantly overabundant in all the A-type
supergiants, with [N/Fe 11] ranging from 0.3 to 1.3 (only HD
196379 is not noticeably overabundant). These nitrogen
enrichments are clearly related to T, as shown in Figure 3.
This trend strongly suggests the presence of a systematic error

TABLE 3B

87737 14489 13476 ABUNDANCE UNCERTAINTIES
Element
AT.s ALogg AT.s Alogg AT.s Alogg 34578 25291 36673
+200K +0.2 +200K" +0.2 +200K +0.2 Element
ATegs ALogg AT.g ALogg ATes ALogg
+200K +0.2 +200K +0.2 +200K +0.2
Cl +0.09 -0.07 +0.10 -0.14 +0.11 -0.16
NI 40.07 -0.10* +40.08 —0.09 = +0.09 —0.07
o1 40.03 -0.02 4005 -0.06  +0.05 —0.05 ClI +0.16  —0.08 +0.15 -0.03  40.16 —0.05
NI +0.04 -0.01 -0.01 +40.03 -0.02 +0.03
oI +0.02 +40.01 -0.01 +0.02 +0.01 40.05

Note.—These uncertainties have been calculated specifically for the star at
each column head. These uncertainties are representative of other program
stars which have similar atmospheric parameters i.e., HD 87737 (46300,
161695, 175687, 195324, 207673), 14489 (3940), and 13476 (15316, 210221).

* Abundance uncertainties from HD 195324, 46300, and 175687 are smaller
(—0.04).

Note.—These uncertainties have been calculated specifically for the star at
each column head. These uncertainties are representative of other program
stars which have similar atmospheric parameters i.e., HD 34578 (147084,
59612, 67456, 222275), 25291 (6130, 58585, 196379), and 36673 (148743).
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abundances are plotted relative to solar (dotted line). The filled circle represents
Fe 11, while the unfilled circles represent abundances from neutral species.

in these nitrogen abundances that is not seen in the analysis of
other elemental species; we shall return to this after our NLTE
anaysis of nitrogen. We do not see any significant relationships
in the nitrogen abundances with gravity (see Fig. 4), with the
possible exception of the FO supergiants. As a precaution, we
also tested the effects of the damping coefficients on the nitro-
gen and carbon abundances, even through the analysis was
restricted to weak lines only; adjusting the radiative, Stark,
and van der Waals broadening coefficients by a factor of 2 had
no significant effects (A log € < 0.02).

Oxygen abundances have been determined primarily from
the lines near 6157 A, which are clean and resolved through
most of the atmospheric parameter range of this paper. Addi-
tional lines near 6454 A were observed whenever possible. The
average oxygen abundance is [O/Fe n] = —0.05 + 0.11.
There may be a slight rise ‘n the oxygen abundances with
temperature as seen in Figure 3, or the oxygen abundances
from the hotter supergiants may be systematically higher (by

VENN

Vol. 449

~0.2 dex) than those from the cooler supergiants. This may
indicate that departures from LTE are significant; we do not
investigate the NLTE corrections to the oxygen abundances
in this paper, other than to note that Baschek, Scholz, &
Sedlmayr (1977) have estimated that LTE O 1 W,’s may be
50% larger than NLTE W,’s for a theoretical oxygen abun-
dance in an AO-type supergiant atmosphere. These results are
uncertain since the NLTE models used were very simplistic,
but as a test, if we were to reduce our O 1 W,’s for HD 87737
(A0 Ib) and HD 25291 (FO II) by 30%, then the oxygen abun-
dances would be reduced by ~0.2 and 0.1 dex, respectively.
This would bring the abundances from the hotter and cooler
supergiants into marginally better agreement, suggesting that
the slight trend we see may be a NLTE effect. Finally, no
significant trends in the oxygen abundances with gravity are
noticed (see Fig. 4).

4.2. Comparison to Other Analyses

We can compare the abundances derived for some of our
program stars to those from other LTE analyses, i.e., for HD
36673, 148743,87737, and 175687.

Luck & Lambert’s (1985, hereafter LL) examination of HD
36673 (x Lep) includes atomic data and W,’s that are in excel-
lent agreement with ours (typically less than 10% difference for
lines in common); thus, the derived abundances are also in
good agreement after considering differences in the atmo-
spheric parameters. There are only a few exceptions: first, the
two O 1 lines near 6454 A which are weak, and possibly slightly
blended with strong Ca 11 and Fe 11 neighbors. These lines can
be very difficult to measure if the resolution and signal-to-noise
ratio are not excellent. They find W,’s for these weak lines that
are almost 2 times larger than our values; these W,’s would
increase the abundance we derive by ~0.3 dex from these lines,
which would make these line abundances quite discordant
with the other multiplet lines. Second, their [C 1] 18727 line
yields a rather large abundance (8.44), but this line is severely
blended with N 1and Si 1 lines. Their lower carbon abundance
from 45380 (7.90) is in agreement with what we find from the
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Fic. 3.—LTE CNO abundances relative to Fe 11 are plotted per star with respect to temperature. There is a strong correlation between the nitrogen abundance
and temperature, but only slight relationships between the carbon and oxygen abundances with temperature. Differences in luminosity are noted (Ia and Iab stars
appear as filled circles, Ib stars as filled squares, and II stars as filled triangles), but there are no significant deviations from the overall trends for these subgroups.
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temperature; then, the cooler, A9-FO stars (filled circles) may show some slight dependences. Other small ranges in temperature show no relation to gravity,

including AO—A2 stars (unfilled triangles) and A3—AS8 stars (unfilled squares).

AA7115 multiplet after correcting the atmospheric parameters.
For nitrogen, LL were the first to show that NLTE effects are
significant and based their nitrogen abundances on only the
weakest line in their syntheses, 18728.9. Unfortunately, this is
the line that is severely blended with the forbidden C1 line
above and a Si 1line. Therefore, the abundance from this line is
probably overestimated, even without considering departures
from LTE. They apply a correction of —0.2 dex to their N 1
abundance to try to account for NLTE effects, yet still find
[N/H] = +0.66. Our calculation is from a clean, weak line of
N 1at 8210.6 A ; the LTE abundance is less than LL’s LTE and
NLTE results (we find [N/H] = +0.46).

Russell & Bessell (1989) have also analyzed the spectrum of
HD 36673. We find the W,’s are in agreement (to within 10%)
for roughly two-thirds of the lines common to both analyses.
However, the atmospheric parameters that they adopted for
this star result in an abundance pattern that is quite different
from the other A-type supergiants in our analysis and from the
other four Galactic standard stars in theirs; in particular,
carbon looks too depleted and sodium is roughly solar. Their
other Galactic standards have abundance patterns more
similar to our other A-type supergiants, where carbon is only
slightly underabundant and sodium is quite overabundant (as
found in Venn 1995). Thus, the unique abundance pattern they
found for this star is probatly an artifact of inappropriate
atmospheric parameters. Finally, Spite & Spite (1990) used HD
36673 as a Galactic standard for an analysis of S/O and C/O in
SMC supergiants. Our sulphur abundance for HD 36673 is
higher than they have determined, due to differences in the
atmospheric parameters. Our oxygen abundance is in good
agreement with their mean value, but even considering differ-
ences in the atmospheric parameters, we find a much smaller
carbon abundance.

It is important to compare our data set for HD 148743 (HR
6144) to that from Luck et al. (1990) for one particular reason,
they conclude that HD 148743 has a chemical abundance
pattern that is “strongly atypical of Population I supergiants”
based on their results that [Fe/H] ~ —0.4, that CNO are all

overabundant, and that the alpha elements appear enriched.
But, using the new atmospheric parameters we have found, we
find [Fe/H] is roughly solar, CNO resemble the abundances of
the other A-type supergiants in this analysis, and the alpha
elements have roughly normal abundances relative to iron.
There is nothing in our analysis that distinguishes this star
from the other normal A-type supergiants based on chemical
composition, thus HD 148743 does not possess an atypical
abundance pattern.

For HD 87737 (n Leo), the nitrogen and oxygen abundances
derived by Lambert et al. (1989) are similar to ours after con-
sidering differences in the atmospheric parameters. Our carbon
abundance is much smaller than theirs (by ~0.4 dex), but they
report only an upper limit based on marginal detections of
C 1 lines near 7115 A. We do not detect these lines in our
spectra (see Fig. 1).

HD 175687 (¢! Sgr) has recently been examined by Tomkin
& Lambert (1994) as a comparison star for the secondary of an
eclipsing binary system, V356 Sgr. Their atmospheric param-
eters are determined from Stromgren colors only, but are in
fair agreement with the values we have determined with the
exception of microturbulence (they adopt a value of 5 km s~ 1,
whereas we have found a value of 3 km s~ !). Several of the
same spectral lines of C 1, N 1, and O 1 have been observed with
most W,’s in excellent agreement. The exceptions are two C 1
lines where Tomkin & Lambert find one value that is larger
than ours and one that is smaller, each by ~30% it is not clear
why these W, values differ by so much. As a result the nitrogen,
oxygen, and iron abundances that they determine are in good
agreement with ours, but their carbon abundance is larger (by
~0.25 dex).

5. NLTE ANALYSIS OF CARBON AND NITROGEN

NLTE line formation calculations that use line-blanketed,
LTE model atmospheres are employed; I. Hubeny would clas-
sify this as a “restricted” NLTE analysis. Our final NLTE
carbon and nitrogen abundances are listed in Table 4.
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TABLE 4
NLTE CARBON AND NITROGEN ABUNDANCES

HD [C/H] to (#) A*  [N/H] +0 (#) A*  [N/C] 0 [N/CR,ps [Fell] [C/Fe] [N/Fe] [C+N{opa
222275 —0.25 £0.17 (10) -0.28 +0.31 £0.25 (6) -0.97 0.56 £0.33 0.42 0.08 -0.33 0.23 0.17
13476  —0.55 +0.16 (4) —0.42 —0.04 £0.08 (9) —0.80 0.51 £0.23 0.37 -0.12 -0.43 0.08 0.05
15316  —0.48 £0.23 (4) —-0.38 —0.04 £0.12 (12) —0.72 0.44 £0.33 0.30 -0.25 -0.23 0.21 0.22
34578 —0.34 £0.11 (12) —0.30 —0.03 £0.14 (9) -0.56 0.31 £0.21 . 0.17 0.03 -0.37 -0.06 0.03
67456 —0.43 £0.07 (7) —-0.25 40.06 £0.22 (7) -0.70 0.49 £0.27 0.35 -0.07 -0.36 0.15 0.11
147084 —0.36 £0.09 (7) —0.32 +0.23 £0.12 (3) -0.69 0.59 £0.18 0.45 0.01 -0.37 0.22 0.17
210221 —0.61 £0.09 (5) —0.40 +0.19 £0.04 (4) -0.69 0.80 +0.25 0.66 —0.07 —-0.54 0.26 0.09
59612 —0.61 £0.11 (6) —-0.38  +0.29 +0.12 (4) -0.67 0.90 +0.29 0.76 -0.14 —-0.47 0.43 0.23
58585 —0.41 £0.10 (6) —0.33 +40.16 +0.16 (3) —-0.58 0.57 £0.22 0.43 -0.15 -0.26 0.31 0.25
148743 —0.34 £0.12 (7) -0.39 —0.01 £0.19 (9) -0.52 0.33 £0.24 0.19 -0.11 -0.23 0.10 0.18
25291 —0.43 £0.11 (12) -0.24 -0.15 £0.11 (8) -0.40 0.28 £0.19 0.14 -0.11 -0.32 -0.04 0.07
196379 —0.41 +0.08 (6) —-0.26 —0.43 £0.20 (11) -0.28 —0.02+£0.26 -0.16 —0.17 -0.24 -0.26 0.07
36673 —0.71 £0.09 (6) —0.25 +40.30 £0.13 (8) -0.16 1.01 +£0.20 0.87 -0.08 —-0.63 0.38 0.14
6130 —0.45 +0.18 (14) —-0.16 —0.02 £0.12 (i1) -0.38 0.43 +0.25 0.29 -0.11 -0.34 0.09 0.10
<[X]>14 —-0.46 -0.31 +0.06 -0.58 +0.51 +0.37 -0.09 -0.37 +40.15 0.13
+014 +0.13 +0.08 +0.21 +0.22 +0.27 +0.27 +0.09 +0.12 +0.18 +0.07
161695 —0.71 £0.09 (4) —0.35 +0.03 £0.11 (10) —0.89 0.74 £0.18 0.60 -0.04 -0.67 0.07 -—0.15
87737 —0.66 £0.06 (6) —0.40 +0.09 +0.06 (8) -0.92 0.75 £0.12 0.61 0.01 -0.67 0.08 —-0.07
46300 —0.81 +0.08 (6) —0.37 —0.15 £0.10 (15) —0.81 0.66 £0.18 0.52 -0.24 -0.57 0.09 -0.02
175687 —0.80 £0.14 (4) —0.836 +0.29 £0.07 (4) -0.84 1.09 £0.19 0.95 -0.13 -0.67 0.42 0.16
207673 —0.74 £0.10 (6) —0.58 +0.04 £0.04 (13) —0.82 0.78 £0.14 0.64 -0.01 -0.78 0.05 -—0.11
195324 —0.71 £0.07 (4) —-0.50 +0.14 £0.10 (14) -0.78 0.85 £0.15 0.71 -0.04 —-0.67 0.18 -0.01
3940 —1.80 £0.07 (38) —0.50 —0.25 £0.11 (10) -0.87 1.05 £0.18 0.91 —-0.40 -0.90 0.15 —-0.10
14489 —1.20 +0.18 (4) —0.53 +0.01 £0.06 (6) -0.91 1.21 £0.28 1.07 -0.27 -0.93 0.28 0.00

<[X]>22 +0.05 —0.68 -0.11 +0.15
+o22 +0.19 +0.22 +0.11 +0.16

NoTte.—Values in italics are based on C 1 149100 lines, which we do not consider to be reliable abundance indicators. Also, all N 1 lines observed with

equivalent widths <250 mA are included in the NLTE N abundance per star.
* A = NLTE — LTE mean values.

® [N/C],, g. = log (N/C),; — log €(N/C)g,, where the mean B star abundances are [C/H] = —0.35 and [N/H] = —0.21 (see text).
¢ [C + N],, . = log €(C/Fe + N/Fe),, — log €(C/Fe + N/Fe)g,, assuming log €(Fe)g, is solar.

5.1. Outline of the Calculations
In LTE, the occupation numbers (1;) of each atomic level (i)

of an element are simply calculated from the Saha-Boltzmann
equation using the local parameters at each atmospheric layer
(e.g., T.¢ and electron density). The added complexity of NLTE
calculations is that the occupation numbers are also affected
by the radiation field which is dominated by nonlocal condi-
tions, i.e., global properties of the star. A NLTE solution for
the statistical equilibrium of an element must account for all of
the radiative and collisional processes populating and depopu-
lating an atomic level at each atmospheric layer of the star. The
result can be represented by a set of departure coefficients
(defined as b; = n;, ../n;, ) for each atomic level. Departure
coefficients for C and N in this analysis have been calculated
using a system of codes developed by W. Steenbock at the
University of Kiel. These codes use the complete linearization
techniques introduced by Auer & Heasely (1976). Complete
linearization is the method by which all physical properties in a
stellar atmosphere (i.e., temperature, electron density, mean
radiation field, elemental abundances, and elemental
occupation numbers) are treated as individual, but equally
important parameters that can interact globally.

The departure coefficients that are output from Steenbock’s
programs are in ready form to be used with the abundance
code LINFOR to calculate NLTE abundance corrections. The
same atmospheric parameters, including microturbulence

values, determined from the LTE analysis of the metal lines in
these stars are used for the carbon and nitrogen NLTE abun-
dance analyses. There has been some suggestion that lower
microturbulence values are found when NLTE effects are con-
sidered (e.g., Gies & Lambert 1992; Boyarchuk, Lyubimkov, &
Sakhibullin 1985), but we did not find any significant evidence
for this effect because our abundance analysis is based on weak
lines which are not strongly affected by microturbulence.

5.2. Carbon

Departure coefficients for carbon have been calculated from
an atomic model based on the data collected by Stiirenburg &
Holweger (1990, hereafter SH), and which was made available
to us by S. Stiirenburg. This model was designed to examine C
in the Sun and Vega, where discrepancies between strong and
weak line abundances were resolved. The model atom is very
detailed, including 83 levels of C 1, and all known terms up to
principal quantum number n = 7, 0.26 eV below the ionization
limit (11.26 eV). It also includes the five energetically lowest
levels of C 11 up to excitation energy 13.72 eV. A total of 63 C 1
line transitions and three lines of C 11 are treated explicitly,
where transition probabilities have been adopted from the lit-
erature, ignoring multiplet structure. A diagram for the SH
model is shown in Figure 1 in Stiirenburg & Holweger’s paper,
and we refer the reader to their paper for further atomic details.
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F1G. 5—Departure coefficients of carbon for HD 13476 (A3 Iab). Levels have been labeled according to the numbering in SH. Note that levels 84 to 88 represent

the lowest energy levels of C 11.

5.2.1. Application of the Carbon Model Atom to A-Type Supergiants

NLTE calculations using SH’s model atom showed that the
level populations are quite different from those in LTE for the
A supergiants. Departure coefficients for a selection of levels
are shown in Figure 5 for HD 13476 (A3 Iab). In the line-
forming region, C 1 is overionized from its LTE value in the
AO0-A7 supergiants, and the four energetically lowest levels of
C 1 (designated as levels 1, 2, 3, and 4) are underpopulated
relative to their LTE values due to strong radiative transitions
to higher levels and the continuum. The underpopulations of
the lowest levels are most severe in the hottest AO-type stars.
The occupation numbers of several levels are overpopulated in
the line-forming regions, although lower levels of observed
transitions are less overpopulated than the upper levels, and
NLTE corrections are negative.

In the A9-FO supergiants, the departure coefficients for the
four lowest levels of C 1 and the ground states of C 11 are close
to their LTE values throughout the line-forming atmospheric
layers. Radiative transition between bound-bound states cause
very slight overabundances of the atomic levels of observed
transitions in the line-forming regions, leading to negative
NLTE abundance corrections, but with smaller values than in
the hotter stars.

After applying the SH model atom, the LTE carbon abun-
dances proved to be too large by ~0.3 dex in the A3-FO0
supergiants. The corrections to C in the AO—A2 supergiants are
larger at ~0.5 dex. The C corrections for these two groups of
stars appear to be distinct from one another. As discussed
earlier and shown in Figure 3, the LTE abundances of the
cooler (7400-8500 K) stars rise slightly with increasing tem-
perature, particularly for the higher luminosity stars; this rise
is eliminated by the NLTE corrections, such that these NLTE
carbon abundances show no significant trend with tem-
perature. The abundances in these cooler stars are based on
only weak lines that are from a variety of multiplets and
atomic levels, where the NLTE corrections range from —0.1 to
—0.5 dex. In the A0-A2 supergiants, the carbon abundances
are calculated from only one multiplet, which results in

extremely low NLTE C abundances that are discordant with
the abundances from the cooler stars. This result is disturbing
and suggests a significant change in the description and/or
calculations of carbon (or at least of the sole multiplet being
used) in the hotter stars. We shall investigate this further
below.

5.2.2. Uncertainties in the Carbon NLTE Abundances

Numerous test calculations have been performed with the
SH model atom to test the influence of the atomic data on the
resultant NLTE abundances. The tests we have performed are
summarized in Table 5 for three representative stars. The
NLTE corrections for the carbon abundances are sensitive to
changes in only a few pieces of the atomic model, particularly
the collisional excitation cross sections. However, the NLTE
corrections to the C 1 19100 multiplet cannot be affected by
reasonable changes in the carbon model atom to force these
lines to yield carbon abundances in the hotter stars that are in
agreement with the abundances in the cooler stars.

1. The expected uncertainties in the atmospheric parameters
for the LTE model atmospheres adopted have only small to
moderate effects on the NLTE carbon abundances. In particu-
lar, since only weak lines of C 1 have been included in the
NLTE abundances, small changes in £ are not significant.

2. Photoionization cross sections were reduced by a factor of
10 for the five energetically lowest levels of C 1, both individ-
ually and together. Changes to the first three levels showed
some small effects on the abundance corrections (+0.04 dex),
but when all five levels were changed simultaneously the
change was negligible (<0.02 dex). Thus, reasonable uncer-
tainties in the photoionization cross sections for the first five
levels yield only small uncertainties in the departure coeffi-
cients. These are the only levels where photoionization has
strong effects in the line-forming atmospheric layers. Overall,
replacing the Hofsaess (1979) photoionization cross sections
adopted by SH with those calculated by the OP causes the
abundance corrections to be slightly smaller (~0.05 dex), but
this is a systematic change affecting the A0 and F0 supergiants
similarly.
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TABLE 5
UNCERTAINTIES IN THE NLTE ANALYSIS OF CARBON

AlOgE(C)NLTE
HD 87737 13476 6130
1. AT.q = +200 K (4+0.09)  +0.14 (+0.16) —0.01 (+0.04)
2. Alog g = +0.2 (-0.02) —0.10 (=0.09) +0.08 (+0.02)
3.A¢=-1kms! (+0.03)  +0.01 (+0.06) +0.02 (+0.37)
4. Photoionization Cross-sections:
(a) Replace with OP X-sections (+0.05)  +0.06 (+0.05) +0.03 (+0.03)
(b) X-sections for Levels 1 to 5 * 0.10 (+0.02) +0.06 (+0.07) 0.00 (0.00)
5. Line transitions f;; * 0.333 (+0.05)  40.08 (+0.05) +0.04 (0.00)
6. Including All transitions of A\9100 (—0.09) 0.00 (—0.03) 0.00 (—0.22)
7. Additional line transitions from OP
(total=242) (=0.06) —0.09 (-0.06) +0.04 (0.00)
8. Collisional Ionization Cross-sections:
(a) Replaced by Mihalas formulation (40.02) 0.00 (+0.01) 0.00 (0.00)
(b) Mihalas X-sections * 10.0 (0.00) 0.0 (0.00)  0.00 (0.00)
(c) Mihalas X-sections * 0.10 (40.01) 0.00 (0.00) 0.00 (0.00)
9. Collisions with Neutral Particles = 5.0 (0.00) 0.00 (0.00) +0.02 (+0.07)
10. Reduced Cipit (—0.01) 0.00 (0.00) 0.00 (0.00)
11. Collisional Excitation Cross-sections:
(a) All X-sections * 0.333 (-0.13) -0.04 (-0.12) 0.00 (0.00)
(b) All Replaced by
Auer & Mihalas formulations (4+0.07) 0.00 (+0.07)  +0.03 (+0.12)
(c) Replaced Rad.ly Perm. only by
Auer & Mihalas form. (40.07)  +0.02 (+0.07) +0.03 (+0.12)
(d) Replaced Rad.ly Forb. only by
Auer & Mihalas form. (0.00) —0.02 (-0.01)  0.00 (—0.03)
() Rad.ly Permitted X-sections * 0.333 (-0.11) -0.03 (-0.12) —0.04 (-0.17)
(f) Rad.ly Forbidden X-sections * 0.10 (+0.12)  +0.10 (+0.09) +0.03 (+0.08)
(g) Rad.ly Forbidden X-sections * 10.0 (-0.03) -0.02 (-0.02) -0.01 (-0.01)

Vol. 449

Note—Uncertainties are calculated for the mean of the carbon abundances, excluding the strong 19100
multiplet lines (mean abundances from these lines are shown in brackets).

3. Reducing the line strengths by a factor of 3 to mimic
uncertain f~values had only a small effect on the NLTE correc-
tions (~0.05 dex). A test that replaces Stiirenburg’s line tran-
sitions (which are the wavelengths and f-values of the strongest
lines in the multiplets) with multiplet values from the OP
proved to have no significant effect on the depature coeffi-
cients. An additional 188 multiplet lines (with 4 < 15000 A)
were added to the model atom with only marginal effects on
the departure coefficients in the line-forming regions. When
lines are removed from the model atom, there can be substan-
tial changes in the abundance corrections since the departure
coefficients of the energetically middle levels are dominated by
bound-bound transitions (particularly transitions out of the
ground state). This emphasizes the importance of including
many transitions, particularly from the low lying levels, for
reliable NLTE carbon abundance corrections.

4. Neutral particle collision rates were increased from % to 5
times the values of the electron collision cross sections (as sug-
gested in Tomkin et al. 1992), but had no significant effect on
the NLTE corrections (as expected at these temperatures).

Also, changes in the collisional ionization rates had only negli-
gible effects on the NLTE abundances.

5. The initial C abundance was reduced to the NLTE carbon
abundance determined after preliminary calculations. Since C 1
is an important background opacity source, particularly in the
UV where strong bound-free transitions from the ground state
can contribute to the background opacity, the initial carbon
abundance can affect the radiation field, which will affect the
statistical equilibrium results of carbon itself. Yet, no signifi-
cant differences in the NLTE abundances were found.

6. Electron collisional excitation rates were globally reduced
by a factor of 3 which caused a significant increase in the
NLTE corrections (~0.1 dex) for the hotter supergiants (as
might have been predicted since this moves the statistical equi-
librium further away from LTE), but had no effect on the
cooler supergiants. This sort of effect could reduce or eliminate
the difference in the NLTE carbon abundances between the
hotter and cooler supergiants that we currently find, and so we
investigate this further. Cross sections for the electron colli-
sions have been calculated using the Drawin (1967) formulae,
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with maximum cross sections calculated depending on the line
strength (known or assumed). A test to further minimize the
effects of electron collisions by setting all the electron collision
cross sections to 0.01na3 increased the NLTE corrections sub-
stantially in the AO supergiants. These tests were performed on
the allowed transitions (assuming LS coupling) and the for-
bidden transitions individually and together; individually,
reducing either the forbidden or allowed cross sections
increased the abundance corrections by 0.3 dex, and together
they increase corrections by 0.4 dex such that the NLTE abun-
dance in, for example, HD 87737 would be much less, ~7.5
dex. This would put the C 1 abundances between the hotter
and cooler supergiants even further apart. Thus, we also tried
increasing all the cross sections to maj to test the effects of
maximizing the electron collision rates (moving the statistical
equilibrium closer to LTE). This caused the NLTE corrections
to become substantially reduced for the hotter stars (to only
~0.2 dex), and nearly zero in the cooler stars (thus occupation
numbers are near their LTE values). This would remove the
difference in the NLTE abundances between the hotter and
cooler stars almost completely, but applying this model to
Vega causes the strong lines to have much larger NLTE abun-
dances than the weak lines. Therefore, this does not appear to
be a better (i.e., realistic) C 1 model, but it does show that the
statistical equilibrium of carbon in these atmospheres is very
sensitive to the collisional excitation cross sections.

We also examined replacing the collisional excitation cross
sections with values calculated using the Auer & Mihalas
(1973) formulae, which are also energy-dependent cross sec-
tions (two formulae are available depending on whether the
transition is radiatively permitted or forbidden). We found a
slight increase (~0.1) in the NLTE abundances calculated
from the strong C 1 49100 lines, but almost no effect on the
weaker lines from several other multiplets. Scaling these cross
sections (to test the sensitivities of the NLTE corrections from
these formulae) for forbidden transitions by a factor of 10 and
for permitted transitions by a factor of 3, separately, caused
additional changes in the NLTE corrections of ~0.1 dex. But
these scaling factors cause the strong lines in Vega to have
systematically higher abundances than the weak lines, which is
again not an improvement to the SH model. Thus, the NLTE
carbon abundances in the A-type supergiants are sensitive to
the adopted collisional excitation cross sections; however, rea-
sonable changes in these to the SH model tend to cause only
small changes in the calculated abundances, or to worsen the
SH results for Vega.

7. After the tests described above, we closely examined the
NLTE corrections for the 29100 multiplet lines since these are
the only C 1 lines observed in the AO—A2 supergiants. The C 1
lines near 9100 A are observed throughout the temperature
range of this analysis, but are too strong to be used in the
A3-FO0 supergiants. The 19100 multiplet occurs between levels
3s3P° (level 5) and 3p3P (level 11), which are both over-
populated in the line-forming regions in all the A-type super-
giants. The lower level of this transition is unique in the NLTE
calculations; level 5 is the most severely overpopulated C 1
level at all temperatures in these calculations and is only used
in this analysis for the 19100 multiplet NLTE corrections.
Level 5 is slightly depopulated by photoionization (more so at
hotter temperatures), but it is severely overpopulated by a
strong radiative transition from the ground state (level 1). As a
test, we reduced the f-value of this transition (at 1657 A) by a
factor of 10, which changed the NLTE corrections for the
29100 lines by only <0.05 dex.
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Next, we tried increasing the collisional coupling of the
lowest four C 1 levels to level 5. The overpopulation of level 5
can be significantly decreased by this coupling since the lower
levels are underpopulated by photoionization. Currently, the
SH model uses the radiative transition f-value to calculate the
collisional cross section between levels 1 and 5, but the radi-
ative rates from levels 2, 3, and 4 are forbidden; therefore, the
SH model uses a default lower limit of 0.01%a? as the collision
cross section. If we increase the collisional coupling to na3, the
overpopulation of level 5 decreases such that the NLTE abun-
dance correction is much smaller, only about —0.15 dex for the
AO supergiants. The NLTE C abundances would then be in
agreement with those from the cooler stars. Collisionally coup-
ling level 5 to the ground states is probably not realistic
though, since the energy differences between level 5 and the
lowest levels are quite large. Also, this causes the strong 19100
lines (and other multiplet lines out of level 5) in Vega to have
negligible NLTE corrections, and therefore the good agree-
ment that the SH model yields between strong and weak line
NLTE carbon abundances in Vega is no longer present.

The only possibly realistic way to bring the abundances
from the 19100 lines in the hotter stars into agreement with
those from other C 1 multiplets in the cooler stars is to change
the f-value of the 19100 multiplet itself. If we decrease the
f-value of this multiplet by a factor of 10, then the NLTE
corrections are decreased by ~0.2 dex in the hotter super-
giants, but only ~0.04 dex in the cooler stars and Vega
(although we do not actually include the strong 49100 lines in
the NLTE abundances calculated for the cooler stars). This
change in the C 1 atomic data is intriguing because the NLTE
corrections to the strong 49100 lines in Vega are still in agree-
ment with Vega’s weak line abundances. Unfortunately,
however, the changes needed in the f~values are probably not
warranted. The f~value for the 19100 multiplet is estimated as
accurate to within 0.05 dex (cf. Nussbaumer & Storey 1984). It
may be possible that the change in the multiplet f-value is
compensating for other effects that are poorly represented in
our calculations, for example, uncertainties in (1) the model
atmosphere, e.g., atmospheric structure changes due to
neglected NLTE effects, or (2) the model atom, e.g., the model
does not account for fine structure in calculating the level
populations. It is also possible that (3) a stellar wind com-
ponent could affect these lines, e.g., these lines form a little
farther out in the atmosphere where a stellar wind might fill in
the lines slightly, resulting in smaller equivalent widths, and
thus lower abundances if it is ignored (which could even affect
weak lines; cf. Kudritzki 1992), or perhaps (4) there is missing
physics in the NLTE calculation. Therefore, at present, we
must conclude that the NLTE abundances from the 19100
lines appear to be unreliable. Omitting these lines from the
abundance analysis means that we cannot calculate the C
abundances in our sample of hotter, AO—A2, supergiants.

5.2.3. Carbon NLTE Abundances (without the 29100 lines)

The average NLTE carbon abundance in the 14 A3-F0
supergiants in this analysis is log €(C/H) = 8.14 + 0.13, or
([C/H]> = —0.46 + 0.13. Relative to iron, this average is
{[C/Fe n]) = —0.37 + 0.12, where <([Fe n/H]) = —0.09
+ 0.09 for these 14 stars. The abundances per star are listed in
Table 4. The average LTE C abundance for the 14 A3-F0
supergiants in this analysis was found to be log €(C/H) =
8.45 + 0.13 from the same (weak) spectral lines (with the excep-
tion of HD 13476, for which one line at 9078 A was used
in the LTE abundance, but was discounted for the NLTE
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TABLE 6
NLTE CORRECTIONS FOR CARBON LINE ABUNDANCES

87737 13476 6130
A

W, NLTE Aloge W, NLTE Aloge W, NLTE Aloge
3p3D - 5s3P° :
7100.12 29 8.08 -0.20
7108.94 e 22 8.08 -0.19
7115.19 10 7.87 -0.49 76 8.05 —0.24
7116.99 17 795 -0.64 77 8.05 -0.25
7119.67 10 8.18 -0.40 62 8.16 —0.22
3p3D - 4d3F° :
7111.48 e 47 792 -0.21
7113.18 12 8.18 -0.10 75 7.89 —-0.24
3s3P° - 3p3P :
9061.48 90 794 -0.42
9062.53 8 8.03 -0.41 oee e
9078.32 58 7.94 -0.37 184 7.87 -0.70 386 792 -1.19
9088.57 82 797 -0.40 240 7.88 -—-0.77 437 799 -1.37
9094.89 175 7.90 -0.66 392 7.66 —1.08 521 7.84 -—-1.54
9111.85 81 7.84 -040 240 7.74 -0.77 440 7.89 -1.37
3plP - 4d'P° :
6587.75 70 8.03 -0.20

NoOTE.—The values for A log € = log €(C)y g — 108 €(C) rg- We do not consider the C 1 19100 lines to
yield reliable carbon abundances. For HD 6130, the lines observed near 6010 A (not listed above) are quite
weak, and thus have small abundance corrections, A log €(C) ~ —0.10.

abundance). Thus, the mean NLTE correction to the carbon
abundance of A-type supergiants is —0.31 dex (+0.08 dex).
NLTE abundance corrections for individual C 1 lines are listed
in Table 6 for three representative stars.

The NLTE and LTE carbon abundances for all stars are
plotted in Figure 6, where it can be seen that the marginal
trend in the LTE abundances with temperature between 7400
and 8500 K is removed by the NLTE corrections. We also
notice in this plot that the carbon NLTE corrections increase
with temperature such that the corrections for the hottest

5

supergiants (~9500 K) are consistent with what would be
expected from the trend observed in the cooler stars. This
would imply that the carbon NLTE corrections are, in fact,
accurate for the 19100 multiplet, but that thé original LTE
abundances are in error (perhaps too low by ~ 0.4 dex). Since
we had tested the atomic data adopted for the initial LTE
analysis for these C 1 lines (e.g., the multiplet f~value is esti-
mated as accurate to within 0.05 dex—cf. Nussbaumer &
Storey 1984—and the abundances from the multiplet lines
were not especially sensitive to the radiative, Stark, and van
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F1G. 6—NLTE carbon abundances (filled circles) and LTE carbon abundances (unfilled circles) are shown for A3-F0 supergiants. The NLTE corrections (shown

at bottom) are clearly temperature dependent, which removes the slight temperature dependence of the LTE abundances. For the hotter supergiants, NLTE carbon

* abundances (small filled squares) and LTE carbon abundances (small unfilled squares) are also shown. These abundances appear to be discordant with those from the

cooler supergiants, which we presume is due to unrecognized problems in theoretically reproducing the C 1 19100 multiplet lines. However, notice that the NLTE
corrections for the hotter stars are in agreement with the temperature trend of the A3—FO0 supergiants.
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der Waals broadening coefficients assumed), then perhaps
departures from the classical, LTE model atmospheres that we
have adopted significantly affect these lines. This possibility
cannot be examined without line-blanketed NLTE model
atmospheres which are currently not available, although we
note that the 19100 lines form fairly deep in the atmosphere
(log 75000 ~ —0.7) where LTE is usually a sufficient dis-
cription. Nevertheless, the abundances from these lines should
be explicitly examined with NLTE model atmospheres in the
future.

This is the first analysis of NLTE effects on carbon abun-
dances in A-F supergiant stars, thus we cannot compare these
results to other analyses. We conclude that NLTE effects do
need to be considered for accurate carbon abundances in
AO0-FO supergiants. For the continuing discussion of the evolu-
tionary status of the A-type supergiants, it will be necessary to
limit the discussion of the carbon abundances to only those for
the A3-FO0 supergiants for which reliable NLTE C abundances
could be calculated.

5.3. Nitrogen

A new detailed nitrogen model atom has been built for these
calculations and calibrated with respect to Vega by Lemke &
Venn (1995). The model includes 88 levels of N 1,0.11 ¢V below
the ionization limit of 14.53 eV, and five levels of N 11 up to
25.97 eV. This includes all known terms of N 1 up to principal
quantum number n = 8 (Moore 1975). We include 189 radi-
ative transitions explicitly, with f-values taken from the OP
database. Multiplet structure was ignored, and each line is

CNO ABUNDANCE AND EVOLUTION OF A SUPERGIANTS 853

represented by a multiplet f~value. The model is shown in
Figure 7, including only 101 transitions to clearly separate the
doublet and quartet systems. Photoionization is taken into
account for all 93 atomic levels; photoionization cross sections
are from the OP database, and each transition is represented
by 200-2000 frequency points.

Collisional coupling between each atomic level and all other
levels and the continuum is taken into account. Collisional
cross sections have been calculated using the formulae of Auer
& Mihalas (1973). For permitted lines, the formula is based on
the van Regemorter (1962) formula where a dipole approx-
imation is assumed, and the f-value of the radiative transition
and the energy difference between levels is used to calculate the -
collisional cross section. For radiatively forbidden transitions,
a formula using a collision strength (Q) and the energy differ-
ence between the levels is used; since we have no information
on the collision strengths for N 1, we have assumed Q = 1.0.
Collisional ionizations are taken into account using the
formula from Mihalas (1978, p. 134), which expresses a cross
section in terms of the threshold photoionization cross section.

Calculations by Takeda (1992) showed the importance of
metallicity in determining the nitrogen NLTE abundance in
Vega (reexamined by Lemke & Venn 1995). We have found
that this metallicity dependence is due primarily to the carbon
abundance. This is because carbon bound-free transitions are a
significant source of background opacity in the UV where
photoionization of the N 1 ground states occurs. When a lower
metallicity model is used (lower carbon abundance), then the
UV flux is significantly higher, and photoionization of the N 1
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FIG. 7—Diagram of the nitrogen model atom built by Lemke & Venn (1995). Term designations for the N 1levels are marked on the bottom, for N 11 levels on the
top. Strong line transitions are represented by thick solid lines, and the weakest transitions by thin short-dashed lines, with two degrees of strength in between.
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F1G. 8.—Departure coefficients of nitrogen for HD 13476 (A3 Iab) (also discussed in Table 8). Levels have been numbered according to Fig. 7 of the model atom.

Note that levels 89 to 93 represent the lowest energy levels of N 1.

ground states is greater, which affects the overall statistical
equilibrium of the nitrogen atom. We also found that the
carbon abundance has an effect on the NLTE nitrogen abun-
dances calculated from doublet versus quartet system lines.
For Vega, the abundances from doublet and quartet lines was
improved by using its NLTE carbon abundance (vs. the slight-
ly higher LTE abundance). Because of this effect, we have
adopted our lower NLTE carbon abundances for the NLTE
nitrogen calculations in this analysis.

5.3.1. Application of the Nitrogen Model Atom to A-T ype Supergiants

When the N 1 atomic model is applied to the A-type super-
giants, the N abundance corrections prove to be very large and
temperature dependent, reducing the LTE N enrichments and
completely removing the trend in the LTE abundances with
temperature. Departure coefficients for HD 13476 (A3 Iab) are
shown in Figure 8.

Photoionization is the most important atomic process deter-
mining the populations of the three lowest levels of N 1 in
A-type supergiants, causing them to be underpopulated in the
line-forming atmospheric layers for all the AO-FO0 supergiants.
The carbon abundance is also an important parameter (as
found from our Vega calibrations); when the C abundance is
lowered [to the values found from our C NLTE analysis for
the A3-FO stars, and log €(C) = 8.20 for the AO—A2 stars], then

, the occupation numbers of the lowest three levels are further

decreased. Photoionization slightly overpopulates the ener-
getically middle levels of N 1 in the line-forming atmospheric
region, but bound-bound radiative transitions from the ground
states are more significant in substantially overpopulating
these levels. The doublet and quartet systems react differently
to changes in the carbon abundance, which is a useful test for
the nitrogen results (since the doublet and quartet radiative
transitions should yield the same NLTE abundances).
After applying the nitrogen model atom to the A-type super-
giants, the LTE abundances proved to be too large by 0.2-1.0
ndex. The corrections are related to temperature such that the
i hotter supergiants have the largest corrections. The hotter
supergiants also have the largest LTE abundances, such that

the final NLTE abundances are independent of temperature as
shown in Figure 9.

5.3.2. Testing the Nitrogen Model Atom and NLTE Abundances

Numerous tests have been done to determine the accuracy of
the nitrogen NLTE corrections due to possible errors in the
atomic and atmospheric data and are summarized in Table 7.

1. The expected uncertainties in the atmospheric parameters
yield only small to moderate differences in the NLTE calcu-
lations.

2. Using a solar carbon abundance instead of the lower C
abundances determined from our NLTE analysis has only a
small effect (~0.1 dex) on the NLTE nitrogen abundances. But
the higher carbon abundance tends to cause larger discrep-
ancies between the doublet and quartet line abundance results.

3. We tested the effect of uncertainties in the photoionization
cross sections by reducing them by a factor of 10 for the three
lowest levels. Changes in the abundance corrections were negli-
gible for the cooler stars (where photoionization is not a strong
effect), but were more significant in the hotter supergiants,
causing the three lowest levels to be more depleted in the line-
forming atmospheric layers. We also tried replacing the photo-
ionization rates with the descriptions from Hofsaess’s (1979)
calculations to test the sensitivity of the very detailed values
that we adopted, but this caused only a marginal change in the
NLTE abundances which was systematic for all the super-
giants.

4. The multiplet f~values adopted for the line transitions
were globally reduced by a factor of 3 to mimic inexact values.
The resulting changes in the NLTE abundances range from
+0.05 in the cooler supergiants to +0.15 in the hotter stars.
An additional 325 lines from the OP (with A < 15000 A) were
added to the model atom, each representing a single multiplet.
The effect was a negligible difference in the NLTE correction;
therefore, our model appears to have a sufficient number of
lines. We also tested the model with fewer lines, e.g., including
only the 24 lines in LL’s pioneering N 1 model. The NLTE
abundances become much larger, by ~0.25 dex in the hotter
supergiants and ~0.1 dex in the cooler stars. This test does not
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FiG. 9—NLTE nitrogen abundances (filled circles) and LTE nitrogen abundances (unfilled circles) are shown for the 22 A-type supergiants analyzed. The NLTE
corrections shown at the bottom are clearly temperature dependent and remove the temperature dependence of the LTE abundances. The mean NLTE nitrogen
abundance is log €(N) = 8.05 £ 0.19, which is slightly greater than the solar abundance (marked in this figure by the dotted line).

TABLE 7
UNCERTAINTIES IN THE NLTE ANALYSIS OF NITROGEN

A]OgE(N)NLTE
HD 87737 13476 6130

1. ATeg = 4200 K +0.05 +40.03 —0.04
2. Alog g = +0.2 -0.06 -0.02 +40.06
3. A¢ =-1kms™! +0.07 +0.05 +0.08
4. Solar Cjpit +0.11  +0.12 0.00
5. Photoionization Cross-sections:

(a) Replace with Hofsaess X-sections +0.02 +40.02 +40.02

(b) X-sections for Levels 1 to 3 * 0.10 +0.08 +0.01 0.00
6. Line transitions f;; * 0.333 +0.15 +0.09 +0.06
7. Including only 24 line transitions +0.24 +40.23 +40.10
8. Additional line transitions from OP (total=391) +0.03 +0.03 +0.03
9. Collisional Ionization Cross-sections:

(a) X-sections * 10.0 +0.01 0.00 0.00

(b) X-sections * 0.10 0.00 0.00 0.00

(c) Replaced by Drawin formulation -0.03 -0.01 0.00
10. Collisional Excitation Cross-sections:

(a) Rad.ly Permitted X-sections * 0.333 -0.08 -0.03 0.00

(b) Rad.ly Forbidden X-sections * 0.10 0.00 0.00 0.00

(c) Rad.ly Forbidden X-sections * 10.0 +0.02 -0.01 +0.01

(d) Replaced Rad.ly Perm. only by

Drawin form. —-0.05 —0.02 0.00
(e) Replaced Rad.ly Forb. only by
Drawin form. 0.00 -0.01 +0.01

(f) All Replaced by Drawin formulations -0.05 -0.03 0.00

(g) Drawin formulations * 0.333 -0.12 -0.05 -0.01
11. Collisions with Neutral Particles = 5.0 0.00 0.00 +40.02
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“recreate” the LL model since we have included many more
atomic levels and have more accurate atomic data, but it shows
that it is important to include a sufficiently large number of line
transitions in the model for reliable calculations.

5. Increasing the collision rates with neutral particles to 5
times the electron excitation rates (as suggested in Tomkin et
al. 1992) has no significant effects on the NLTE nitrogen abun-
dances. Changes in the collisional ionization rates also had neg-
ligible effects on the abundances.

6. The statistical equilibrium of nitrogen in the hotter super-
giants is somewhat sensitive to the electron collisional excita-
tion rates, as was also found for carbon. If we globally reduce
these cross sections by a factor of 3, then the NLTE corrections
are increased by ~0.1 dex in the hotter supergiants, but the
cooler stars are hardly affected. This is due primarily to the
reduction in the collisions between radiatively permitted tran-
sitions, which depend on the line strengths; thus uncertainties
in the f-values are important for these calculations. We also
tested replacing the Auer & Mihalas formulae with the Drawin
formulae, which caused a marginal increase in the NLTE
abundances of the hotter stars, but any perturbations to these
cross sections result in similar changes to those found for the
Auer & Mihalas formulae rates.

As a test, if we replace these line strength—dependent collision
cross sections with an artificially large value, na3, throughout
the model, then the NLTE corrections are decreased by ~0.3
dex in the hotter supergiants, but only ~0.1 dex in the cooler
stars. Examining the departure coefficients shows that the
occupation numbers of most levels move closer to their LTE
values since this test increases the collisional coupling between
many levels; thus a trend in N versus T, remains. Also, the
abundances from the quartet and doublet lines are in stark
disagreement in this test; the increase in the NLTE abun-
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dances are only in the quartet lines (the doublet line abun-
dances do not change significantly). This disagreement
strongly suggests that such large collisional coupling is inap-
propriate in calculating the occupation numbers of nitrogen,
but it shows the sensitivity of the nitrogen abundances to the
collisional excitation cross sections.

5.3.3. NLTE Nitrogen Abundance Results for the A-Type Supergiants

The average NLTE nitrogen abundance that we determine
for the 22 A supergiants in this analysis is log €(N/H) =
8.05 +0.19, or ([N/H])> = +0.05+ 0.19. This averaged
abundance increases slightly when calculated with respect
to iron such that <([N/Fe])= +0.16 +0.16, since
{[Fe u]) = —0.11 + 0.11 from all 22 stars. The NLTE nitro-
gen abundances per star are listed in Table 4. These abun-
dances are in good agreement between several multiplets for all
the A-type supergiants examined. In calculating these abun-
dances, we only included the abundances determined from
spectral lines with W, < 250 mA since other nonclassical effects
that are neglected in this analysis (e.g., spherical extension and
microvariability) can affect the stronger lines (although we
note that the strong lines often yield similar abundances as the
weaker lines). The trend seen in the LTE nitrogen abundances
is completely removed by these temperature-dependent NLTE
abundance corrections, as seen in Figure 9. There are no sig-
nificant trends seen with gravity (except possibly for the FO
supergiants, which can also be seen in the LTE data). These are
the first nitrogen abundances for A-type supergiants calculated
using a detailed model atom and careful atmospheric analysis
techniques.

Nitrogen line abundance corrections are shown in Table 8
for three representative stars. In the hotter supergiants, the
NLTE abundances determined from the doublet line are ~0.1

TABLE 8
NLTE CORRECTIONS FOR NITROGEN LINE ABUNDANCES

87737 13476 6130
A

W, NLTE Aloge W, NLTE Aloge W, NLTE Aloge
3s%P - 3p*S° :
7423.62 74 8.07 -0.88 95 7.96 -0.79 cee
7442.28 118 8.08 -1.05 164 7.98 -0.92 92 8.06 -0.41
7468.29 152 8.09 -—1.22 214 798 -0.93 106 7.98 -0.45
3stP - 3ptP° :
8184.80 250 8.05 -1.08 112 799 -0.43
8187.95 251 8.02 -1.00 150 8.16 —0.49
8210.64 128 7.93 -0.70 95 8.05 -0.24
8216.28 358 7.88 -1.11 209 7.97 -0.51
8223.07 218 7.86 —0.82 130 7.89 -0.31
8242.34 216 7.83 -0.81 148 7.98 -0.34
3s2P - 3p2P° :
8629.24 167 8.00 -0.85 269 7.74 -1.06 139 7.67 —-0.52
3s%P - 3ptD° :
8703.24 198 8.14 -1.19 279 8.03 -1.00 144 8.01 -0.38
8711.69 204 8.06 -—-1.23 306 8.00 -1.06 163 8.02 -—-0.42
8718.82 178 8.07 -1.11 258 7.99 -0.96 cee
8728.88 74 819 -0.77 91 8.07 -0.71

NoTE.—The values for A log € = log €(N)y 7¢ — log €(N), 1.
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dex larger than those from the quartet lines, which we consider
to be very good agreement. When a higher (e.g., solar) carbon
abundance is used, then the doublet line abundance was ~0.25
dex larger (with the quartet line abundances unchanged). In the
cooler supergiants, the NLTE abundances determined from
the doublet line are marginally less than that determined from
the quartet lines, e.g., about 0.1-0.2 dex less with the lower
carbon abundances. This was an improvement from using a
solar carbon abundance, which would raise the quartet line
abundances, leaving the doublet correction to be 0.3-0.4 dex
less. The remaining differences after using the lower C abun-
dance may not be significant since only one doublet line has
been observed in this program (and in only half of the cooler
stars), and this line is often moderately strong (~200 mA). In
future analyses of nitrogen in A supergiants, an effort should be
made to observe many N 1 lines from both the doublet and
quartet series.

5.3.4. Comparisons to Other NLTE Nitrogen Analyses
of A-F Supergiants

Luck & Lambert’s (1985) pioneering NLTE analyses of N in
F-K supergiants included two FO supergiants, Canopus and
HD 36673. Their same methods and model nitrogen atom were
then used by Lambert et al. (1989) to examine the A0 super-
giant HD 87737 and by Luck et al. (1990) to examine the high
Galactic latitude, A7 supergiant, HD 148743. These analyses
found that departures from LTE could enhance the N 1 lines in
the AO-FO supergiant atmospheres. The NLTE corrections for
weak lines were predicted to be near zero, but corrections as
large as — 1.0 dex were found for the strongest lines. However,
these results were based on a very simple N 1 model atom; for
example, they do not include any of the doublet levels or tran-
sitions, nor any specific N 11 levels. Their model includes 13 N 1
levels plus a continuum level, 15 explicitly calculated bound-
bound and bound-free transitions, and an additional nine tran-
sitions treated in detailed balance. Compared to our more
detailed results, we found that their NLTE nitrogen abun-
dances are too large. Lambert et al. (1989) find the NLTE
nitrogen abundance for HD 87737 is log e(N)y.1e ~ 84,
whereas we have found ~ 8.1 dex. The difference is important
because 0.3 dex is most of the increase expected if a star has
undergone the canonical first dredge-up.

Sadakane, Takeda, & Okyudo (1993) have used Tekeda’s
(1992) nitrogen model atom and accelerated lambda iteration
techniques to estimate the NLTE corrections for the N abun-
dances in two A-type supergiants, Deneb (A2 Ia*) and Rigel
(B8 Ia). However, the abundances they determine for these
stars are not absolute. First, they have tried to study very
luminous supergiants (actually Deneb is a “hypergiant”)
without considering the limitations of their model atmo-
spheres. Second, they do not determine the atmospheric
parameters of these stars; they use average values for tem-
perature based on values in the literature and then adopt a
model atmosphere from the Kurucz (1979) grid that has the
lowest gravity at that temperature. Third, they have included
eight N 1 lines in their analysis with W,’s up to 600 mA, which
is much too strong to use in an abundance analysis even if
NLTE is being considered (since uncertainties in the model of
the outer atmospheric layers, stellar winds, hydrodynamic
effects, and spherical geometry effects are expected to signifi-
cantly affect strong lines). This analysis by Sadakane et al. only
confirms Luck & Lambert’s findings that NLTE effects are
important for N abundances in A-type supergiants.
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6. DISCUSSION

The LTE and NLTE carbon and nitrogen abundances are
shown in Figures 6 and 9 and are listed per star in Table 4. We
have found that the NLTE corrections are significant for both
elements in the atmospheres of the AO-FO0 supergiants. For the
NLTE carbon abundances, this discussion will only include
the results for the A3-F0 supergiants because we consider the
NLTE corrections to the C 1 19100 multiplet to be very uncer-
tain, and these lines are the only C 1 lines observed in the
hotter supergiants. Note that we do not discuss the oxygen
abundances in the context of CNO cycling, primarily because
oxygen is only marginally decreased in comparison to the
abundance changes in nitrogen and carbon. The first dredge-
up predictions for <15 M, stars decrease oxygen by <0.05
dex (Schaller et al. 1992; Maeder & Meynet 1989; Becker &
Iben 1979), and this small change can be easily masked by
random uncertainties in an abundance analysis.

6.1. The Evolutionary Status of A-Type Supergiants
Determined from the Carbon and Nitrogen Abundances

The NLTE nitrogen abundances are roughly solar for all the
A-type supergiants we have examined. Since the NLTE carbon
abundances are ~0.4 dex less than solar, then the [N/C] ratios
are typically 0.4-0.6 dex greater than solar (see Table 4). These
ratios are very similar to the first dredge-up predictions for
9-12 M, stars from the Schaller et al. (1992) solar metallicity
evolution tracks. Predictions for a 9 M, star after first dredge-
up are [N/H] = +0.43,[C/H] = —0.18,and [O/H] = —0.04,
yielding [N/C] = 0.6. These predictions are about the same for
a 12 M star, except [N/H] = +0.48. First dredge-up abun-
dances calculated by Becker & Iben (1979) are very similar,
even though their models were less sophisticated (e.g., they did
not include mass loss or convective overshoot). But, for the
A-type supergiants, the [N/C] ratios resemble first dredge-up
abundances only because of the low carbon abundances, and
not due to any enrichments in nitrogen, the main feature of the
CNO cycle. Furthermore, the lowest luminosity stars have
masses of ~5 M, which are not expected to be returning from
the RGB; see Figure 10 where we plot our program stars on
the T.-gravity plane and include the evolutionary tracks by
Schaller et al. (1992).

A better fiducial point than solar abundances would be
normal, main-sequence B star abundances, since these are the
progenitors for the A-type supergiants. Galactic B star abun-
dances have been determined from detailed model atmosphere
analyses by Gies & Lambert (1992), Cunha & Lambert (1994),
and Kilian (1992). The B stars are also shown in Figure 10. We
would like to calculate a mean carbon and nitrogen abundance
for the main-sequence B stars from these surveys.

Each of these B star studies has attempted to account for
NLTE effects by using the published NLTE calculations of
theoretical equivalent widths for a grid of atmospheric param-
eters, including temperature, gravity, elemental abundance,
and microturbulence (for C 1, Eber & Butler 1988; for N 11,
Becker & Butler 1988b; for O 1 Becker & Butler 1988a). The
NLTE calculations are for line formation only; ie., line-
blanketed, model atmospheres in LTE were adopted from
Gold (1984). (Cunha & Lambert note that the Gold model
atmospheres are only lightly line blanketed, compared to the
most recent atmospheres from Kurucz, which may cause some
small differences in the resultant NLTE abundances.) Gies &
Lambert have determined LTE and NLTE CNO abundances
in 39 B stars selected from the Bright Star Catalogue, which
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FI1G. 10—Plot of T, vs. gravity, with stellar evolutionary tracks from Schaller et al. (1992; for 5, 9, 12, 20, and 40 M), to show the location of the A-type
supergiants analyzed in this paper. Also plotted are the five B supergiants examined by Gies & Lambert (1992) and six B supergiants examined by Lennon (1994).
Nonvariable F-K supergiants studied by LL are marked, and the nonsupergiant B stars studied by Gies & Lambert (1992; unfilled squares), Cunha & Lambert
(1994; crosses), and Kilian (1992; unfilled triangles).

includes field and cluster stars. Cunha & Lambert have exam-
ined the LTE and NLTE CNO abundances in 18 B-type main-
sequence stars in the Orion Nebula. Kilian has calculated
NLTE CNO abundances in 12 B stars in three clusters and
nine field stars. Their mean results for carbon and nitrogen are
listed in Table 9, where we have also determined a total mean
abundance for all nonsupergiant stars from these analyses
(some stars may be counted more than once if analyzed by
more than one set of authors). There is very good agreement
between these different surveys, with only a few notable excep-

tions. First, the B-type supergiants examined by Gies &
Lambert have significantly different carbon and nitrogen
abundances from their nonsupergiant stars, thus only main-
sequence B stars are considered for the abundance calcu-
lations. Second, Cunha & Lambert have determined
marginally higher carbon abundances for Orion OB1 stars
than found by Kilian (by about 0.17 dex). Third, Kilian deter-
mines a slightly higher nitrogen abundance for field stars than
for cluster stars (by 0.21 dex, although the scatter in the field
star abundances is quite large, ¢ = +0.30 dex) or than the field

TABLE 9
B STAR ABUNDANCES

CNLTE

CrLrE NyLTE Nire

Gies & Lambert (1992) :

Non-supergiant Stars
Field Stars Only
Supergiants Only

8.20 £0.16 (31)
8.27 £0.12 (6)
8.02 £0.15 (5)

8.26 +0.13 (32)
8.31 +0.09 (6)
8.21 £0.14 (5)

7.81 £0.12 (34)
7.82 +0.12 (6)
8.31 £0.15 (5)

7.83 £0.20 (34)
7.79 £0.11 (6)
8.27 £0.25 (5)

Kilian (1992, 1994) :
All Stars
Field Stars Only
Ori OB1 Stars Only

8.22 £0.15 (20)
8.24 £0.23 (8)
8.25 +0.05 (7)

8.21 £0.20 (20)
8.25 £0.29 (8)
8.22 +0.07 (7)

7.78 £0.27 (21)
8.01 +0.30 (9)
7.82 £0.06 (7)

7.77 £0.23 (21)
7.91 £0.24 (9)
7.70 £0.06 (7)

Cunha & Lambert (1994) :

Ori OB1 Stars 8.40 £0.11 (15) 8.36 £0.06 (15) 7.76 £0.13 (15)  7.84 +0.13 (15)

Mean of Non-Supergiants ~ 8.25 £0.16 (66)  8.29 £0.13 (47)  7.79 £0.22 (70)  7.83 £0.19 (49)

Note—The mean abundances, + o, are tabulated. The number of stars used in the mean are shown in parentheses.
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stars studied by Gies & Lambert (by 0.09 dex; the mean nitro-
gen abundance for Gies & Lambert field stars is the same as
the mean for all the stars in their survey).

The mean B star abundances that we calculate from these
analyses are very similar between the LTE and NLTE abun-
dances, but they are not similar to solar; carbon is less by 0.35
dex and nitrogen by 0.21 dex. Comparing these to the NLTE A
supergiant abundances, we find the mean nitrogen abundance
of all 22 A-type supergiants is slightly greater than the mean of
the B stars; ie., <{log €N/H),; —log e(N/H)z> = +0.26
+ 0.19. The mean carbon abundance for the 14 A3-F0 super-
giants (where NLTE C could be determined) is very slightly
less than the mean value of the B stars; i.e., (log €(C/H),; — log
€(C/H)g,> = —0.11 + 0.13. (The mean NLTE nitrogen abun-
dance for only the 14 A3-F0 supergiants is essentially the same
as the mean for all 22 program stars above, +0.27 + 0.21). The
moderately larger N, along with the slightly smaller C indi-
cates that some CN-cycled gas is present at their stellar sur-
faces.

The mean N/C ratio for the 14 A3-F0 supergiants relative to
the B stars is then {log €(N/C),; — log €(N/C)g,> = +0.38
+ 0.26. Individual ratios are listed in Table 4 and plotted rela-
tive to T in Figure 11; the error bars are from the line-to-line
scatter in the NLTE carbon and nitrogen abundances. This
mean ratio and most of the individual star ratios are less than
the fully mixed, first dredge-up abundance predictions (e.g., by
Schaller et al. 1992) that range from [N/C] = +0.65 for 10 M
stars to +1.0 for 20 M, stars! But, the N/C ratios are also
nonzero (with the possible exception of HD 197369 discussed
below). Therefore, the N/C ratios relative to the B stars strong-
ly indicate that partial mixing has polluted the stellar surfaces
of the A-type supergiants with some CN-cycled products, but
the stars have not undergone the first dredge-up.

As a consistency check, we have also calculated the sum of
the carbon and nitrogen abundances in each star (see Table 4).
During the CN cycle, carbon and nitrogen are only used as
catalysts for H burning; therefore the relative proportions of
these nuclei change, but the sum of the nuclei is conserved. We
find log €C + N),; ~ log €C + N)g, to within 0.25 dex
throughout, when the abundances relative to iron are used.
This is excellent agreement, considering the likely uncertainties
in the carbon, nitrogen, and iron abundances.

There are some published evolutionary scenarios that have
hypothesized partially mixed CNO abundances in the atmo-
spheres of slightly evolved massive stars. Partial mixing was
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first proposed by Maeder (1987) for rapidly rotating stars of
>40 M due to internal mixing by turbulent diffusion induced
by the rapid rotation. Langer (1992) used this mechanism at
LMC metallicities to produce a stellar evolution track for
Sk —69°202, progenitor to SN 1987A, so that it would super-
nova as a blue supergiant. Denissenkov (1994) included turbu-
lent diffusive mixing in 10 M evolution calculations in an
attempt to explain the CNO anomalies found by Gies &
Lambert (1992) in some evolved B stars.

Complications in comparing A-type supergiant abundances
to those from the B stars include the fact that the B stars may
experience some mixing with deeper layers while on the main
sequence. If the main-sequence B stars are already mixed by
some unknown amount, our comparison N/C ratio for the B
stars would be too high such that the A-type supergiant N/C
ratios may be closer to the fully mixed, first dredge-up abun-
dances. The initial B star N/C ratios may not be too far from
the initial abundances through, because the mean B star nitro-
gen abundance is close to the ISM values found recently for the
Orion Nebula from optical emission line studies (the average
nitrogen abundance for the Orion Nebula is 7.80 4+ 0.21 from
Baldwin et al. 1991; Rubin et al. 1991; Osterbrock, Tran, &
Veilleux 1992; and Peimbert, Storey, & Torres-Peimbert 1993;
although optical and IR photoionization analyses often result
in wide-ranging nitrogen abundances [Dinerstein 1994; cf.
Garnett 1990]). Therefore, the best interpretation available at
the moment is to assume that the main-sequence B stars have
pristine, cosmic abundances and can be used as the initial
abundances for the A supergiants. Thus, the A supergiants
have been partially, but not fully, mixed with CN-cycled gas,
possibly through internal turbulent mixing induced by rapid
rotation near the main sequence. And, therefore, the Popu-
lation I, A-type supergiants in the Galaxy have evolved directly
from the main sequence, contrary to many stellar evolution
scenarios, including the popular Schaller et al. (1992) evolution
tracks.

The N/C ratios do not depend on the atmospheric tem-
perature, nor on gravity, with the possible exception of the FO
supergiants. Possibly, the low-gravity, i.e., higher luminosity,
FO Ib star HD 36673 has been fully mixed with CN-cycled gas,
while one of the high-gravity, i.e., lower luminosity, FO II stars,
HD 196379, may be completely unmixed; see Table 4. These
ratios may indicate a gravity/luminosity dependence in the FO
supergiants that is not seen at hotter temperatures (which
could be astrophysically interesting), or perhaps these two
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FiG. 11.—NLTE [N/C] ratios are plotted with respect to T, for the 14 cooler A-type supergiants (where NLTE C could be determined from reliable, weak
spectral lines). Error bars represent the line-to-line scatter in the NLTE N and NLTE C abundances. The mean [N/C] ratio of the B stars as calculated here (see text)
is shown by the dashed line; the predicted mean [N/C] ratio for the B-stars after the first dredge-up (assuming M = 10 M) is shown by the dotted line. Notice that
the [N/C] ratios of the A-type supergiants tend to be lower than the first dredge-up abundances, but greater than the mean B star ratio, suggestive of partial mixing.

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


http://adsabs.harvard.edu/abs/1995ApJ...449..839V

L]
|

860 VENN

stars are unique; e.g., perhaps their initial CNO abundances
were unusual. Gustafsson & Plez (1992) have also found that
A-F stars above a certain luminosity may be hydrodynami-
cally unstable; HD 36673 is the only star in our sample that
falls within their parameter range, which might have some
effects even on the weak line abundances.

6.2. Comparison to B Supergiant Abundances

Recent analyses for B-type supergiants by Gies & Lambert
(1992) and Lennon (1994) have determined NLTE CNO abun-
dances. The B supergiants that they have examined are shown
in Figure 10. The NLTE N/C ratios for the B supergiants
relative to the average B star abundances (discussed above) are
listed in Table 10. The abundance calculations by Lennon were
performed using a grid of theoretical equivalent widths gener-
ated from NLTE model atmospheres (including H and He),
and using a NLTE line formation code. Similar grids of theo-
retical equivalent widths (calculated by Becker 1988) were used
for Gies & Lambert’s NLTE abundances, but only for LTE
model atmospheres (Gold 1984) to log g = 3.0. For the super-
giant abundances, Gies & Lambert extrapolated this grid to
lower gravities and warn that their “ NLTE abundances for the
supergiants should be treated with caution.” Some of the lower
luminosity stars from both analyses have NLTE N/C ratios
similar to those we have found for the A supergiants; i.e., HD
206165 and 31327 (from Lennon) and HD 52089 (from Gies &
Lambert) have (log (N/C)g; — log €(N/C)g,> = +0.32, +0.43,
and +0.33, respectively. Like the A supergiant abundances,
these ratios suggest that the B-type supergiants have been par-
tially mixed with CN-cycled gas. The star HD 206165 has
actually been examined by both authors, yet Gies & Lambert
find a larger N/C ratio (that more closely resembles the first
dredge-up ratio). Taking their warning, we consider this ratio
with caution; first, we notice that the “lower” temperature
that they have adopted for this star is ~4000 K less than
Lennon’s, whereas their “higher” temperature (that they
derived from Si 1/1m/1v ionization equilibrium) is about the
same. They have calculated the LTE abundances for both tem-
peratures from Kurucz model atmospheres, and we notice that
their LTE and NLTE N/C ratio is similar for the lower tem-
perature. But, their LTE N/C ratio for the higher temperature
is only <log €(N/C)g; — log €(N/C)g,> = +0.37, which is in
very good agreement with Lennon’s result. The N/C ratio for
another low-luminosity B supergiant (HD 51309) studied by
Gies & Lambert has a near first dredge-up abundance, but
again we find their “high”-temperature LTE abundance is
only (log €(N/C)g; — log €(N/C)g,> = +0.38. Therefore, this B
supergiant may also reflect partial mixing of CN-cycled gas in
its atmosphere.

The higher luminosity B-type supergiants, with masses
between 20 and 25 M (the B2 Ia and B1 Ib stars), have the
largest N/C ratios, ranging from about 1.0 to 2.2 dex greater
than the nonsupergiant B stars. These abundances are similar
to or greater than the first dredge-up predictions by Schaller et
al. (1992; listed in Table 10) for their masses (even though the
evolutionary scenarios do not predict that these stars have
visited the RGB). This may make these stars distinct from the
lower luminosity A- and B-type supergiants. Alternatively, the
theoretical NLTE calculations may be less reliable at these
higher luminosities, where, for example, a stellar wind com-
ponent could have significant effects in the line-forming regions
of the photosphere.

An interesting sidelight to the analysis of early B-type super-
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TABLE 10
B SUPERGIANT AND FIRST DREDGE-UP ABUNDANCES

Sp.Ty. [N/Cl% B [N/Cl% B»

B-type Supergiants :

] NLTE LTE
Gies & Lambert (1992) “low” Teg “high” Teg
HD 91316 B1Ib +0.96 +0.95
HD 198478 B3 1Ia +0.98 +0.74
HD 51309 B3 11 +0.78 +0.38
HD 206165" B21b +0.71 +0.37
HD 52089 B2 1I +0.33 +0.17
Lennon (1994) : NLTE
HD 41117 B2 Ia +2.16
HD 14818 B2 Ia +1.46
HD 14143 B2 Ia +1.56
HD 194279 B2 Ia +1.76
HD 206165 B2 Ib +0.32
HD 31327 B2 II +0.43
Theoretical :

First

Schaller et al. (1992) : Dredge-Up
9 Mg +0.63
12 Mg +0.69
15 Mg +0.71
20 Mg +0.98
25 Mg +1.65

* [N/Cl,, g, = log €(N/C),; — log (N/C)g,.
b Analyzed by both authors, but with different results; see text.

giants are the morphologically distinct BC and BN stars,
which are identified by their very weak or very strong nitrogen
line strengths, respectively. These subclasses are also found for
the nonsupergiant B stars, but the physical processes
responsible for the anomalous line strengths may be different
for main-sequence and supergiant stars, and other subgroups,
e.g., binaries (Walborn 1976). Walborn (cf. 1988) has proposed
that the BC supergiants are those stars just leaving the main
sequence with pristine compositions, whereas the morphologi-
cally “normal” B supergiants and the BN supergiants have
undergone partial or full mixing of CN-cycled gas. In support
of this, Lennon’s (1994) NLTE analysis of a BC2 Ib star has
determined that {log €(N/C)g, — log €(N/C)g,> = —0.07, and
Dufton’s (1972) LTE analysis of a BC1 Iab supergiant deter-
mined that {log €(N/C)g, — log €(N/C)g,> = +0.06 (we have
used their N/C ratios and compared them to the mean B star
abundances we calculate above). The abundances are essen-
tially the same as for the normal, unevolved B stars, suggesting
no mixing. Also, Smith & Howarth (1994) have analyzed the
helium chemistry of an OBC, “normal” OB-type, and OBN
supergiant in a detailed NLTE analysis to find that the helium
abundance increases between these subtypes, consistent with
Walborn’s hypothesis. They note that exposing CN-processed
material at the surfaces of O supergiants on a necessarily short
timescale is an outstanding challenge to evolutionary theory.
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These stars are slightly more massive than the A supergiants in
this paper, but show that OB supergiants do not represent a
uniform group in elemental abundances and yet, interestingly,
these C and N subclasses do not appear to persist beyond the
early B-type supergiants.

6.3. Comparison to F-K Supergiant Abundances

We can also compare the carbon and nitrogen abundances
for the A-type supergiants to those determined for 25 nonvari-
able (i.e., not Cepheid variable) F-K supergiants by LL. A few
of these stars have been examined by other authors, (e.g.,
Russell & Bessell 1989; Spite & Spite 1990; Boyarchuk et al.
1985), but their abundances are usually in rough agreement
with LL’s, and for this discussion we are interested in global
properties of yellow supergiants and therefore restrict this dis-
cussion to the large data set provided by LL.

Luck & Lambert’s program stars are plotted in Figure 10,
which shows that most of them have masses similar to the
A-type supergiants. We have plotted the N/C ratios for these
25 F-K supergiants relative to the mean B star ratio in Figure
12; the mean value of (log €N/C)z_gx — log €(N/C)g,> =
+0.81 4+ 0.34 (or [N/C] = +0.95 + 0.34). This mean value is
similar to the first dredge-up predictions (only ~0.2 dex
larger), but the scatter is tremendous, with N/C ratios ranging
from +0.04 to a remarkable + 1.55 relative to the mean B star
abundances (see Fig. 12). It is difficult to understand the disper-
sion in these abundances astrophysically since some of the
carbon abundances are depleted by ~ 0.6 dex and some of the
nitrogen abundances are enhanced by ~1.0 dex. Significant
mixing of ON-cycled products to drive up the nitrogen abun-
dance is considered by Luck & Lambert (1981, 1985), but

CNO ABUNDANCE AND EVOLUTION OF A SUPERGIANTS 861

regarded as unlikely; the ON cycle requires much higher tem-
peratures to run efficiently, and surface mixing as a red super-
giant would have to be much deeper than currently predicted.
Also, Luck & Lambert find oxygen abundances for these stars
that are roughly equal to those of the normal B stars (i.c., ~0.2
dex less than solar).

Examining the carbon and nitrogen abundances more
closely, we notice that the carbon abundances appear to be
slightly temperature dependent, which may indicate departures
from LTE. Our analysis finds the NLTE corrections for carbon
in the FO supergiants are only ~0.2 dex. A detailed NLTE
analysis of the carbon abundances in these stars should be
examined. Our NLTE corrections for nitrogen in the FO super-
giants range from 0.2 to 0.4 dex; thus, NLTE effects may be
significant for the nitrogen abundances in these yellow super-
giants too.

7. CONCLUSIONS

We have calculated LTE and NLTE carbon and nitrogen
abundances in a sample of Galactic, A-type supergiants to be
used as probes of their evolutionary status. The fundamental
results of this paper are as follows:

1. Departures from LTE must be considered in the line forma-
tion calculations when deriving nitrogen and carbon abundances
in A supergiants. NLTE corrections to weak line nitrogen
abundances range from —1.0 dex in the AO supergiants to
—0.3 dex in the FO supergiants. Extensive testing of our new
nitrogen model atom shows that the NLTE abundances are
not especially sensitive to reasonable uncertainties in the

9 | T T T T T T —

85 |- o, =

—~ C [s] ]

(2} Frooro = M 2 g = [ M Bl g B....3

o C a 0 g A .

2 8_— o o [m] —

- - o o0 —

F o ]

[ -

- | I { ] I | I ] | | ! I | | | | ] -

__ I T T 1 T I T T T T T T T T I T T ™

9 i

» a o 3

= E a a o o ]

S 85 @ ° o % .

E o B8 ]

8 F DB o 8

8- ° 3

75— | 1 I I I | | | | | | | I | | I | 1]

n I T T T T | T T T I T T 1 T | T T ™

15 B a .

4 F o 3

8 F o ]
0

O N o 8 —

1] - [u] 8] —~

e B B o0 g .

° e L ettt ittt Qe e

g s o 0 8

- F o ]

0’_ AAAAAAAAAA D ettt et iaeeeeeaaeeeeeaeeeeeaeaeeeetaaeenaeeaataaeaeeeaaeaaaan -

| 1 I 1 1 | 1 1 L | 1 1 1 1 | I 1 1]

4000 5000 6000 7000

Teff

F1G. 12—LTE carbon and nitrogen abundances found for the F-K supergiants by LL. The nitrogen and carbon abundances have a large scatter, ranging over
1.0 dex each, and resulting in N/C ratios that range over 1.5 dex. Also, the carbon abundances show a temperature dependence that is probably reflective of neglected
NLTE effects.

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


http://adsabs.harvard.edu/abs/1995ApJ...449..839V

862 VENN

atomic data, with the exception of the electron collisional exci-
tation cross sections and the carbon abundance. The mean
NLTE nitrogen abundance for the 22 AO-FO supergiants in
this program is log €(N)y.1g = 8.05 £+ 0.19. The NLTE nitro-
gen abundances are independent of temperature and gravity, in
contrast to the strong dependence on temperature seen in the
LTE abundances. Carbon corrections for weak lines range
from —0.10 dex in the FO supergiants to —0.5 dex in the A3
supergiants. We did not calculate NLTE carbon abundances in
the AO supergiants because the C1 49100 lines that were
observed in these stars appear to yield unreliable abundances.
The mean NLTE carbon abundance is log €(C)yy g = 8.14
+ 0.13 for the 14 A3-FO0 supergiants examined. The NLTE
carbon abundances also show no dependence on temperature
or gravity.

2. The A supergiants have evolved directly from the main
sequence and appear to have undergone partial mixing. The pre-
dicted first dredge-up [N/C] ratio ranges from +0.65 for 10
Mg, stars to + 1.0 for 20 M, stars, whereas we find the mean
N/C ratio of the A supergiants is much less relative to the

main-sequence B star abundances, ie., log €N/C),; — log
€(N/C)g, = +0.38 + 0.26. Therefore, these stars appear to have
evolved directly from the main sequence and not to have
undergone the first dredge-up in a previous red supergiant
phase. Since the mean N/C ratio for the A-type supergiants is
not the same as for the main-sequence B stars, partial mixing of
CN-cycled gas is indicated. We suggest this is also indicated in
the abundances of some evolved B stars.
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