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Abstract. An abundance analysis of the H-deficient and Henly preliminary. Furthermore, Sakurai's object and V854 Cen
and C-rich R Coronae Borealis (R CrB) stars has been undexhibit aspects of both majority and minority groups, which
taken to examine the ancestry of the stars. The investigatiomriay suggest that the division into two groups is too simplistic.
based on high-resolution spectra and line-blanketed H-deficient
model atmospheres. The models successfully reproduce the fligy words: stars: abundances — stars: evolution — stars: AGB
distributions and all spectral features, both molecular bands amtl post-AGB — stars: variables: general — stars: individual:
high-excitation transitions, with one important exception, the CrB — stars: individual: Sakurai’s object
C1lines. Since photoionization of @ominates the continuous
opacity, the line strengths of iGare essentially independent of
the adopted carbon abundance and stellar parameters. All grémtroduction
dicted Cr lines are, however, much too strong compared with
observations, with a discrepancy in abundance corresponding fs paper is concerned with the R Coronae Borealis (R CrB)
0.6 dex with little star-to-star scatter. Various solutions of thigars and their putative progenitors and descendants. Our pri-
“carbon problem” have been investigated. A possible solutionT@ry goal is to determine the chemical compositions of the
that classical model atmospheres are far from adequate desdrifB stars and to use the results to sift evolutionary scenarios
tions of supergiants such as the R CrB stars. We can also thst purport to account for conversion of a H-rich star to one of
exclude completely, however, the possibility that gifevalues these rare H-deficient stars.
for the Ci lines are in error. This is supported by the fact that Production of a He-rich luminous star demands an evolu-
the Ci1, [C1] and G, lines are reproduced by the models witfiionary history in which the following occur either alone, in
no apparent complications. tandem, or in concert: severe mass loss to remove most of the
In spite of the carbon problem, various tests suggest tW#rich envelope of an evolved star; extensive deep mixing so that
abundance ratios are little affected by the uncertainties. Judgfi§irogen is burnt to helium; mass transfer in a binary system
by chemical composition, the R CrB stars can be divided intdat exposes the He-rich core. Of the evolutionary scenarios that
a homogeneous majority group and a diverse minority, whi€i@ve been sketched to account for R CrB stars (see the reviews
is characterized by extreme abundance ratios, in particula?¥sRenzini 1990; Safnberner 1996; Iben et al. 1996; Clay-
regards Si/Fe and S/Fe. All stars show evidence of H- and Hed 1996), two have been discussed extensively. In a scenario
burning in different episodes as well as milgrocess enhance-suggested by Webbink (1984), an R CrB star is the result of a
ments. Four of the majority members are Li-rich, while ovefnerger of a C-O white dwarf and a He white dwarf; Iben et al.
abundances of Na, Al, Si and S are attributes of all stars. AH96) extend this scenario to include a merger of a neutron star
anti-correlation found between the H and Fe abundances of#ith a white dwarf or a helium star to produce a Tho#ygkow
deficient stars remains unexplained. These enigmatic stars@®/5) object. In the second scenario (Fujimoto 1977; Renzini
believed to be born-again giants, formed either through a fiddl79), an R CrB star evolves from a post-AGB star which expe-
He-shell flash in a post-AGB star or through a merger of tv\fd.ﬁnces a final thermal pUlse when it descends the white dwarf
white dwarfs. Owing to a lack of theoretical predictions of thg00ling track. The pulse expands the envelope and the star is
resulting chemical compositions, identification of the majoritfansformed to ared supergiant (‘a born again AGB star’) before

and minority groups with the two scenarios is unfortunate§uickly cooling and contracting once again into a white dwarf.
The R CrB stars are generally viewed as intimately related to the

Send offprint requests 1. Asplund (martin@astro.uu.se) non-variable hydrogen-deficient carbon (HdC) stars and the ex-

* Visiting Astronomer at Cerro Tololo Inter-American Observatori€Me helium (EHe) stars, but not to hydrogen-deficient binaries
(CTIO), which is operated by the Association of Universities for Re&&UCh a» Sgr and KS Per (HD 30353) (Jeffery 1996).
search in Astronomy Inc., under contract with the National Science Information about the chemical composition and the atmo-
Foundation spheric structure is coded in the stellar spectrum, which can be
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extracted using model atmospheres. Until recently, the only élkree spectral regions (see below) spectrum synthesis was not
isting grid of model atmospheres for R CrB stars was that lagtempted. About 100 to 200 lines per star were measured in
Schbnberner (1975) but the state of the art has developed sibzil with an emphasis on lines of especial nucleosynthetic in-
then. Therefore, we have constructed new models (Asplunderest. Table 2, which is only available electronically through
al. 1997a) which should be more representative of R CrB sta®DS, contains a complete line list for the individual stars with
In the present paper, these new models are tested for the fiistadopted atomic parameters, measured equivalent widths and
time in an extensive analysis; a test which — as will be sedarived elemental abundances for the considered lines.
— yields a most interesting and unexpected result with possi-
ble implications extending far beyond this particular class gf
peculiar stars. '
Our spectroscopic survey of the R CrB stars was begun &.4. Introduction
time when only three of the about 40 known examples had been . .
subjectedto qzantitative analysis. Analyses ofalafge sample(§h’>_r f'rSF abundance analysis (Lambert & Rao 1994) was
neededto reveal the range in the chemical compositions, tom de with the grid of non-blanketed models constructed by

fair comparisons with putative progenitors and descendants, bnberner (1975). The aqalyy_s was redone with the new
to identify the ‘unusual’ R CrB stars that may be especial ine-blanketed models described in Asplund et al. (1997a) in

informative for constructing plausible evolutionary scenario e expectation that results would be more representative of the

In this paper, we analyse high resolution spectra of 17 RCF%'eAirlﬁm'ca: C(:mposTons. hat i t by ‘abund ..
stars and two ‘cool’ EHe stars with similar temperatures. T:tﬁ8 e outset, we clarify what is meant by ‘abundance’ in

Abundance analysis — principles

latter two may provide a link between the ‘hot' EHe stars a e context of the R CrB stars with their peculiar compositions.

the R CrB stars. Our sample includes most of the known galacti e strength of a (weak) line of an element E in a stellar spec-

R CrB stars except the few hot and the several cool membé gm is govern_ed by the ratio_of the que_ absorption coefficient
The analysis of V854 Cen was presented separately (Asp“{g to the continuous absorption coefficient §. In the case of

et al. 1998), while we defer analysis of the coolest R CrB stg sfich stars in the temperaiure domain of the R CrB staysn

and the HAC stars to later papers. For hot R CrB stars and %visible.spe_ctrum Is p.roportional to the number_density ofH
stars, we cull results from the literature. Comparison will al foms whilel, is proportional to the number density of atoms

be made with the recently identified born-again giant Sakurar’s Then, the line strength is controlled by the number density

object, which shows similarities with the R CrB stars (Asplun%atlo E/H which is whatis most Oﬁef‘ mea”t by the abundance of
etal. 1997b, 1999). element E. As long as the He/H ratio is close to its normal value

(~ 0.1), the abundance E/H may be expressed adequately as a
mass fraction Z(E) without a precise determination of the He/H
2. Observations ratio, an unobservable quantity for cool stars. Mass fractions

h died h listed in T4BI h ith th old the clues to the history of the stellar atmosphere; for exam-
The stars studied here are listed in Tallle 1 together with the d, addition of CNO-cycled He-rich material will increase an

ofthe different observing runs. Sp.ec”?‘ were obta_ined when ?nosphere’s E/H ratio but not change the mass fraction Z(E)
Stafs_wer? ator ab(_)ut maximum light (i.e. not during one of ”Eﬁ elements that do not participate in nuclear reactions at the
defining visual declines of R CrB stars, but not necessarily Clql?gvtemperatures of CNO-cycling. Mass fractions can, however

to the pulsational maximum), during three observing runs wi modified by chemical processes such as dust-gas separation
the Cassegrain echelle spectrograph on the CTIO 4m reflec\l}\%Ch is discussed further in SEELB11.2

In July, 1989, spectra were obtained in the red (5500-8900 Inthe case of the R CrB stars thought to be the leading

ata res_olutlon OI about 03 Blue_(4200—490@\) spectraata qninytor to the continuous opacity in the line-forming layers
resolution of 0.3 were also obtained for RT Nor, RS Tel, ancgcrossthe interval spanned by our spectra (Asplund etal. 1997a).
RY Sgr. Spectra of a quartz halogen lamp were used to COrregt . onvert the observed abundance S(E) = E/C to the more
for the pixel-to-pixel variation of sensitivity and for the blazefundamental mass fraction Z(E), it is necessary to determine
profile of the echelle grating. Observing runs at CTIO in Jul}gr to assume the C/He ratio, sin’ce He is likely to be the most

1991, and May, 1992’. provided spectra of the more northe:{Bundant element. The mass fraction Z(E) may be written as
R CrB stars and of additional southern stars. Several R CrB stars

observed in 1989 were re-observed in 1992, in the interval 54§PE) _ peE _ keE
to 7090A at a resolution of about 0.15. ~ puaH 4 paeHe + pcC + ... Sl
Spectra of XX Cam, SU Tau, and UV Cas were obtained in . . .
NoveFr)nber and December. 1991 at the W. J. McDonald O\gherem is the atomic mass of element | and the summation
’ ’ " in the denominator includes all elements. This denominator is

servatory using the coédspectrographs of the 2.1m and 2.7 ) .
reflectors, with a resolution of about B3 better. Finally, the conserved through all the ravages of nuclear burning. Assuming

s ; ‘e to be the dominant constituent, Eg. (1) may be recastin terms
eponym, R CrB, is included in our analysis using the McDona ° ) ) .
spectra analysed previously by Cottrell & Lambert (1982). of the observable quantity S(E) and the C/He rafol) to give

The reduced spectra were examined for lines for which ug C

the equivalent widths could be measured reliably. Except fBE) =~ Em (E). (2)

1)
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Table 1.Log containing the observational details for the spectra obtained for the current project. The spectra of R CrB are taken from Cottrell

& Lambert (1982).
Star Date Wavelength region  exp.time airmass I b vrad IS components
[A] [min] kms™—1] kms™1]
UXAnt 16/17 July 1989 5500-6800 2x30 1.24 279 20 132 -1,21
20/21 May 1992 5480-7090 45, 60 1.01 279 20 142 -1,21
21/22 May 1992 5480-7090 60 1.02 279 20 142 -1,21
XX Cam 23-29 Dec 1991 5179-6790 b 150 1 16
UV Cas 25-30 Dec 1991 5800-6790 b 110 O -31 -50, -16
UW Cen 20/21 May 1992 5480-7090 20, 40 1.10 302 8 -41
V CrA 16/17 July 1989 5500-6800 22x30 1.10 358 -16 -10 9
20/21 May 1992 5480-7090 60 1.01 358 -16 -10 9
22/23 May 1992 5480-7090 60 1.19 358 -16 -10 9
V482 Cyg 20/21 May 1992 5480-7090 60 2.28 70 2 -41 -12
21/22 May 1992 5480-7090 60 2.32 70 2 -41 -12
Y Mus 15/16 July 1989 5500-6800 3x8 1.25 304 -3 24 -21,19
21/22 May 1992 5480-7090 2x20 1.26 304 -3 37 -21,19
RT Nor 15/16 July 1989 5500-6800 3x10 1.19 327 -7 -51 -4
17/18 July 1989 4200-4900 2x30 1.16 327 -7 -51 -4
RZ Nor 15/16 July 1989 5500-6800 20, 30 1.10 332 -4 -70 -13
FH Sct 21/22 May 1992 5480-7090 2x60 1.10 24 -3 103 -14, -4, 28, 55, 77, 92
GU Sgr 20/21 May 1992 5480-7090 2x40 1.10 8 -5 -39 -527?,-4,10, 25
RY Sgr 16/17 July 1989 5500-6800 5x1 1.01 4  -19 -27
17/18 July 1989 4200-4900 3x10 1.01 4 19 -27
22/23 May 1992 5480-7090 1,2 1.00 4 19 -14
VZ Sgr 15/16 July 1989 5500-6800 ADx 15  1.08 3 6 230 -151, -120, -8
V3795 Sgr 15/16 July 1989 5500-6800 3x20 1.01 6 -4 -30 -99
SU Tau 23-29 Dec 1991 5179-6790 b 189 -1 48
RS Tel 16/17 July 1989 5500-6800 2x10 1.04 348 -14 -12
17/18 July 1989 4200-4900 2x30 1.04 348 -14 -12
LSIV —14°109 22/23 May 1992 5480-7090 25,45 1.10 21 -8 5
BD +1°4381 20/21 May 1992 5480-7090 35 1.19 50 -25 12

# Interstellar absorption components in Nalines
" In December, 1991, each order of the spectran®( A) was taken separately with exposure times of typically 30—40 min.
¢ Located behind NGC 6694

A few additional prelusive remarks are in order. First, th€herefore adependence onthe C/He ratio enters only through its
strengths of the observedidines are insensitive to the C/He(weak) influence on S(E) through its effect on the atmospheric
ratio, T, and logg (e.g. Sclbnberner 1975; Pollard et al. 1994)structure and the fact that the lines of the elementafd &

This insensitivity arises because the observediit@s and the may be formed in different layers.

photoionization of Gthat provides most of the continuousopac- Fourth, the He 5876A triplet is present in the spectra of

ity originate from levels of similar excitation potential. Thisalmost all of our R CrB stars. Since this is a potential monitor
implies that weak C lines will be of similar equivalent width of the C/He ratio, we discuss this line in detail later. In hotter
from one star to the next, which is confirmed by observatiohtdeficient stars such as the EHe stars, thespectrum is well

(cf. Fig.1 in Rao & Lambert 1996) and demonstrated by ouepresented and a direct spectroscopic measurement of C/He is
possible. Such measurements are a possible guide to the C/He

calculations.

Second, in our sample there are stars with weaker than eatios of the R CrB stars.

erage lines of metals such as Fe. This does not imply that these

stars are metal-poor in the sense that they have a lower than
erage mass fraction of Fe. The weak-lined stars may have hig

fe!r Model atmospheres

C/He ratios but similar mass fraction of metals as other starsthe analysis is based on new line-blanketed model atmospheres
Third, the role of the C/He ratio is largely cancelled in confAsplund et al. 1997a). Here only a recapitulation will be given;
for details we refer to the original paper. The models are based
on the usual assumptions: flux constant, plane-parallel layers in
hydrostatic and local thermodynamic equilibrium (LTE). The

sidering abundance ratios, because from[Hq. (2)

Z(E1) _ pmi S(E1)

Z(E2)  pe2 S(E2)

®3)

models are calculated with an extended version of the original
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MARCS code (Gustafsson et al. 1975), with special effort beingyder to compensate for the fact that the predicted equivalent
made to include a complete inventory of continuous opacities fardths of CrI lines are consistently too strong, see Jéct. 4. The
H-deficient compositions. Most of the data were taken from thest of thegf-values for the atomic lines were obtained by fits
Opacity Project (here OP; Seaton et al. (1994) and referentethe solar spectrum.
therein). In particular, the most important known continuous The data for the Hetriplet was taken from Wiese et al.
opacity sources G Her, He~ and electron scattering are all(1969). The line is blended with theidines at 5875.4é and
takeninto account, together with many other minor contributos875.864, which previous analyses have overlooked. Hibbert
The most important difference compared with previowet al. (1993) predicted thgf-values for intermediate-coupling
models is the inclusion of the significant line-blanketing. Thifer these weak Ctransitionslog gf = —4.72 and —4.28 re-
is essential in order to simultaneously reproduce both the higpectively, which were similarly diminished by 0.6 dex.
excitation lines such as the Heiplet and molecular bands such  In all synthetic-spectrum calculations the abundances and
as the G Swan bands. Line absorption was taken into considiicroturbulence parameteés,,;, were those obtained in the
eration using opacity sampling with data basically from R.lanalysis of the particular star, except for the C/He ratio which
Kurucz (private communication) with additions for the lightewas kept to 1% except for a few test cases. All spectra were
elements from other sources. Absorption from a number of dienvolved with a Gaussian profile having a full width at half
atomic molecules was also considered using opacity distributimaximum corresponding to typically 10knts which was
functions. found to give a good fit to unblended line profiles. This profile
The abundances used for the model atmospheres on whiatiudes both the instrumental profile and macroturbulence.
this analysis is based are, except for a few test cases, those
employed by Asplund et al. (1997a), i.e. abundances deri
for R CrB stars by Lambert & Rao (1994) using $aberner’s
(1975) non-blanketed models. The effects on the results of fher each star the microturbulence parametgs, was adjusted
analysis of the inconsistency between the input and the derivadil the derived abundances from the same species was inde-
abundance ratios are, however, minor, as will be illustrated Eendent of equivalent width. Lines ofiCFe1, and Far were
low. always used for these determinations and sometimes lines of
Cai, S1 and other species added information. To within the er-
rors of measurementg,,,;, was the same for all species in a
given star.
3.3.1. Atomic and molecular data Imposition of ionization equilibrium of Mg/11, Al 1/11,

. . . i1/11, S1/11, and Fa /1 provides loci in thel.g—logg plane.
Thegt-values forthe'lm'es usgd inour L.TE analysis were Iargeg/e was used for all stars but the other elements were generally
taken from a compilation kindly provided by R. E. Luck. In

. . measurable in both ionization stages only for the hotter stars.
many cases, accurate laboratory experiments have givegkthe.. o Do .

. . issociation equilibrium involving the £Swan 0-1 band was
values. In other cases, an inverted solar analysis has been use

X . used in an analogous sense. The strengths of thettijget

e i 5 Ct e nd he G578 and 656 nes provie

. . . : ) additional indicators. At first glance, the 58%6eature would
estimated according to their recipes.

. N r rimarily r nsiv han . Closer
Three spectral regions of special interest have been mgg_pea to be primarily responsive to changesgf. Close

elled with detailed synthetic spectroscopy: the @wan 0-1 Scrutiny shows that it provides a locus that parallels the loci

o ) .~ from ionization and dissociation equilibria, reflecting the fact
bandhead around 562§ the blended GI lines at 6578.0% - . ;
and 6582.88. and the Ha Ds line at 5875.6-5876 &, which that the Q contribution to the continuous opacity decreases rel

is blended with two G lines. The G band is present only in ative to the Ha line absorption when gravity decreases, as a

. : . result of incr ionization of C. Th nsitivity of th
stars withT,.¢ < 7000 K. The Ci1 lines are only clearly seenin 'esut of increased 0 .at.o of C. The se S.t .ty of ther C
. lines toT.¢ and logg is similar to that of other indicators.
the spectra of the hottest stars in our sample, and for the cooler . ; .
The various loci run almost parallel in tHgg—logg plane,

e ineq 2 SXeTAfed i FGEIL arl 2 To resoe from gy i
was necessary to find additional loci having distinctly differ-

gg;?”ii;eczn;g:;%gggoé I\Q/;?‘LJEB(?LI égelgai(;’:j;?;z?‘neiifg)Ent slopes. An excitation temperature is an obvious choice, but
9 ' gyalthough Fe and Far are quite well represented, the line selec-

0f Do = 6.21 eV was adopted (Huber & Herzberg 1979). Trheon roved inadequate for a sufficiently accurate determination
C, lines were supplemented with additional atomic lines (R.L,, P q y

Kurucz, private communication), partly using astrophysidal of T.g. In afew cases, [@ lines combined with Qlines served
values P - partly 9 physjga as a measure df.¢ with only a weak log; dependence.

. . o . In order to provide a locus of quite different slope, we com-
The Cii line region (6566-6598) contains lines of G, .bined assumed values of the bolometric magnitudg{) of

C.:H' Si1, Fer, and Nii, as well as a number of weaker atomlch CrB stars and their masg\A). This combination gives the
lines. Thegf-values for the @ and Ci1 lines were taken from familiar expression

OP. Thegf-values of the G lines were decreased by 0.6 dex in

V:?.%.Z. Spectroscopic fundamental parameters

3.3. Abundance analysis — method
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Table 2. The analysed R CrB and EHe stars with their adopted stellar

parameters. The estimated typical uncertaintiegdfgr = +250K,
Alog g = +0.5dex andA&;u, = +1.0kms™?.

Star Teff |Ogg gturb
[KI [cgs] [kms™']
R CrB stars:
V3795 Sgr 8000 1.00  10.0
UW Cen 7500 1.00  12.0
Y Mus 7250 075  10.0
XX Cam 7250 0.75 9.0
RY Sgr 7250 0.75 6.0
UV Cas 7250  0.50 7.0
RT Nor 7000  1.50 5.0
VZ Sgr 7000  0.50 8.0
UX Ant 7000  0.50 5.0
RS Tel 6750 1.25 8.0
iNor 6750 0.75 7.0
B 6750  0.50 7.0
482 Cyg 6500  0.50 4.0
SU Tau 6500 0.50 7.0
CrA 6250 0.50 7.0
BU Sgr 6250  0.50 7.0
FH Sct 6250 0.25 6.0
LSIV —14°109 9000  1.00 8.0
BD+1°4381 8500 1.50 8.0

al. find My, ~ —5.7. Estimates for the galactic objects R CrB
and V482 Cyg have suggestd,, ~ —4.6 (Rao et al. 1981,
Rao & Lambert 1993). We adopt,,; = —5 =+ 1 for the present
sample ofwarm R CrB stars. Amasd/ Mg = 0.7+0.2 seems

reasonable in light of the conjectures concerning their origins;
for example, Weiss (1987) concludes from pulsation calcula-

tions that R CrB stars are stars of mass < M/ Mg < 0.9,
while Iben et al. (1996) suggest a slightly lower value from

evolutionary considerations.

These values ok, and M yield the relation

logg = —14.631920 4 410g T,
Fig. 2. Same as in Figl1 but for FH Sct. Lower weight has here been® ¢ 0320355 +4log Te

which intercepts the spectroscofligi—log g loci at an adequate

angle (Figd. 1l arld 2). The estimated stellar parameters are listed

in Table[2.

A check on the effective temperatures is provided by avail-
able data on flux distributions. Asplund et al. (1997a) show
that the blanketed models provide a good fit to the dereddened
fluxes of the eponymous star R CrB from the ultraviolet to the

near-infrared with a model corresponding®g; = 6900 K,

The most reliable estimates df;,,; come from the R CrB starslogg = 0.5 and C/He=1%. The fit is insensitive to the adopted

in the Large Magellanic Cloud (LMC). Alcock et al. (1996)og g but slightly dependent on the C/He ratio. Application of
estimatelM,,, for each of the now five known R CrB stars inthe infrared flux method also givdsg = 6600—6900 K when

the LMC, with values between -4.0 and -5.7. All of these estitsing the individual abundances of R CrB for the models; the
mates are subject to uncertainties arising from the distance modeertainty in the estimate @f; arises because of an IR excess
ulus, reddening correction, and probably different metallicitiemmpared with the theoretical fluxes (Asplund et al. 1997a). R
as compared with galactic stars. We note that Glass et al. (19€@4B appears to be only slightly reddened so the corresponding
estimated\/,,,; ~ —5.0 for one of the stars for which Alcock etuncertainties are probably small. Our spectroscopic tempera-
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ture T.g = 6750K is consistent with these estimates, espeatios, ranging from 0.002% to 0.02%, which are not included
cially since Rao & Lambert (1997) find th@&tg’s derived from in our comparisons with EHe stars.

maximum and minimum light of the semi-regular pulsations In his analysis of three R CrB stars, Sciberner (1975)

for this star differ by about 500 K. Dereddened colours could adopted C/He=3% but his study preceeded the analyses of the
principle be used to determifigg but unfortunately theoretical EHe stars and hence was not guided by their results.

colours are not yet sufficiently accurate (Asplund et al. 1997a).

Observed B — V'), colours have, however, been used for a di4, The carbon problem

ferential temperature ranking of the individual stars, which is

consistent with the adopted stellar parameters. 4.1. Definition

The estimated .« for our two EHe stars are in reasonablg: has already been mentioned that since photoionization &f C
agreement with the values quoted by Drilling et al. (1984) dgve dominant opacity source through most of the line-forming
rived from UV photometryT.¢ = 9000K for LSIV —14°109  regions of R CrB stars, the equivalent widths of the liDes
and 10000 K for BD+1°4381, while our estimates are 9000 Kare insensitive to C/He[,¢ and logg. Thus, reliable predic-
and 8500K, respectively. tions of weak G equivalent widths should be possible despite

The gratifying consistency between all the vari@bs-logg  quite large uncertainties in the defining parameters. However,
indicators, molecular bands, high-excitation lines and flux dlﬂ"[e predicted equiva|ent widths exceed the observed values by
tributions, for most stars is in sharp contrast to the case Wiftlear margin: a discrepancy which has been dubbed the ‘car-
models lacking line-blanketing, where the different indicatotson problem’ (Gustafsson & Asplund 1996). It is important to
show very poor agreement. Though the adopted stellar parafiphasize that a new model constructed with the derived C
eters have undergone relatively minor revisions, this agreemgptindance wilhot return its input abundance; the new model
indicates that the new model atmospheres are significantly M@he have a carbon prob|em of a quite similar magnitude_ Not
reliable, which naturally also carries over to the derived abugintil C/He is decreased significantlys (0.05%) such that G
dances. Certainly, line-blanketing must be included in order #@ longer dominates the continuous opacity will a consistent C
infer realistic results, in particular in these H-deficient envirorthundance be obtained in such an iterative procedure_ Such a

ments. low ratio is, however, unacceptable for reasons discussed below.
The carbon problem is not a minor matter. The derived C
3.3.3. The C/He ratio abundances from 17 R CrB stars range from 8.6 to 9.2 for a

mean of 8.88 with a dispersion of only 0.16, which should be
The 5876A feature offers a prospect of deriving the C/He fat'onmpared with the input abundance of 9.52 for C/He=1%, i.e.
Unfortunately, there are reasons why the feature is not an idgaliscrepancy of a factor of 4. The star-to-star spread is likely
abundance indicator. First, tha Contribution is appreciable for attriputable to the errors of measurement which are dominated
the cooler R CrB stars. Second, theirdentribution is sensitive by the consequences of having few weakIiDes; 13 of the
to the adopted.¢ and logg; for T ~ 7000 K, the equivalent 17 stars have a derived abundance in the range 8.8 to 9.0. Our
width of the 5876A feature predicted for C/He=1% is matchegyo EHe stars give C abundances of 8.6 (BD'4381) and 8.9
by that for C/He=3% ifl.¢ is raised by~ 500K. Third and (LS |v -14°109), and the problem has also the same magnitude
most importantly, the Heline with its high excitation poten- jn v854 Cen (Asplund et al. 1998) and Sakurai's object (As-
tial is formed in the deepest photospheric layers, which meadlgnd et al. 1997b, 1999). There is no obvious correlation of the
that it is highly saturated even when it appears relat|vely We?ﬁ?oblem withT,g, logg, or &b, but there is an indication of
The temperature SenS|t|V|ty Of the predICted 58\7ﬁature IS a |nverse trend W|th the metal“cﬂy, as seen |n Eg 3 The cor-
cancelled partially when combined with theiidines for es- relation is, however, controlled in large part by the ‘minority’
timating the C/He ratio, which is possible for the hottest stafsCrB stars whose compositions differ in distinct ways from
of the sample. Within the expected errors, a ratio of C/He=18ther R CrB stars (see below). Their overall lower abundances
seems appropriate for the stars, though there is some indiggry make the adopted model atmospheres less appropriate than
tion that the ratio should be higher (10%) for a few stars, forthe other stars, which might cause an increased carbon prob-
most notably V3795 Sgr and VZ Sgr, which both belong to them. There is furthermore no obvious trend with wavelength of
so-called minority group (see below). Whether this may indjhe Cr lines, though the spectral coverage with lines in the in-
cate two different evolutionary backgrounds will be discussggrval 5500 and 7 008 may be too limited to uncover such a
in Sect[6.P. trend, if present.

If the hot EHe stars are indeed related to the R CrB stars, As expected, errors iﬂ"’eﬂ and |ogg have a small effect
their C/He ratios provide a guide to the expected values in R Co the carbon problem; for example, if alternative models are
stars. The C/He ratio is directly obtainable in EHe stars froghosen for Y Mus that satisfy the ionization equilibria, extreme
Her and Ci1 lines. The previously analysed EHe stars havegjjustments of ¢ by -1000 K with simultaneous adjustments
mean C/He= 0.76% = 0.26% with a total range of 0.30-1.0%f |og g by aboutt-1.0 dex result in changes of the C abundance
(Jeffery 1996, 1998; Jeffery et al. 1998; Drilling et al. 1998hf |ess than 0.1 dex. Even if ionization equilibria are discarded,

which suggests that C/He =1% is a reasonable choice. Jeffgry|ausible adjustments @t and logg are required to remove
(1996) also lists 3 unusual EHe stars with much lower C/Hge carbon problem.
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Most of the Qi lines used are sensitive to the adopfgg,, shallow gradients — the effects due to blanketing are there in
and an inappropriately chosén,,;, could therefore lead to er-the physical world.) Also, the generally smalley for given
roneous C abundances. However, theli@es indicate similar 7" and P, in our models compared with the data adopted by
Ewurb @S compared with lines of other species. Furthermore, tBetbnberner tends to make tha ines stronger. The problem
discrepant weak Cines, which show the same carbon problerhas also been verified with the analytical method of weighting
as the strong lines, cannot be explained by changing. functions for the calculation of equivalent widths of weak lines

The question arises whether thai@ines also exhibit the (cf. Unsld 1955).
carbon problem. These lines, although blended, are of useful
strength in the hottest stars. For V3795 Sgr, UW Cen, and IﬁY2
Sgr, the QI lines can not be explained if thegf-values differ
by more than 0.2 dex from the true values, even when possiBleesolution of the carbon problem has been sought among the
errors inT,z andg are considered. This is an indication thafollowing diverse hypotheses:
the carbon problem applies toi®ut not to Q1. Due to the
carbon problem, ionization balance for C is not fulfilled, whilel, The measured equivalent widths underestimate the true
it is achieved for elements such as Fe and Si for the adopted equivalent widths of the photospheric spectrum.
parameters. 2. The basic atomic data fori@re in error.

The astonishing result that all stars analysed return a carb®n Photoionization of Cis not the dominant contributor to the
problem of about 0.6 dex, raised natural worries that there might continuous opacity
be an errorin theimplementation of the methods, e.g. a program- The assumption of LTE for Gis invalid.
ming error. In addition to systematic debugging we have madg The adopted model atmospheres are inappropriate.
independent checks of this possibility. The existence of the car-
bon problem has been independently verified with complet
different H-deficient models and synthetic spectrum codes
Piskunov & Y. Pavlenko, private communication) and in inThe carbon problem would be alleviated if the photospheric
dependent studies (Kipper & Klochkova 1997; Vanture et alquivalent widths were diminished by non-photospheric emis-
1999). We consider a simple programming error unlikely. Waon, but the adjustments required are great. For all stars, we
note thatthe earlier abundance analysis withiterner's non- have measured some (apparently) weakli@es and the re-
blanketed models (Lambert & Rao 1994) led to a consideraljyired change of equivalent width for these is close to the full
smaller carbon problem of about 0.2 dex, which is reproducedb dex. A simple measurement error of this magnitude is ruled
with non-blanketed models calculated by us. We ascribe thist: in these warm R CrB stars the continuum is well defined
result mainly to the different temperature gradients; the flaind blends are rarely much of a problem. Any postulated extra-
ter temperature gradient of the non-blanketed models resultphotospheric continuous flux must be of the order of 3 times the
weaker Q lines. (Naturally, this does not mean that one shoufshotospheric flux across the observed wavelength interval. That
go back to more primitive non-blanketed models with their mokgould put strong demands as regard extra energy resources, and

. Possible solutions

%’2.1. Equivalent widths and non-photospheric emission
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the good fit between the calculated and observed flux curve &arly phases of a decline. We consider this a rather contrived
R CrB would require the flux to be spread over a considerat@gplanation.
part of the spectrum. Though not completely ruled out, non-photospheric emis-
Although a circumstellar dust shell is a common feature sfon weakening the Clines seems to be an unlikely solution.
R CrB stars, it seems improbable that emission by this shell
is the dpmmant ﬂux_contnbutor in the optlcal. Seer_nmgly Nz 5 5 Basic atomic data for neutral carbon
compatible observational facts are that (i) the magnitude of the
carbon problem is essentially uniform across the sample Hite adopte@f-values for Q were taken from the OP calcula-
(i) the infrared excesses vary considerably (Walker 1986). Thiens (Seaton et al. 1994; Luo & Pradhan 1989) and the assump-
existence of such a dust shell is difficult to defend also on thi@n of LS-coupling. An alternative choice fgf-values would
oretical grounds, since the dust temperature hardly can excbedhe compilation of semi-empirical calculations including in-
~ 2500 K. An optically thick shell at this temperature can be exermediate coupling by Kurucz & Peytremann (1975, here KP).
cluded due to the lack of a very substantial near-infrared exceSalculations with intermediate coupling have been given by Hi-
Conceivably, the produet, B, (T"), which controls the emitted bbert et al. (1993) for a few multiplets. When overlap exists, the
flux for an optically thin shell, might be engineered to put majatter source agrees well with the OP values.
imum flux in the observed wavelength interval but the energy Inspection of OP and KBf-values shows that exclusive use
requirements still seem extraordinarily severe. of the latter would reduce the carbon problem but the line to
A high-density chromospheric-like region is certainly atine scatter of the abundances would be increased significantly.
observed attribute of the R CrB stars (cf. Clayton 1996). Feor example, the carbon abundance for Y Mus from 8 lines
provide the required additional flux from free-bound €nis- weaker than 170 A, is increased by 0.37 dex when K-
sion, a chromosphere with a volume emission measure vafues are used but the dispersion is increased from 0.19 dex, a
~ 2-10%2cm~3 (e.g. a region extending from the surface twalue consistent with errors of measurement, to 0.56 dex.
2 stellar radii withN,, ~ 2 - 10'* cm~3) with a temperature of In three of the analysed stars (R CrB, XX Cam and Sakurai's
7000 K is needed. For V854 Cen, Clayton etal. (1992) estimatelject) the spectra cover the forbiddeni[@ne at 9850.2A. It
volume emission measure of orll§>® cm~3 from the observed is noteworthy that the carbon problem seems not to exist for
emission lines during a decline. Possibly, this emission may tés line: in all three stars [@ returns a carbon abundance
unrepresentative of an inner bright chromosphere which is pfe0-0.2 dexhigher than the input abundance. Naturally, this
sumably occulted at minimum light, but the required emissiauld also be due to erroneous stellar parameters or atmospheric
measure seems yet excessively large. temperature structures, since thefJ@ne is more sensitive to
Electron scattering may make all lines seemingly weaktire temperature than ther@ines. However, it would require
by Doppler shifting continuum photons into the lines due t@ther large errors ifi.s for the two types of lines to return the
the large thermal velocities of the electrons. The electron sca&me abundance, typicaly 750 K. It should be noted also that
tering optical depthr, in the model atmospheres outside théor the currently adopted parameters the excitation balance of
C1 line-forming region is, however, too small for this partiaD1/[O 1] is more or less satisfied. This may point to the conclu-
redistribution to be effective, according to estimates followingjon that the carbon problem only applies to permitted carbon
Mihalas (1978). Additional electrons must therefore be postlines but not the forbidden lines, and thus possibly question the
lated; the chromosphere sketched above will have 0.8 and adoptedyf-values. However, the evidence is still scarce and we
thus distort the lines significantly. are therefore hesitant to draw such a strong conclusion here,
The substantial corrections to the strengths of relativelyt certainly emphasize the need to further studies of the for-
strong lines from additional continuous flux would, howevehidden lines in more R CrB stars, as well as new independent
imply very high &, (2 25kms™1), far beyond the photo- determinations of the f-values for the G lines.
spheric sound velocities{ 5 kms~!). Moreover, the photo- Cross-sections for photoionization ofi@vere also taken
spheric He, C11 and G lines would in reality then be strongerfrom OP. At the shortest wavelengths considered, the excitation
than observed, and thereby the difficulty of fitting spectral fepotentials of the contributing levels axe< 9.2 eV and corre-
tures of different excitation would be increased. spond to principal guantum numbers> 3, while the measured
Ultraviolet emission lines are present at maximum lightines come from levels witly ~ 8.5-9.2 eV. Photoionization
and in the optical the strongest low excitation lines of singlyross-sections influence the predictedeguivalent widths in
ionized ions appear distorted by emission (Lambert et al. 19980y0 ways: the total opacity influences the atmospheric struc-
These and other emission lines appear a couple of magnitutige, and the opacity at the wavelengths of the measured lines
below maximum during a decline, but none of the observed @irectly affects the equivalent widths. To obtain a consistent C
lines go into emission (Alexander et al. 1972). This suggestbundance, one has to multiply the continuous opacity of C
that line emission is not the solution to the problem. To resoly a factor of~ 3 across the interval from 55@0to 7000A
the problem the chromosphere must for all stars fill in the Gvhere the lines are situated. Such anincrease is, however, in con-
lines with emission at maximum by the same amount yet nitict with the observed fluxes of R CrB (Asplund et al. 1997a);
introduce observable line emission for any line nor during tlemore general multiplication across the spectrum would lead
to smaller effects on the flux distribution but would demand a
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greater increase (factor of 5) in order to eliminate the carbonthe Ci lines are similar from star to star. As C/He is reduced,
problem. other sources of opacity make a more effective contribution and
The errors quoted by Seaton et al. (1994) as typical for bdtre carbon problem is diminished. At a particular value of the
gf-values and photoionization cross sections in the OP data &féle ratio, the carbon problem vanishes. Then, the observation
10%. For Q, the OP photoionization data agree reasonably willat a C line has a similar strength across the sample implies
with those calculated by Peach (1970); typically the OP data dhat all stars have a similar low C/He ratio. The required ratio
lower by 10-30% for relevant temperatures and wavelengtisvery low: C/Hes 0.05%, but such a low ratio is only found
An error of such a magnitude is far from what is needed. In three of the EHe stars (Jeffery 1996). More significantly, the
our calculation of absorption coefficients from the OP data ti@He ratio derived for our hottest stars is inconsistent with such
resonances have been smoothed and only contributions framow C/He ratio.
n < 10 have been included. The errors due to these simplifica- As part of the tests on the sensitivity of the derived abun-
tions should, however, not be serious. dances, one star (UXAnt) has been reanalysed using a con-
Inview of the error estimates in the OP data, it does not seaistently low C abundance (C/He=0.04%). The stellar param-
probable that errors in atomic data for carbon can resolve #ters remain the same, though with slightly poorer agreement
problem. However, the absence of a correspondingpfblem between the different indicators. The predicted Gnes are,
and the probable consistency also forJ€uggest that indepen-however, much too weak compared with observations; i.e. one
dent determinations of thgf-values for the G lines should be faces an as severe inverse carbon problem instead.
made. We conclude that the low C/He ratios needed to avoid the
carbon problem are not acceptable.

4.2.3. Missing opacity?

Unless C/He is much lower than 1% expected to be the 4.2.5. Non-LTE effects
dominant continuous opacity source. If the dominant continuoH%

opacity is in fact not contributedytC — directly or indirectly - tion for the carbon problem. Statistical equilibrium calculations

the carbon problem might be eliminated. . :
. using extensive model atoms show that the non-LTE effects
Other opacity sources but carbon that are known to con- lin th | h h
tribute are so weak that it is highly improbable that errors e very sma in the deep layers that producet e observed C
'Ilr]es (Asplund & Ryde 1996). The derived abundances are af-

ga';aC:‘E)r ;ho?[mectoil::glaijse(g\/:wahs? Zzﬁ?nnaféofcli;gﬁ‘tziar(;iltlgsnfze‘?ted typically by+0.02 dex for a representative model with
pactty y 9 off = 7000K and logg = 0.5. For the solar case the calcula-

T.s, logg and composition spanned by our stars; a large varig ; i
tion of the additional opacity relative to the photoionization é}gons of Asplund & Ryde (1996) agreed well with small non-LTE

. . i ) . orrections found by of Stenburg & Holweger (1990)
C1 would introduce large variations in the equivalent width o .
. L . : . : The small non-LTE effects are not unexpected. The lines
a given Q line, in conflict with the uniformity of the carbon

. are formed at great depths where the radiation field is close
problem. As noted earlier, the carbon problem seems not to be : : - )
t%fISOtTOpIC and Planckian. The transitions are between highly

dependent on wavelength. No source of continuous opacity of . . . . .
. . L : excited levels with similar departures in their populations from
this strength and uniformity is available, as far as we can se

. . . ; he Boltzmann distribution. In addition, the strong line-blocking
Furthermore, a neglected veil of lines is an unlikely pos-

I . : , grevents significant overionization of carbon. Non-LTE effects,
sibility; although the carbon problem is of uniform magnitud . . ; .
.Beilanve to those in normal H-rich supergiants, are probably

for all stars the de_ns_lty of '”.*es n their spectra varies ConSIgh, aller also due to the higher densities in the RCrB atmo-
erably. It is also difficult to imagine what could contribute %pheres

veil. For example, a veil of molecular lines will not account for - A .
The statistical equilibrium calculations were not fully self-

the carbon problem, since such lines are formed outsidethe C . .
. : . . : i consistent in the sense that the departures from LTE were not
line-forming region. Line blanketing has been included on the . : .
X . . introduced into the calculation of the model atmospheres. Since
assumption that the lines are formed by pure absorption. Hoy-
: . . .~ . 1he non-LTE effects are very small, we expect effects on the at-

ever, even with a pure scattering contribution, the significan

. : mospheres in the line-forming region to be minor. Furthermore,
backwarming, and hence the carbon problem, remains. .
. o .carbon igheatom that controls the atmosphere as regards both
In conclusion, we are not aware of any missing opaci

source that could resolve the carbon problem (Ypacity and electron density, and the non-LTE effects pafe

| those that could affect the atmospheric structure significantly.
It seems unlikely that consistent non-LTE model atmospheres
will differ greatly from our present LTE models. The uniformity
of the carbon problem with no obvious trends with either wave-
Our preference for a C/He ratio of 1% is based on the EHength or multiplet membership, supports the interpretation of
stars for which the C/He is directly determinable, and from ttenly minor departures from LTE.
strengths of the Heand Ci1 lines for our hotter stars. Conclu-  In conclusion, we find that departures from LTE for C are
sions about composition may also be drawn from the fact thabst probably not responsible for the carbon problem.

n-LTE effects deserve consideration as a possible explana-

4.2.4. Alow C/He ratio?
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15000

4.2.6. The model atmospheres

The model atmospheres are built upon a set of assumptions that
may not be valid for real R CrB stars. The effects of relaxing I T.,—7000
the assumption of LTE were discussed above. g

log g=0.5 [cgs]

Sphericity. R CrB model atmospheres are not very extendé‘gzhoooo
although they represent supergiants: typically the atmosphegic
thickness is 2-5% of the stellar radius for our plane-parallél
models. To test the effect of extended atmospheres, we have
calculated similar spherical models (Plez et al. 1992; Asplund

et al. 1997a) though without line-blanketing. The effects on the
C1lines are, however, very minor, since they are formed at great
depths. Also, the slightly lower temperatures in the line-forming 2000
region compensate the slight increase in extension. Sphericity
is obviously not a way to resolve the carbon problem. w w w w w

—1 1

10 10° 107* 10 1 10

Optical Depth 7Tpy

rl:l);spigﬁtjrki?egoinmclzﬁgz)?rgatlce i?:::jb:rlén;uorgg:gngl?trfssstl;rihﬁ%f. The effect on th&'(7)-relation of a typical model atmosphere
hat th b bl b lained b ' hi | n heating the Cline-forming region in order to eliminate the car-
that the carbon problem can not be explained by this neglect. Eﬁl problem. Two such adjusted models with maximum heating of 500

effect is similar to a QVQVity effect (Gustaf.sson et al. 1975) bifashed) and 1000 K (dotted) respectively are shown for a model with
the carbon problem is insensitive to gravity changes as shown — 7000 and logg = 0.5. The less extreme model still shows a
above. For the same reasons, pulsations and mass loss areatBon problem of about 0.3 dex
likely solutions. Furthermore, the stars have been observed at
different pulsation phases but still show the same magnitude, of . .

b P g far R CrB. We have introduced a temperature correction to the

the carbon problem, as is also illustrated by Rao & Lamber,
(1997) for R CrB. Standard modelsg[7) of the form

T(r) =To(r) + AT(7) (6)
Inhomogeneities Since the estimated micro- and macroturbysnare
lent velocities exceed the sound velocity, the atmosphere is
likely to be highly inhomogeneous. Effects of inhomogeneitieg () — { a(log —b1) ;3 by <logt < (b1 +ba)/2 )
on the predicted line spectrum are difficult to assess. However, a(by —log7) ; (b1 +b2)/2 <log7 < by.

the similar sensitivities of the Cline gnd continuous opacity Various combinations of the parameters; andb, have been

to tempe_rgture and pressure fluctuations may suggest that “lﬂﬂémpted, for which the equation of hydrostatic equilibrium

mogeneities cannot explain the carbon problem. was integrated and the continuous absorption coefficients cal-
culated. The required heating parametéo reproduce the €

Errors in model atmosphere structureShe weak observed C linesis significant~ 1000 K for T.g = 7000. The optimum lo-

lines might reflect a flatter than predicted photospheric tempegtion of the heating is the same for most modelg { = —2.5

ature gradient. Deep layers & 10) are convectively unstableto —0.5 with maximum heating at log = —1.5) which reflects

and the mixing-length theory is applied there. Although consithe constant line strength and formation depth, independent of

erable convective overshoot is needed to affect the temperatine stellar parameters, of ther@nes. As seen in Figl4 the

gradient in the G line-forming layers, our treatment of convec+evised temperature profiles are essentially flat in the interval

tion may be a contributor to an incorrect temperature gradientl.5 < log 7T < —0.5.

More speculative, but perhaps more serious, are consequenceSuch drastic changes will affect the abundance analysis. The

of the super-Eddington luminosities in the same deep lay@picroturbulence parameters, as derived from the strengths of

(Asplund & Gustafsson 1996; Asplund et al. 1997a; Asplurfeer lines and G lines come out practically unchanged. The

1998). ionization equilibria are also only marginally affected, but the

In quantifying the effects of temperature-structure changegnsistency for the othéf.z-log ¢ indicators is not fully pre-

we have been guided by the need for both a shallower tempggtved. The Helines weaken due to the flatter temperature

ature gradient in the Cforming region and the need to keepgradients, and in order to reproduce them an increaggzobf

the steep overall temperature gradient in order to conservetygically 200 K is needed at a given lggThe corresponding in-

much as possible of the agreement with Cirand Hel lines as  crease necessary fonQs about 500 K, while the weakened C

well as the agreement between observed and calculated flux@sds suggest a decreaséin of about 200 K. These changes
thus increase the scatter between the diffeféat— log g in-
dicators. Furthermore, the [Clines are also affected by the
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postulated heating to such a degree that the discrepancy fheAbundance analysis — results
tween the forbidden anq permitted carbon lines as d|scusseq_hne derived stellar abundances are given in Table 3. Lambert &

Sect{ 4.2 largely remains the same. : o :
. . . Rao (1994) have identified two groups of R CrB stars according
These experiments establish the required temperature . -

S 0 the observed (spectroscopic) metallicities. Most of the ob-
changes to resolve the carbon problem. Considering the ver

ects seem to form a homogeneous sample but a few stand out

significant amount of heating, it should be questioned WhetHvslrth their in general low abundances and peculiar abundance
it is at all energetically reasonable. The extra fi\¥" radi- 9 P

ated away from the heated region may be estimatedl o= ratios, in particular Si/Fe and S/Fe. Of the stars analysed here

Ak ppo(AT3 AT)s, wherer  is the Planck mean opacity perV CrA, VZ Sgrand V3795 Sgr belong to the minority group, but

gram,p the densityg the Stefan-Boltzmann radiation constan@fo DY Cen (Jeffery & Heber 1993), and possibly V854 Cen

T the temperature argthe geometrical thickness of the heate splund et al. 1998), Sakura!s OpJeCt (Asplund et al. 1999)
a@d a couple of EHe stars fall in this category. The two groups

region. The fraction of the total stellar flux that has to be use Ly indicate two different evolutionary backarounds of these
for this extra heating is on the order of 10%. For comparisop, yInc e y Y

: . ... H:deficient stars. Before sifting the abundances for clues to the
the chromospheric-coronal heating of late-type stars is IImlt(ee:g/olution of the stars, sources of uncertainty must be given a
to about 1% of the total bolometric flux. ' y 9

Thus, the proposed heating needs a very efficient mecﬁg_reful discussion, especially in light of the carbon problem.

nism. It is in this respect interesting to compare with the total
available mechanical flu¥i,ccn = ﬂvfurbp, wherev,,1, is 5.1. Uncertainties in derived abundances
the chgractenstl(; turbu_Ient ve_Iocny, apds a constant of or- 51 1. Statistical abundance errors
der unity. If all this flux is heating the relevant layers one may
estimate the resulting temperature increase there by equatmdable[3, the statistical errors determined as the formal stan-
Freecn aNdAF'. In order to obtailrAT ~ 500K, velocities of dard deviations for the different lines of an element are given;
typically 40kms'! are required. Such velocities well exceefor elements with only a single line no error is given. Typi-
the estimated sound and macroturbulent velocities. Moreowesily the statistical errors are on the order of 0.2 dex, though for
the entire mechanical flux must be deposited in the photosphes@me elements in some stars the errors are larger (0.3-0.5 dex).
Na, Si, Sc and Ni normally have the smallest errors (typically
0.1 dex). Certain elemental abundance determinations rely only
on a single line (e.g. H, Li and Zn, but also often Mg, Al, Ti,
It is clear that the virtue of the present blanketed models to &-and La) for which the statistical errors are hard to estimate.
produce the different diagnostics with a wide range of excitatidnshould also be noted that in some cases the abundance have
(from C, to Hen) is partly compromised when attempts are madseen derived from rather few lines, and thus the statistical er-
to alleviate the carbon problem by decreasing the temperatrses may have been underestimated. More uncertain abundance
gradient. For the moment disregarding from the possibility thaéterminations have in general been left out of Tble 3.
the C1 g f-values could be in error, we conclude that the R CrB
spectraindicate that the basic assumptions of the stgndard m%deZ. Effects of line-blanketing
atmospheres (homogeneous, flux constant layers in hydrostatic
equilibrium and LTE) are not valid. In this respect it is tantaambert & Rao (1994) summarize abundances derived from
lizing that the carbon problem is significantly reduced duringon-blanketed models corresponding to a C/He ratio of 3%. In
the early phases of a decline (Rao et al. 1999). It is importahis case, the carbon problem was small (0.2 dex) such that it
to realize that the reason why this verdict may be stated is moight be attributed to a combination of likely errors. The Fe
necessarily the peculiar character of these stars as such, exabphdance on the normal scale wasd(fg) = 7.5 for the ma-
in one important respect: the basic control of the atmosphéueity, or equivalent to a solar mass fraction Z(Fe)0~2 for
by one atom, carbon, and even more specifically, its highly etke assumed C/He=3%. With blanketed models and C/He=1%,
cited states. This, in fact, makes the R CrB stars excellent testing derive log(Fe) = 6.5 or Z(Fe) = 103, If instead the spec-
objects for standard model atmospheres. It is noteworthy thaiscopic C abundances are adopted, the mass fractions from
the result of this test is negative. A similar problem hamperirigg. [2) are Z(Fe) = 10?7 and 10733 for the non-blanketed
the R CrB star analysis may thus also afflict H-rich supergiantmd blanketed models, respectively, which reflects the different
though it would be less obviously detectable. However, themgagnitude of the carbon problem for the two sets of models. The
are indications that the carbon problem only applies to the pdifference of 0.6 dex between these second estimates of Z(Fe) is
mitted lines of neutral carbon. It would therefore be worthwhilessentially that expected from the use of different C/He ratios.
to ensure that the f-values are in fact not to blame by new, Abundance ratios X/Fe are rather insensitive to the choice
independent determinations of the transition probabilities befnon-blanketed or blanketed models. For elements from N to
tween these highly excited levels. The uniformity of the carbai, the difference in X/Fe is within:0.1 dex in spite of differ-
problem would have a natural explanation if the transition probnces il g, log g, £..., and C/He. The Y/Fe and Ba/Fe ratios
abilities are the culprits. show larger changes (0.4 and 0.7 dex, respectively) when intro-
ducing line-blanketing; a part of this difference is attributable

4.3. Summary
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Table 3. The individual elemental abundances for the analysed RCB and EHe stars. Abundances for V854 Cen are taken from Asplund et al.
(1998) to allow easy comparison

UXAnt XX Cam UV Cas UW Cen V CrA RCrB V482 Cyg Y Mus RT Nor RZ Nor
H 6.9 <4.1 6.0 6.5 8.0 6.9 4.8 6.1 6.5 5.2
Li <25 <15 <1.9 3.5 < 1.0 2.8 <11 <21 <15 3.5
c* 89+£03 90+04 92+04 86£03 86+02 92+£02 89402 8.9+0.4 89+02 89+£03
N 83+04 89+03 85+03 83+04 86+04 84+02 88+05 8.8 +0.3 9.1+£03 87404
(0] 88+0.2 84+01 7.54+01 7.7+0.2 8.7 9.0+£0.2 81+£0.3 7.7 84+£04 89+0.1
Ne 8.3+0.1
Na 5.8+0.1 6.4 6.0+£0.1 594+02 6.14+01 6.34+0.1 6.3+0.2 6.3 6.4+0.3
Mg 6.8 6.6 6.3+0.2
Al 6.0 6.3+0.2 5.3 5.8 6.2 6.1 6.2 6.3
Si 69+03 71+£03 744+02 704+02 76+01 72+02 72+0.1 7.3+£0.2 74+04 T7.140.1
P 5.9+0.2
S 6.2+00 68+02 70+£01 6.7+01 75+£03 6.8+00 6.9+0.3 6.9+0.1 7.7+02 6.8=+0.1
Ca 55+0.2 5.4 56+0.3 52+02 51+04 53+03 54403 5.3+0.3 58+0.5 54405
Sc 2.84+0.1 2.6 +0.1 2.8 2.8 +0.3
Ti 4.0+0.1 4.0 4.1+0.1 3.3 4.24+0.3
Fe 624+02 68+02 69+02 63+£02 55+04 65+01 6.74+03 6.5+ 0.3 6.8+0.3 6.6+0.2
Ni 58+0.1 6.1£0.1 6.2 59+0.3 5.6 55+£0.1 5.8+£0.2 6.0 £0.3 6.2+0.3 59+0.2
Zn 4.8 4.3 29 4.4 4.4 4.7 4.4
Y 1.5+0.2 2.0+0.3 2.8 1.5+0.1 0.6 15 2.6 2.44+0.3 3.1 2.0+0.2
Zr 1.8 2.3 2.6+ 0.3 1.8
Ba 1.0+0.1 15 21 1.6£0.1 0.7 1.6+£05 26+0.2 1.5+0.2 2.0+£0.1 1.54+0.1
La 15 15 2.2 1.3+0.3 1.9 11

FH Sct GU Sgr RY Sgr VZ Sgr V3795 Sgr SUTau RS Tel LSH¥4°109 BD1°4381 V854Cen
H 5.6 6.9 6.2 <4.1 7.4 6.5 6.1 6.2 9.9+0.1
Li < 1.0 <11 <18 <15 2.6 <14 <28 < 3.0 <20
c* 88+03 88+03 89+02 88+03 88+02 88+02 89403 8.9+0.3 86+0.2 9.6+0.3
N 87+£02 87+£05 85+02 7.6+02 80+03 85+01 88+0.2 8.6 £0.4 72+£03 7.8+0.1
(0] 7.7+£0.2 8.2 79+02 87+£01 75+02 84403 83+0.1 84+0.1 89+0.1
Ne 7.9+0.3 8.9+0.2 8.1+£0.2
Na 6.1+02 60+01 63+01 58+£01 59+£01 56+01 6.0+0.1 6.4+0.1 5.4 6.4+0.1
Mg 6.9 6.1 £0.2 7.0 6.1 6.2
Al 5.9 5.7 6.0 5.4 5.6 +0.2 5.2 5.9 55 57+0.1
Si 71+£01 72£02 73+02 73+02 75+01 6.7+£01 7.1+£0.2 7.2 6.1£0.1 7.0+£0.2
P 6.5+ 0.3 5.84+0.2 4.9
S 70+£02 70+£03 734+01 6.7+01 74402 6.5 6.8 £0.1 7.1+£0.3 58+0.1 6.4+0.1
Ca 51+£03 54+£04 53£02 50+£03 53+02 50+03 53+03 50£0.3 5.14+0.2
Sc 3.2 2.8 +0.1 35 1.9 29+0.1
Ti 4.14+0.3 3.54+0.3 3.7 4.0 3.1 4.14+0.2
Fe 63+02 63+£03 6.7+02 58+02 56+02 6.1+03 64+0.3 6.3+0.2 55+0.2 6.0+0.1
Ni 58+0.2 56+03 59+02 524+01 58+0.1 5.4 5.7+0.3 5.9+0.1
Zn 4.1 4.4 45 3.9 41 3.6 4.3 3.6 4.44+0.3
Y 2.0 24402 19+02 28+01 13+05 13£01 19403 21 2.24+0.2
Zr 23+0.2 1.8+0.2 26+0.1 2.1+£0.2
Ba 144+03 12+02 14+02 14+£03 09+£02 034+01 1540.1 0.6 £0.3 1.3+0.1
La 0.8 1.0+£04 0.5 0.4+0.1

# Spectroscopic Cabundance which differs from assumed input abundance of 9.5 corresponding to C/He=1%, except for V854 Cen for which
an input abundance of 10.4 (C/He=10%) was assumed

to the available lines being quite strong with low excitation es-.1.3. Effects of model atmosphere abundances
ies. Th i t that the X/F tios f t. .
ergies. These comparisons suggest that the X/Fe ratios for mﬂ'nse input abundances for our model atmosphere grid were taken

elements are quite insensitive to the adopted models. Of course
severe line-blanketing, and more so than for H-rich stars, igrgm Lambert & Rao (1994) who used the non-blanketed models

reality in R CrB stars and must therefore be accounted for. ortheir abur?dance'analyss. In short, adopted and denve'd abun-
dances are inconsistent. We have reanalysed R CrB with new
models computed with the lower derived abundances, though
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Table 4. Errors due to uncertainties in the stellar parameters élog g = 0.5 [cgs] andA&;,., = £1kms~!. These uncer-
RY Sgr, defined byA(loge;) = loge;(perturbed) - log;(adopted). tainties correspond to typical abundance errors of 0.2 dex for
The adopted parameters dfg: = 7250K, logg = 0.75[cgs] and most elements, as shown in Table 4. For Ca and Ba the errors

§urb = 6.0kms™ may reach 0.4 dex. Abundance ratios are generally much less
subject to uncertainty, since most elements are similarly sensi-

Species ATer = =250 Alogg = =05 A = —1.0 tive to the parameters. Notable exceptions are N/Fe and O/Fe,

(K] [cgs] [kms™] for which we estimate typical errors of 0.3—0.4 dex.

Hi1 +0.17 -0.10 +0.08

Lir® —0.23 +0.16 +0.00

CI _0.05 +0.06 +0.07 5.1.5. Effects of a perturbed temperature structure

gi 18.(1)3 :gg ig'(l); As seen above, a possible resolution to the carbon problem is

Nal _0:16 +0:15 +0:07 a very _perturbed temperature stru_cture compared with model

AlL _0.16 10.14 40.02 prgdlctlons. The effect on the derived abundances qf such an

Sit/u —0.15/4009 +0.14/—0.19 +0.07/+0.19 gdjustmgnt has been estimated for three stars spanning a range

Si/1 -0.11/4+0.28 +0.11/-0.29 +0.14/ +0.10 in Teg With models such that the carbon problem is eliminated.

Car —0.27 +0.26 +0.04 It is noteworthy that use of such models does not change the

Tin —0.06 —0.11 +0.10 ionization equilibria or;,,,. Thus, we may assume that the

Fer/u  —-0.21/+0.01 +0.16/—0.14 +0.06/+ 0.18 adopted stellar parameters are not in need of substantial revi-

Ni1 —0.22 +0.15 +0.01 sion, though the heated models do impair the ability to obtain a

Zn1 —0.18 +0.15 +0.07 comprehensive fit to the HeC11, and G, features. In TablEl5

Y1 —0.11 —0.05 +0.04 the differences in absolute and relative abundances between the

E;IIII _g'gg ;8'23 ig'g; heated and standard models are given. Table 5 shows that the

Lam 099 40,03 40,02 quite drastic changes in the temperature profile have rather lim-

. : — ~_ ited effects on abundance ratios, generally less thas2 dex,
* Adopting Wero7(Lié) = 10 mA, which is the observed upper limit. though a few elements show somewhat larger differences of up
to +£0.4 dex for the hottest stars.

still assuming C/He=1%, which leads to less line-blanketing.1 6. Effects of departures from LTE
The effects on the deepest layers are, however, minor and the

carbon problem is not appreciably alleviated, since many BKcept forin the case of carbon, possible departures from LTE
the lines contributing the backwarming remain highly saturatefivé not been investigated. One may fear, however, that such
The abundances derived from the new models are within 0.2 FdCts can be severe in these low-density atmospheres. Possible
of the revised input abundances, but a slight revision of the steffidance can perhaps be provided by studies of H-rich super-
parameters seems necessary. After restoration of the ioniza6ts with roughly the samig(r) and Fx.() structures in the
equilibria by lowering log by 0.5 dex, the absolute abundancéie-forming region as R CrB stars. We find that a model with
differ from those provided by the standard grid #y0.05dex et = 7000, logg = 1.0 and [Fe/H]=+0.5, roughly simulates
except for Hand Y where the differences are 0.1 and 0.2 dex, #-R CrB model withle = 7000, logg = 0.5 and C/He=1%.
spectively. We conclude that the inconsistency between adoplétf H-rich model, however, still has notasufficiently stéep)
and derived abundances does not affect our results significarfif§npared with the H-deficient model. The flux distributions of
As a test, one of the stars (UX Ant) was also reanalys& two models are shown in Fig. 5. As expected, the H-rich
with all model abundances being consistent with the deriv8}Pdel has more flux in the blue due to less line-blocking. Only
abundances, i.e. the models had a sufficiently low C/He ralitst Pluewards of the Balmer jump are the fluxes in the H-rich
(0.04%) such that the carbon problem disappeared. Except%?_d9| somewhat smallgr than.the corresponding R CrB model.
the Cit lines, the variou§.g-log ¢ indicators suggest the samel his suggests that overionization should be a I_ess troupleso_me
stellar parameters, though with a slightly larger scatter. All &0y in R CrB models. Furthermore, the densities are higher in
rived abundances are naturally smaller by more than 1 dex, Bift H-deficient atmosphere on account of the lower continuous
the relative abundances remain essentially the same: in all cR&cities, which should lead to more efficient thermalization.
X/Fe changes bys 0.2 dex. For the minority stars, a consistent Few statistical equilibrium calculations for F supergiants

C abundance would lead to very low metallicities, about 2.5 d82ve beenundertakento date. Venn (1996) finds large departures
below solar. from LTE for Cand N AAloge = logepie —logere ~ —0.3 dex).

Considering the minor non-LTE effects for C found in R CrB
o stars (Asplund & Ryde 1996), this suggeststhat LTE isingeneral
5.1.4. Effects of uncertainties in stellar parameters a better description in R CrB stars than in H-rich supergiants.

The uncertainties in the adopted stellar parameters transfa@ Nat, Boyarchuk et al. (1988) find only minor effects in F

into errors in the derived abundances. The parameters areSé$€rgiants, and neither seems S to be significantly hampered
timated to be accurate to within typicallxT.¢s = +250K, by departures from LTE{ —0.2 dex, Takeda & Takada-Hidai
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ax10° L ‘ B Table 5.The effects on absolute and relative abundances of heating the
( line-forming region in the model atmosphetés eliminate the carbon
ol problem. The listed logarithmic abundances and abundance ratios are
L :Mu 1 relative to derived values using the standard models
i T.,=7000 K
. i ) | GU sgr UX Ant V3795 Sgr
o ‘\le i log g=0.5, RCrB (Tt = 6250) (T =7000) _(Ter = 8000)
‘\ [ I
T i il log g=1.0, [Fe/H]-05 AX AXIFe  AX AXIFe  AX AX/Fe
2 i ;}‘ I i H - - 0.88 0.31 0.13 -0.24
¥ N L . Planck Li 047 -0.06 056 -0.01 - -
:MO L C 068 015 0.66  0.09 0.69 032
~ : N 0.26 -0.27 0.39 -0.18 0.27 -0.10
X 0] 0.30 -0.23 0.54 -0.03 0.76 0.39
&= Na 0.60 0.07 0.43 -0.14 0.41 0.04
Al 061 0.08 - - 0.36 0.00
Si 0.60 0.07 0.41 -0.18 0.58 0.21
S 0.73 0.20 0.55 -0.02 0.60 0.23
Ca 0.58 0.05 0.71 0.14 0.75 0.38
Fe 0.53 - 0.57 - 0.37 -
Ni  0.54 0.01 0.44 -0.13 0.48 0.11
Y 0.42 -0.11 0.32 -0.25 0.52 0.15
‘ ‘ ‘ ‘ Ba 0.34 -0.19 0.48 -0.09 0.56 0.19

600 800 1000 1200 1400
Wavelength [nm]

* Heated models (see Edsl (6) ahdl (7)) are defined;by —2.5,

b2 = —0.5 and the parameter wherea = 900, 1000, 1500K for

Fig. 5.Flux distributions for an R CrB model (C/He=1%) and a H- an€U Sgr, UX Ant and V3795 Sgr, respectively. The stellar parameters
metal-rich ([Fe/H]=+0.5) supergiant with roughly simil@i(7) and Tes, l0gg and&;u,i, are as in Tablgl2.

P.(7) structures. Both models ha&s = 7000 but the R CrB model

has logg = 0.5[cgs] while the H-rich model has log= 1.0. Also ¢
shown is a Planck curve for the same temperature o oLl A 4 aa |
8 2[DY Cen ¢ aoaoat 7
1995). Gratton et al. (1999) conclude thatiBeiffers froma £ '[* x KxxXooa aanan N
0

significant overionization in giants, which leads to erroneods Tas o s 0 - e

abundances by 0.3-0.4 dex when using Felines under the log(Fe,/C)

assumption of LTE. Gratton et al. also find that LTE analyses

may overestimate O abundances significantly, but that Mg s

reasonably well described. a
It seems reasonable to conjecture that the N and O abfﬁjni B

dances may be systematically overestimated by up @ dex =

E 1= mO om0 OO O mEs
in our analysis, but that Na and Mg are less effected. An ovefi-
onization of Fa by 0.3 dex would lead to systematically toolow  -4.5 -4.0 -3.5 -3.0 ~2.5 -2.0
log g by ~ 0.5 dex, which, according to Tablé 4, would cause log(Fe/C)

an increased Fe abundance®\0.15 dex; similar corrections Fig. 6. Comparison of the derived spectroscopic Fe/C ratios for R CrB
would apply to other elements. The effects on relative abustars (upper panel) and EHe stars (lower panel). Symbols are as in
dance will thus be much smaller. One can speculate that also €., with the addition of DY Cen (classified as a minority star) and
may be overionized for the same reason as Fe. Obviously, Bge stars from the literaturej

derived abundances should be regarded as preliminary until de-

tailed statistical equilibrium calculations have been performed,

but it is clear that, e.g., the differences between the minority permit direct spectroscopic determination of the C/He ra-
and majority R CrB stars are much too great to be blamed t@ (7. < 10000 K) have a mean Fef€ —2.4 £ 0.4 (Jeffery
non-LTE effects, in particular since the two groups have simila®96, 1998; Jeffery et al. 1998; Drilling et al. 1998), which
parameters and thus presumably similar departures from LT&rresponds to Z(Fe) 10~34+94; here two EHe stars with
unusually low C/He ratios have been excluded. With the spec-
troscopic C abundance, the majority R CrB stars give a mean
ratio Fe/G= —2.440.2. As shown in Fig.B, the R CrB minority
External comparisons may also be used to check the analyksas distinctly lower metallicity (Fe/C). The mean Fe/C for the
Reasonable presumptions are that the R CrB stars form an ewority including V854 Cen (Asplund et al. 1998) and Saku-
lutionary sequence with the EHe stars. EHe stars hot enoughs object (Asplund et al. 1997b, 1999) is 0.8 dex less than

5.1.7. Comparison with the EHe stars
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: included due to their large abundance range across the sample,
2r 1 nor are a few other elements which have been determined in
* Drten only a few stars. Tablg 6 also includes abundance ratios for the
ok x V854Cen i minority R CrB stars (with values for V854 Cen taken from As-
§VerA B 1 plund et al. 1998), our two cool EHe stars, EHe stars from the
L 13 1 literature (excluding two unusual EHe stars), and Sakurai’s ob-
—2r VZSqr x % Lot A$ @i ject (Asplund et al. 1999). A remarkable result is that, with the
" 1 exception of O, Y and Ba, the dispersions (0.1-0.3 dex) suggest

4l =R i no significant intrinsic scatter in [X/Fe] for the R CrB majority.
i iE V3795Sgr ] The dispersions are nominally larger (0.4—0.6 dex) for the EHe
stars for the few elements common to both samples. From the
published analyses of EHe stars it is difficult to assess whether
—45 —40 =35 -30 -25 -2.0 ) . N X
log(Fe,/C) the dispersions reflect an intrinsic spread in [X/Fe] or are merely
a consequence of measurement errors. Unfortunately, the Fe
Flg 7.The Iogarithmic H/C vs Fe/C ratios in hydrogen-deficient Staraﬁbundance is often poor|y determined in EHe stars due to lack
The symbols correspond to Li-rich majority membetg (othermajor- of |ines and atomic data, which might affect the comparison
ity stars (black triangles), the minority R CrB stars (including V854 C%ith the R CrB stars. We have, however, still preferred to dis-

and DY Cen) £), our EHe stars (black squares), EHe starsftom . . .
the literature, and Sakurai's object in October 1996(Asplund et al. cuss X/Fe ratios rather than e.g. the spectroscopic X/C ratios,

1999). For the ratios, the spectroscopic C abundances have been L?ﬁg&e according to the tests in S&cfl 5.1, X/F_e ',S Ie§s affected by
Upper limits are denoted by arrows the unresolved carbon problem and uncertainties in the adopted

stellar parameters.

767 L L L L I I

for the majority. As is evident from Ed.](2), such differences dg 2 1. Hydrogen

not necessarily reflect differences in the mass fraction Z(Fe) but ) . )
may be due to a higher C/He ratio. By definition, our sample is H-deficient, but there is a large

The comparison shows that the spectroscopic Fe/C is simfi@hge in observed H abundances: from 8.0 (V CrAytoL.1
for R CrB stars and EHe stars as regards mean and dispersiof&sCam and V3795 Sgr). There are also R CrB stars with only
seen in FigJ6. The similarity suggests that spectroscopic ratfbelatively minor H-deficiency: V854 Cen with 9.9 (adopting
give results little affected by systematic errors. Note that titdH€=10%, Asplund etal. 1998) and DY Cen with 10.8 (Jeffery
derivation of elemental abundances for R CrB and EHe st&d1eber 1993). Two of the minority stars have high H abun-
generally employ different lines and model atmospheres af@nces (V854 Cen and V CrA), though this group also contains

hence, systematic errors are likely to be different for the tB€ most H-deficient star (V3795 Sgr). The large spread in H
samples. abundance indicates that the amount of pristine material in the

stellar atmospheres varies greatly between the objects; the de-
o ficiency ranges from only a factor of 20 te 103.
5.1.8. Summary of abundance uncertainties There is an apparent anti-correlation between the H and Fe

In spite of the uncertainties introduced by the unresolved c&Rundances according to Hig. 7, as first pointed out by Heber
bon problem, the tests presented above suggest that it doedh986); the only exception to the trend is V3795 Sgr. Also Saku-
render conclusions regarding abundances impossible, in g&s object follows the same pattern (Asplund et al. 1999).
ticular not if abundance ratios are considered. Ratios suchS48ce most metals are roughly proportional to Fe, H is also
X/Fe are not very sensitive to details of the model atmosphe@i¥i-correlated with many other elements. The H abundance is
(blanketed vs non-blanketed, postulated heating etc). Furtifégarly very sensitive to the metallicity: increasing Fe/C by a
more, the R CrB stars and EHe stars fortunately show extreffigtor of 100 leads to a decrease in H/C by about 4 orders of
abundance ratios which will not disappear with any reasonalfi@gnitudes. The reason for the H/C vs Fe/C trend is notimmedi-
alternative model atmosphere, and thus important clues to #{gly obvious. Since the core mass of post-AGB stars decreases
origins of the stars can still be deduced. Disregarding possi¥éh higher metallicity for given initial stellar mass (Han et al.
departures from LTE, the systematic errors in X/Fe are expecf?P4). and the envelope mass increases strongly with decreas-
to be typically< 0.2-0.3, though some elements are probablind core mass (Pacigki 1971), one would rigely expect that
more prone to errors. The small observed dispersions in derifB8 H-rich envelope should be more easily burnt and diluted
abundances for most of the elements in our sample also sugyé&t core material for a lower metallicity, which is opposite to
that the errors are not very severe. the observed relationship.

5.2. Abundances relative to iron 5.2.2. Lithium

In Table[® the mean abundances relative Fe are summarized@yr of the R CrB stars (UW Cen, R CrB, RZ Nor and SU Tau)
elements measured in the majority R CrB stars. H and Li are @€ Li-rich, which places important constraints on the proposed
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Table 6. The logarithmic abundance ratios [X/Fe] for the R CrB stars, EHe stars and the final flash candidate Sakurai’s object. For the R CrB
majority (14 stars) and the EHe stars taken from the literature (10 stars, excluding V652 Her, HD 144941, and the hot R CrB stars DY Cen,
MV Sgr and V348 Sgr) the dispersion is also given in parentheses

Element R CrB stars EHe stars Sakurai's
ratio majority minority object
[X/Fe]? V3795Sgr VZSgr VCrA V854Céh LSIV —14°109 BD1°4381 other§  (Oct’96)
N 1.7 (0.3) 2.0 1.4 2.8 1.4 1.9 1.3 0.9 (0.3) 1.9

0 0.4 (0.6) 0.6 1.6 2.0 1.6 1.7 0.3 (0.7) 1.5
Na 0.8 (0.1) 1.5 1.2 1.7 1.6 1.3 1.1 1.4

Al 0.5 (0.3) 1.0 0.6 0.9 0.7 1.0 0.2 (0.4) 0.7

Si 0.6 (0.2) 1.9 1.5 2.2 1.0 0.9 0.6 0.4 (0.5) 0.9

S 0.6 (0.3) 2.0 1.1 2.3 0.6 1.0 0.5 0.3 (0.5) 0.5
Ca 0.0 (0.2) 0.8 0.3 0.8 0.2 0.6 0.5 (0.1) 0.0

Ni 0.6 (0.2) 1.4 0.6 1.4 1.1 0.1 (0.3) 0.8

\4 0.8 (0.4) 1.0 2.3 0.5 1.5 1.9 2.9
Ba 0.4 (0.4) 0.7 1.0 0.7 0.7 0.5 0.7

# Solar abundances taken from Grevesse & Sauval (1998).

> From Asplund et al. (1998).

¢ From Jeffery (1996), Jeffery (1998), Jeffery et al. (1998) and Drilling et al. (1998)
4 From Asplund et al. (1999).

SQprrTTTTITTTTTI T I VCM Our Li/Fe ratio for R CrBis about 0.3 dex smaller than found

25F i " DYCen X 1 by Hunger etal. (1982) using non-blanketed models. Thereis no

r L - . obvious trait of the Li-rich group besides the high Li abundance
20F P S S . and possibly that the H abundance is relatively high for these
o asaten E majority R CrB stars, with the exception of RZ Nor.

e The similarity with the cosmic Li abundance for the group
o E is most probably fortuitous, since H-burning destroys fossil Li.
o The high Li abundances can thus neither stem from a previ-
] ous AGB-phase but must have been synthesized simultaneously
4 with or subsequently to the events which turned the stars into H-
70.55‘ L deficient R CrB stars. In this context it is interesting to note that
4 0 ] 5 3 Sakurai’s object, which is thought to have experienced a final

[0/Fe] He-shell flash recently, shows a rapidly increasing Liabundance

Fig. 8. [N/Fe] vs [O/Fe] for R CrB stars and EHe stars. The symbo%nd H-deficiency (Asplund et al. 1997h, 1999).

have the same meaning as in [Eig. 7 with additions for the Syrafd

typical halo dwarf abundances for [Fe/H]—1.0 (+). The G»Ntra- 5.2 3. Nitrogen and oxygen

jectory correspond to the N enrichment by CN-cycling for an initial

solar (solid) and a metal-poor (dashed) composition. TheNdra- N and O are principal clues to the origins of the R CrB stars. N

jectory is the same when also the initial O is converted to N througtiirichment is a certain result of H-burning by the CNO-cycles

ON-cycling. If Fe but neither N nor O is being depleted, the star wibut N is destroyed by-captures prior to ignition of He. Then,

move along trajectories with the same 1-to-1 slope as the dotted curites N abundance indicates the relative mix of products from H-
and He-burning. O is a product of He-burning with the relative
yields of C and O depending on the burning temperature.

The R CrB majority stars share a common N/Fe ratio but
models for the formation of the stars. That all four stars belofgobably exhibit an intrinsic spread in their O/Fe ratios as seen
to the majority group may be significant but could also be an Fig.[8. DY Cen and the minority RCrB V CrA are clearly
effect of small number statistics. The Li abundances for the fodwtstanding in both [N/Fe] and [O/Fe]. The [N/Fe] of the EHe
range from 2.6 to 3.5 with a mean of 3.1, while the other RCrgars (excluding DY Cen) appears to be systematically lower by
stars have upper limits fro.5 to 1.0. Pollard et al. (1994) about 0.8 dex than for the majority of the R CrB stars. The two
also claim the presence of Li in two of the LMC R CrB starssamples appear to have quite similar distributions for [O/Fe].
which both seem to belong to the majority. Vanture et al. (199%he dispersion in [N/Fe] of the majority sample of R CrB stars
tentatively identify the Li 6708A line in the stronglys-element is 0.2 dex and consistent with the measurement errors. [O/Fe]

rich R CrB star U Agr butits crowded spectrum prevents a seciigows a larger dispersion (0.6 dex) to which an appreciable con-
membership classification. tributor must be a star-to-star spread in O/Fe ratios. A similar

[N/Fe]
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difference in the dispersion of [N/Fe] and [O/Fe] is found for  *°F
the EHe stars (0.3 and 0.7 dex). sob Ve ¥

N enrichment is anticipated from contamination of initial i vaTessgrx
material with products from H-burning. If the initial compo- ¢ 5© wsex
sition is solar and the CN-cycle operates efficiently, [N/Fe] is: L 1
raised to 0.7, which still is less than for all observed R CrB stars: 1.0f T veorlen
the mean [N/Fe] for the R CrB majority is 1.6. If the ON-cycles™ 7 Lk "
convert O to N, [N/Fe] increases to 1.1 as O/Fe decreases, as0.5 - S B
shown by the trajectory ©N in Fig.[8. This trajectory grazes i P 1
the left edge to the distribution of the points in the figure. For %-0F ..-© ]
a composition representative of metal-poor stars, [O#6]3 osb
but [C/Fe]~ [N/Fe]~ 0.0 (Wheeler et al. 1989), which dis- 0.0 05 10 15
places the trajectories to higher [N/Fe] and [O/Fe] values. Very [Na/Fe]

fe"‘.’ of the observed abundgnce ratios fal! between the;e trajl‘—a'l((f]_. 9.[Si/Fe] vs [Na/Fe] for R CrB stars and EHe stars. The symbols
tories. If the Fe abundance is representative of the original COlve the same meaning as in Eig. 8

position, the high N abundance implies further CNO-cycling
from He-burning products, which is required to account for the ¢ 1
high C/He. Since V CrA and DY Cen also have apparently lower | Dvcenk
metallicities than others, it is possible that the high [N/Fe] and 1
[O/Fe] may result from a depletion of Fe; a factor of 10 deple-
tion of Fe would convert a R CrB majority star into one of these , - verd %
minority members. E VSTERer X

VZSgr %

[Si/Fe]

5.2.4. Sodium and aluminium L g

Relative to Fe, Na and Al appear overabundant: [Na#-@]8 g o A 1
and [Al/Fe]~ 0.5. For the EHe stars, Al is similarly overabun- o - o E
dant but the status of Na is uncertain owing to a lack of data. A [ - L
remarkable resultis thatthere appearsto be nointrinsic scatterings o g 0.5 10 15 50 55
[Na/Fe] (Fig[®) and [Al/Fe] (Asplund et al. 1998) for the R CrB [S/Fe]

majorlty. The mllnquty R CrB stars extend from the cluster d(:T‘fig. 10.[Si/Fe] vs [S/Fe] for R CrB stars and EHe stars. The symbols
fined by the majority to higher [Na/Fe] and [Al/Fe], though the ve the same meaning as in Ei. 8
separation in [Al/Fe] is less distinct. Qualitatively, the Na anda

Al enrichments are as expected from material severely exposed
to H-burning: Na is enriched by proton capture’8Ne and Al gtars is clear. There is a hint that Ca is systematically enriched

T
o

by proton capture off Mg. in EHe stars or depleted in R CrB stars but additional observa-
tions are desirable; the Ca abundances are highly dependent on
5.2.5. Silicon, sulphur, calcium and nickel strong lines in both samples. Minority R CrB stars have higher

_ ) [Ca/Fe] ratios than the majority stars. Unfortunately, DY Cen’s
Fig.[10 shows that the combined sample of RCrB stars apd apundance is unknown.

EHe stars defines the linear relation [S.i/Ee_[lS/Fe]. For the Ni in the R CrB majority is overabundant ([Ni/F&] 0.6)

R CrB majority, [Si/Fe}~ [S/Fe]~ 0.6. Minority RCrB stars anq with a small dispersion, as shown in Eig. 12. The minority
are clearly offset in both [Si/Fe] and [S/Fe] from the majority crB stars on average have a higher [Ni/Fe]. The two EHe
with DY Cen remarkably outstanding. The EHe stars have tygers for which Ni abundances have been determined have a
ically slightly smaller [Si/Fe] and [S/Fe] ratios than the R CrBnean at the solar ratio. Since the sensitivities of thesdid Fa

majority. lines to atmospheric structure are quite similar, [Ni/Fe] cannot

The high [Si/Fe] and [S/Fe] ratios of the minority R CrBye reduced to the solar ratio by use of reasonable alternative
stars, DY Cen and possibly a couple of the EHe stars canpgtqels.

be due to either initial composition of the H-rich progenitor
or systematic errors. Either nuclear processing has enriched Si ) )
and S (relative to Fe) or chemical processes (e.g. a dust-ges®: Yitrium and barium

separation) have altered these ratios significantly. Inthe extrefg, |ight s-elements are represented in our analysis by Y and
cases of DY Cen and V CrA, Fe must have been depleted bysasome extent zr, while the heawyelements are present as
factor of almost 100 if neither Si nor S have been depleted. g with confirming lines of La in some cases. Our results show
According to FiglTl the dispersion in Ca/Fe for the R Cri 5t the heavy elements relative to Fe are overabundantin R CrB
majority is small and again the offset of the minority R CrByays: [Y/Fel~ 0.8 and [Ba/Fe}~ 0.4 for the majority, which
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Fig. 11.[Si/Fe] vs [Ca/Fe] for R CrB stars and EHe stars. The symbdig. 12.[Si/Fe] vs [Ni/Fe] for R CrB stars and EHe stars. The symbols
have the same meaning as in ffig. 8 have the same meaning as in Elg. 8

3.0F
suggests the presence of material exposegtocessing. There -
is no striking difference between the R CrB majority and mi-
nority. There is an intrinsic spread in the heavy element abun-2 oF ]
dances but with a correlation between the Y and Ba abundances [ ] 1
(Fig.[I3). Abundances of heavy elements are unfortunately not, - - Y e B
available for the hot EHe stars. Both the Y and Ba abundances L. ]
are anti-correlated with the H abundances, which presumably; .o | % vsrossgr 8
reflects the anti-correlation found between H and Fe, since Fe [ s e

2.5 N
r VZSgr % ]

>

is the seed nuclei fot-processing. 05r & a
Ba abundances in two RCrB stars have been studied to- ¢ . ]

gether with their Li abundances by Hunger et al. (1982). Our °°[ L ‘ ‘ 3

Ba/Fe ratios are 0.5-1.0 dex smaller which presumably reflects  -0.5 0.0 0.5 1.0

our much superior spectraand model atmospheres. Further com- (Ba/Fe]

parison is therefore difficult, though the overabundance of By 13 Thes-elements[Y/Fe] vs [Ba/Fe]in R CrB stars and EHe stars.

is clear in both cases. Vanture et al. (1999) find extraordinafye symbols have the same meaning as inFig. 8

over-abundances afelements in U Aqgr (e.g. [Y/Fe]=3.3 and

[Ba/Fe]=2.1), which are off-scale in Flg.113, even compared to

Sakurai’s object. However, these abundances are based only on

very strong lines in a very crowded spectrum and the results canlow metallicity and extreme abundance ratios, in particular

therefore be expected to be quite uncertain. as regards Si/Fe and S/Fe. The majority shows little star-to-
star scatter except for H, Li, O, Y and Ba.

2. The H abundance is anti-correlated with the abundance of
Fe for both the majority and the minority as well as for the

Given the carbon problem, we have to take all abundances de-EHe stars (Fid.]7).

rived for R CrB stars with balanced scepticism. However, varB. The Li abundance is high for four R CrB stars, which alll

ous tests seem to indicate that credibility, on the 0.2 dex level, belong to the majority group.

could be ascribed to abundance ratios. Furthermore, the signdfi- There are considerable enrichments of N and sometimes

cant differences between the abundance ratios of the R CrB starsalso of O (Fig[8).

and solar-type stars or halo dwarfs for many elements, as wéll Al/Fe, Na/Fe, Si/Fe and S/Fe exceed the solar values[Figs. 9

as between the two different groups of R CrB stars, are unlikely andZ10).

to vanish with any alternative model atmospheres. Thus, mafly Ca/Fe is about solar, though some minority stars have sig-

conclusions regarding the evolutionary history of the stars can nificantly higher ratios (Fig.11).

still be drawn, in spite of the uncertainties introduced by th&. Niis enriched relative to Fe (Fig.112).

o A
X VCrA
A

5.2.7. Summary of abundance trends

carbon problem. 8. The s-elements are enriched relative to Fe, the light
Among the different abundance trends found the following elements more than the heavier elements [Elg. 13).
are worth emphasizing: 9. The minority stars tend to show extreme positions along the

trends discussed above. Thus, they have in general high H,
1. TheR CrB stars can be divided into a homogeneous majority low Li, high N, O, Na, Al, Si, S, Ca, Ni and Zn abundances
group and a diverse minority, which is distinguished by a relative Fe (Figs.l7-12). This may possibly also be true for
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Y and Ba (Figl.IB). The scatter for the minority is greatesbvious H, C, N and O, both Na and Al seem to be enriched.

than for the majority. Also, the abundances of heavy elements are not indicative of
10. Judging by chemical composition, Sakurai’s object resemempositions of unevolved stars for which [Y/Fe[Ba/Fe]~

bles the R CrB stars (Asplund et al. 1997b, 1999), but 0 for disk and halo dwarfs down to [Fe/H] —2.

different aspects both the majority and the minority, which

is also true ofthe R CrB star V854 Cen (Asplund et al. 19988._1_2_ Dust-gas separation

Although some of these tendencies may be considerably @fre abundances in the interstellar medium (ISM) differ dis-
fected by systematic errors, e.g. departures from LTE, we judg@ctly from typical stellar abundances for many elements. This

them to be grossly real. has been attributed to a dust-gas separation: easily condensable
elements are tied up in dust grains. Similar abundance anomalies
6. Abundance analysis — interpretation which correlate with the ISM depletions have been observed in
) various post-AGB stars (cf. Lambert 1996). A probable mech-
6.1. The basic processes anism is that dust particles are removed from the gas which

Before interpreting the derived abundances in terms of the epglbSequently is accreted back onto the star. Considering the
lution for these H-deficient stars, one must first identify the vapOSt-AGB status of the R CrB and EHe stars and their peculiar

ious processes which may have been responsible for produdiiyndance ratios it is conceivable that their atmospheres have
the exotic chemical compositions of the stars. Clearly, R C/As0 been affected by depletion. _ _

and EHe stars are in late stages of stellar evolution and many [t IS clear that dust-gas separation, as it occurs in the ISM,

elemental abundances must have been affected by nucleo§@notexplainall of the observed abundance ratios in R CrB and
thesis during the lifetime of the stars. Furthermore, given tikdi€ stars. The degree to which this is so is, however, dependent
observational evidence that similarly (H-rich) luminous staf? whether the depletions observed in dense interstellar clouds
have photospheres depleted in elements that easily condéidg0se observed inintercloud regions are regarded more char-
into grains (cf. Lambert 1996), it is possible that also R crpgcteristic (cf. Jenkins 1987). If depletions characteristic of dense

stars have suffered a similar fate. The possible systematic er@f$ids are assumed to have occurred in R CrB stars, depletion

discussed in Se¢t.5.1 must also be keptin mind in the fouowi,f%a_nnot explain most of the abundance peculiarities found. Al-
though the high Na and S abundances could be consistent with

, . such a process, since they are little depleted in the ISM, the pro-

6.1.1. Comparison with halo stars posal fails as regards Al and Ca: both elements are among the
To be able to determine which nuclear and chemical proces8east severely depleted and more so than Fe, which would lead
have been at work in the stars, it is necessary to first eéﬂ_a smaller Al/Fe and Ca/Fe. Furthermore,the observed hlgh Si
mate the initial abundances. As already mentioned, the Spgeundances, in particular the extreme Si/Fe ratios of the minor-
troscopic Fe/C ratios together with the adopted C/He ratio sd@/_, are difficult to reconcile with such an explanation. With the
gest that the R CrB majority stars are only mildly metal-poofbserved ISM depletions inOph (Savage & Sembach 1996),
[Z(Fe)]~ —0.4. For Ca, which is not expected to be alterethe [Si/Fe] and [S/Fe] ratios in the R CrB stars would be raised
in connection with H- and He-burning, the abundance relati{@ give the wrong slope to the observed relation in[Eig. 10.
Fe in galactic disk dwarfs increases slowly with decreasing However, if the intercloud results (cf. Jenkins 1987) are re-
metallicity (Edvardsson et al. 1993). For the R CrB majoritgarded characteristic for the depletion of R CrB stars, abun-
[Ca/Fel~ 0.0 is as expected for stars with [Fe/H]—0.4. The dances of mostintermediate mass elements (Na, Al, Si, S, Ca, Ti,
lack of dispersion for R CrB stars is then consistent with the siffi€, Zn) for the majority come out roughly right (within about a
ilar lack in the dwarfs. For the minority stars an initial metaffactor of 2). The only exceptions are Mg, for which the observed
poor composition cannot, however, be invoked to explain t@®undance is about 1 dex lower than expected, and Ni, which
high [Ca/Fe]. is observed to be about 1 dex more abundant than the depletion

With decreasing [Fe/H] for disk and halo dwarfs, [Si/Fe] an@yPothesis would suggest. Mg is, however, only available for 4
[S/Fe] increase until [Fe/H} —1.0 after which they are con- Stars in the form of strong lines, while Ni may well have been
stant at the level [Si/Fe} [S/Fe]~ 0.4 (Wheeler et al. 1989). affected bys-processing, as will be discussed below.
At a given [Fe/H], there is essentially no intrinsic dispersion in Another possibility is that the depletions in a H-deficient and
the Si/Fe ratios for disk stars (Edvardsson et al. 1993). The higHich gas differ markedly from typical ISM depletions. We are
Si/Fe and S/Fe ratios for the minority R CrB stars are therefdigt aware of any published theoretical predictions of the effects
not consistent with the stars being initially metal-poor. The r&f dust-gas separation in such environments, and cannot draw
tios for the majority stars may also be too high to be pristin@nY decisive conclusions in this respectiédy the high Si/Fe

Neither can the high [Ni/Fe] ratios for either group be attributé@tios are problematic since C-rich gas is expected to condense
to an initial composition as [Ni/Fe} 0.0 for disk and halo into SiC. In C-rich environments, other likely condensates are

dwarfs (Edvardsson et al. 1993). graphite and amorphous carbon, TiC, Fe, AIN and CaS (Lodders
The remaining elements show definite marks of having be&rf-egley 1995), which again is not readily reconciled with the
influenced by nuclear and/or chemical processes. Besides @Rgerved abundances in R CrB stars.
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texp

In conclusion, it is not inconceivable that dust depletion hz%s . Na(t)vrdt, ®)

played a role in modifying the pre-R CrB star composition into’ 0
rather close agreement with the presently observed atmospheric

composition for elements from Na to Fe for the majority. ~ Where.Vy is the neutron density,r is the thermal velocity of
the neutrons, antl,,, is the duration of exposure to neutrons.

) The heavy element abundances relative to Fe for the majority
6.1.3. Nucleosynthesis are consistent with a mild neutron exposuge~ 0.1 mb~! for

Nucleosynthesis has clearly left its mark on the compositi@single exposure, while a valuemf~ 0.05 mb~" seems more
of the RCrB stars. The atmospheres seem to contain matefipropriate for an exponentially weighted exposure. According
exposed to H-burning, followed by episodes of partial He- af@ Malaney (1987a) the expected abundance ratios for a single
H-burning, as well as-processing. The presence of Li in som&Xposure of, ~ 0.1 mb~" are log (X/Fe)=-0.7, -1.7, -4.7, -4.6
stars furthermore requires Li-synthesis. Some of the other ov@fd -4.6, for X=Ni, Zn, Y, Zrand Ba, respectively; similar results
abundances, most notably of Si and S in the minority, may afdte expected for an exponential exposure (Malaney 1987b). The
call for additional nucleosynthesis. corresponding observed ratios are -0.7, -2.1, -4.4, -4.6 and -4.9.
Of particular interest are the relative abundances of C, Bpth types of exposures can also explain the otherwise prob-
and O as they give information on the relative amount of H- af@matically high Ni abundance, which suggests that the R CrB
He-burning. Since the N abundances exceed what is achievaBlBospheres consist mainly of material exposed to neutrons.
by complete conversion of the initial C+N+O through CNoSimilar or possibly slightly larger neutron exposures seem ap-
cycling even for the majority R CrB stars, it seems that the HBLOPriate for the minority stars, though in general the Ni/Fe
burning products required to account for the high C/He ratfgtios are more difficult to explain with exponential exposures
also provided additional C and O for a second episode of CNt-these stars. The high Sc abundance can also be explained by
cycling. Mass fractions of H- and He-burning products can eProcessing from Ca, as previously proposed for Sakurai's ob-
estimated from the observed C/N ratio. We can for the momd@€t (Asplund etal. 1997b, 1999) and FG Sge (Acker etal. 1982;
assume that N has been synthesized ftd@ produced in He- Gonzalez et al. 1998). The dispersion in Y and Ba abundances
burning; ON-cycling from freshly producedO is assumed not indicates that the amount efprocessing varies significantly.
to contribute significantly to the observed N. The observed C/EBe smaller dispersion in the Ni/Fe ratios compared with the
and N/Fe ratios for the majority then indicate that the atmd/Fe and Ba/Fe ratios is consistent with expectations fsem
spheres consist to about 2/3 of gas exposed to He-burning BFecessing with slightly different, (Malaney 1987a, 1987b).
1/3 of material which has further been exposed to hot protons. FOr the s-processing“C(a;,n)!°0 is a probable neutron
Additional support for a second phase of CNO-cyclingource. If the proton supply is large, CN-cycling will convert
comes from the high observed [Ne/Fe] ratios for the two starsPst of 2C to 1N, but if the protons are exhausted before the
our sample where it has been determined. A similar Ne enhang@mpletion of the cycle, a large amount'dC may result with
ment is also present in EHe stars. For V3795 Sgr and Y Ml @ high C abundance (Renzini 1990). Upon exposure to He-
the high [Ne/Fe] cannot be explained by a complete conversi#h 9as at high temperatur€C(a,n)' °O will be ignited, which
through a-captures on N from the initial C+N+O. Thus, waill thereby liberate free neutrons to be used grocessing.
conclude that a second phase of CNO-cycling has taken pl&®gshite the presence of neutron poisons suchlsit is not
from which the generatetfN has subsequently been exposei(glconceivablethat the available neutrons are sufficient. The con-
to a-particles and thereby produc&e. Further CNO-cycling Sumption of *C as a neutron source might prevent the isotope
would notbe demanded if Ne was produced naikaptures on from being observed; a conservative lower limit to the/'*C
14N seeds but througfO(a, v)2°Ne. The low Mg abundancesratio in RCrB isz 40 (Cottrell & Lambert 1982). An alterna-
argue against this possibility, siné\e should experience ad-tivé neutron source i&’Ne(«,n)*’Mg if the temperatures are
ditional a-captures and produééMg (e.g. Clayton 1968). higher. At least for Sakurai’s object, the required neutron expo-
The overabundances of Na and Al may have been produ&étie € 10 neutrons per Fe seed nuclei) and the low observed
through proton captures, either on the AGB or, at least in tMg/Feratio ¢ 1) are not consistent witffNe being the neutron
final-flash scenario, in connection with the ingestion of the KOUrce.
rich envelope (Sedf.8.2). Unless the Si/Fe and S/Fe ratios havel he existence of a Li-rich subgroup of the majority R CrB
been affected by dust-gas separation, the high ratios for &@rs places constraints on the proposed models for the formation
majority seem to call for additional nucleosynthesis; this is evéhthe stars. Mostlikely the stars have experienced Li-production
more the case for the minority R CrB stars with their extrenjBrough the Cameron-Fowler (197Be transport mechanism.
abundance ratios. An obvious choice for the responsible nucld8€ lack of a detectable Li abundance in most of the R CrB stars
reactions is not readily available. could either be due to inefficient Li-production or that Li has
A signature of the R CrB stars is the enhancements of tABCe again be destroyed by exposure to high temperatures. As

s-process elements. Theprocessing can be characterized bli-burning necessarily destroys Li, the observed Li must have
the neutron exposure defined by een synthesized during or after the events which turned the

stars into H-deficient stars.
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6.2. Evolutionary scenarios Table 7.Summary of the pros and cons of the double degenerate (DD)

. . and final flash (FF) scenarios in order to account for the observed
Two of the proposed explanations for the origin of the R Cr operties of the majority and minority R CrB stars. When only one

and EHe stars seem to be the most promising: the final-flaghtement is given it applies to both groups, otherwise it applies to
(here: FF, Renzini 1979) and the double degenerate (here: Mjority/minority, respectively

Webbink 1984) conjectures. In the first scenario, a post-AGB

star will experience a final He-shell flash after H-burning hagoperty DD FF
been extinguished, Whlph causes the H-rich enve!ope to be Mresent no? yes
gested and burnt. The liberated nuclear energy will expand {§¢s Fe anti-correlation 2 2
stellar envelope back to supergiant dimensions. The alternafiygresent sometimes in majority nolyes yes
scenario involves binary evolution: the immediate progenitotsHe yes no?/yes?
to the R CrB stars are assumed to be a pair of white dwarfg '3C yes no?
which has been formed through mass transfer and common digh N, O yes yes
velope episodes. If the pair is sufficiently close, emission bfgh Na, Al yes? yes
gravitational radiation will cause them to merge, which leads f#9h Si. S ? ?
ignition of He-burning and consequentinflation of the envelop&Process elements yes? yes

The pros and cons of the two scenarios have previously bégiindance uniformity/non-uniformity

A 5 °
discussed in detail by Renzini (1990), Saberner (1996) and . o malority/minority . no?lyes  yes/nor
. Similarity to Sakurai’s object no yes
Iben etal. (1996), butthe scenarios have not yet been confronfeg osities occasionally present yes? yes
with the observed abundances of a large sample of stars. Igigutionary time-scales yes no?
tempting to suppose thatitis not a coincidence that observati@Rgk of binarity yes no?

suggest two groups as theory provides two scenarios.
At least one H-deficient giant, Sakurai’'s object (Asplund

et al. 1999), has probably experienced a final flash. FG Sge, . , . .
which is likely also a FF object, may be H-deficient (GonzaJrvive the merger is questionable. The high C and O abun-

lez et al. 1998) and thus a new R CrB star. Other evidencdJCeS require mixing of material from the C-O white dwarf to
for FF objects comes from the H-deficient PNe Abell 30, 5 e atmosphere of the resulting glqnt. S|m|lr?1r mixing is usually
(V605 Aql/Nova Agl 1919) and 78. The FF scenario also akrought to occur ona O-Ne-Mg white dwarf in order to account
counts for the presence of nebulosities around some R CrB sfgf4he composition of ejecta from a neon nova. Production of Li
(R CrB and UW Cen). According to Sohberner (1996), how- IS unllkely_. The scenario naturglly explains the L_Jnobsei*\?élj_
ever, the life-times of the R CrB stars predicted by the FF scalCe the isotopic abundance is very low following He-burning.
nario are too short. H-deficient giants formed through a merg-g?e nuclear Processes tha_t will occur in connection with the
are predicted to have longer life-times since their He-burnifger9ing are difficult to predict. One may speculate that e

is stable rather than occurring as a flash. The DD scenario dfs8C€SS might synthesize the intermediate mass elements Na-S,
naturally explains the fact that no R CrB or EHe star has be@fProposed in connection with novae on O-Ne-Mg white dwarfs
identified to be part of a binary system (but note the recent sp&c2!itano et al. 1995). According to Politano et al. (1995), Mg
ulation that R CrB may be a binary system, Rao et al. 199 ,d Ca shogld also be produced in S|gn|ﬂcanft amounts, WhICh
while the observed nebulosities may possibly have formed dt fsagrees W't_h the solar Mg/Fe and ngFe ratlc_)s for the major-
ing the merger process. The question is now whether decisiye e minority stars seem to have higher ratios however. In

clues concerning the origin of the R CrB stars are provided );e merger of the He white dwarf with _the C_'O white dwar_f,
the observed abundances. répeatedv-captures may also occur, which might produce sig-

Unfortunately, the lack of detailed predictions of aburflificant amounts of*Siand’?S. Itrequires, however, a burning

9 .
dances in the different scenarios makes comparisons with fymperature of= 10° K (Hashimoto et al. 1983). Such temper-

served abundance ratios not fully conclusive. Only two FF mo@tures are higher than achieved in the simplified modelling of
ite dwarf mergers by Iben (1990) by at least a factor of two.

els have been discussed in the literature (lben & MacDoné(Y(ﬁ‘ . . . .
1995: Herwig et al. 1999) but with incomplete nucleosynthesi-ghe alternative that the abundances of the intermediate nuclei
e.g. neither Li-production nos-processing was investigated2€ determined by gas-dust separation cannot be excluded, but
For the DD scenario, the resulting chemical composition figr the DP scenario this is then expected to occur after.the
quantitatively unknown, and especially so if nucleosynthegﬁer,ger' since the merger can be assumed to I(_aad to SQCh violent
occurs during or after the merger process. mixing processes that distorted abundance ratios confined to the
Here, we shall first discuss observed abundances within fijface layers are probably considerably reduced. It is proba-
DD scenario. Accretion of a He white dwarf onto a C-O whit@!y more difficult to account for the-process elements within
dwarf directly explains the high He and N abundances in R CFBe DD scenario, unless they are inherited from previous AGB
stars, as well as possibly the enrichment of Na and Al, whi ases. . .
may have resided on the He white dwarf. A thin H-layer may A final He-shell flash naturally explains the high C and O

have been present on the He white dwarf, but whether H C%l‘r)]undances as products of He-burning. The high N abundances
seem to require that additional N has been synthesized from



308 M. Asplund et al.: The R Coronae Borealis stars — atmospheres and abundances

He-burning products, possibly through CN-cycling during this unfortunately too cool to allow an estimate. Such C/He ratios
final flash. Proton captures can also account for the high Wauld be in better agreement with theoretical expectations of
and Al abundances while unburnt H may still be present in tittee FF event.
atmospheres. As shown by Sakurai’s object, Li production may Unfortunately not much guidance can be obtained from a
occur. A potential fatal failure for the FF scenario is the higbomparison with the EHe stars and the three hot R CrB stars. It
observed'?C/*3C ratio in R CrB stars, since production of Nis clear that the EHe and the R CrB stars resemble each other
through CN-cycling should also have resulted in large quantitissgeneral, though there are significant differences for certain
of 13C. According to Renzini (1990), the scenario might belements, most notably for N and Ca and perhaps also Ni. It still
saved if, after H-burning has ceasédC is brought to higher seems plausible that the two classes share a common evolution-
temperatures due to the convective shell from He-burning. Themy background. However, the situation for the hot R CrB stars
it may react witha-particles and liberate free neutrons to bare far more confusing. DY Cen seems to be an extreme member
used for the necessasyprocessing!“N may survive in spite of the minority group. V348 Sgr has a C/He ratio of 45%, which
of the destruction ot3C, since the former only undergoas is more representative of the Wolf-Rayet central stars and the
captures at higher temperatures. The difficulty inthe FF scenafiG@ 1159 stars (Leuenhagen & Hamann 1994). MV Sgr on the
to account for the abundances of the intermediate elements rother hand has a very low C/He ratiolo§ - 10~* and thus more
be solved by invoking gas-dust separation. As discussed abaimilar to the two peculiar EHe stars V652 Her and HD 144941
the high Si/Fe is, however, not readily incorporated into such effery 1996). Both V348 Sgr and MV Sgr are also in other
scheme. respects dissimilar to the R CrB stars in terms of chemical com-
Another objection to the FF scenario voiced by &uherner position. Here, we must therefore refrain from suggesting par-
(1996) is the expected C/He ratiez (5% — 10% by number, ticular evolutionary links between all the different groups of
Iben & MacDonald 1995). Though C/He is poorly known foH-deficient stars.
R CrB stars, a ratio larger than 3% is ruled out for the ma-
jority, unless the metallicity of the R CrB stars is assumed to i
exceed the solar value. Transformation of the superfluous C'toc0nclusions and challenges

O througha-capture starting with C/He 10% is not an option Qur attempts to decide what sequence of events that may turn
as it would be in conflict with the observed C/O ratio. Furthektars into R CrB stars have reached only preliminary conclu-
more, recent modelling which includes convective overshootdfbns. This is partly due to intrinsic problems in our analysis,
a parametrized way (Herwig et al. 1997, 1999) rather suggegit more so due to the lack of detailed predictions of the nu-
ahigherC/He ratio; the intershell abundances which becom@péar processing and dredge-up in the different formation sce-
visible after H-ingestion have C/He30%. narios suggested. Furthermore, the knowledge about processes
As s clear from the above discussion, anidentification of thgat could modify the chemical compositions of these stars dur-
R CrB stars with one of the two scenarios is not straightforwariglg their evolution is insufficient. We find it astonishing that, in
The situation is summarized in Table 7. Clearly there is an egpite of considerable discussion on the origin of R CrB stars,
barrasing richness of question marks for the various argumeﬁy@.y few models with predictions of abundances have been pro-
In particular, neither scenario is directly able to account for thgiced. Among the most urgent needs are studies of the resulting
observed abundances of the intermediate mass elements oM ratios, of Li-production and carbon isotopic ratios, and of
anti-correlation between the H and Fe abundances. HoweyRg possible production of intermediate elements during a final
considering that nebulosities have been detected surroundqishell flash. For the merger scenario again the production
the majority stars R CrB and UW Cen (Gillett et al. 1986; Pobf intermediate elements needs further exploration, as well as
lacco et al. 1991) and that four members show presence of 44,Li and s-elements. Studies of dust formation and chemical
itis tempting to associate the majority with final-flash objectprocesses in H-deficient, C-rich environments should also be
One might speculate that the DD scenario then is responsibleigtiertaken, before more safe conclusions may be drawn con-
the minority. Whether it can produce the necessary intermedigtgning the role of dust-gas separation. To improve the chemical
mass elements and theelements remains to be shown. analysis non-LTE calculations should be performed for key el-
A possible problem with identifying the majority with theements like N, O, Si, S and Fe.
FF scenario is posed by Sakurai's object. The star has somea significant result of the present study is the discovery of
characteristics of both groups, as is also true for V854 Cen (Afe intrinsic inconsistency in our analysis between the input
plund et al. 1998). The two stars are distinctly overabundantdfd derived carbon abundances, a discrepancy which amounts
e.g. Na/Fe, like the minority, but are not distinguished by vegy on average 0.6 dex. This quite significant “carbon problem”
high Si/Fe and S/Fe ratios, which otherwise normally define thgs not been resolved here. Its regularity indicates a general
minority members. Perhaps, all R CrB stars are FF objects R@lution, not very much dependent on individual stellar param-
other processes introduce the extreme abundance ratios ofgfe@s. Among the various explanations discussed we find the hy-
minority? However, there are some indication that the minoribbthesis of severe departures from standard “classical’ model
stars V3795 Sgr and VZ Sgr have higher C/He ratios than 1%mospheres or systematic errors in the curtgivalues for
This is also true for V854 Cen (Asplund et al. 1998) and Sakg1 most probable. The phenomenon should be explored fur-
rai’s object (Asplund et al. 1999); the last minority star V CrAher with semi-empirical model atmospheres. Also, spectra of
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(H-rich) F supergiants should be studied in attempts to traGélett F.C., Backman D.E., Beichman C., Neugebauer G., 1986, ApJ
similar effects. 310, 842

On the basis of the present knowledge of the consequengéass |.S., Lawson W.A., Laney C.D., 1994, MNRAS 270, 347
of the two proposed formation scenarios, as well as of dust_?g;zalez G.,LambertD.L., Wallerstein G., etal., 1998, ApJS 114,133

separation, no single scenario is able to explain even the g‘r);SSR'G" Carretta E., Eriksson K., Gustafsson B., 1999, A&A, in

jority groyp. This may be bec?‘”.se the present preliminary LEfevesse N., Sauval A.J., 1998, Inbkech C., Huber M.C.E., Solanki
derstanding of the scenarios is incomplete or erroneous. EvenS.K_, von Steiger R. (eds) Solar composition and its evolution —

as probable, however, seems the possibility that there is Some-fom core to corona. Kluwer. Dordrecht p. 161

thing fundamental that we do not understand concerning thes@tafsson B., Asplund M., 1996, In: Jeffery C.S., Heber U. (eds.)
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