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ABSTRACT. This year marks the bicentennial of the discovery of the variability of R Coronae Borealis.
The R Coronae Borealis (RCB) stars are distinguished from other hydrogen-deficient objects by their
spectacular dust-formation episodes. They may decline by up to 8 magnitudes in a few weeks, revealing a
rich emission-line spectrum. Their atmospheres have unusual abundances with very little hydrogen and an
overabundance of carbon and nitrogen. The RCB stars are thought to be the product of a final helium shell
flash or the coalescence of a binary white-dwarf system. Dust may form in non-equilibrium conditions
created behind shocks caused by pulsations in the atmospheres of these stars. The RCB stars are interesting
and important, first because they represent a rare, or short-lived stage of stellar evolution, and second
because these stars regularly produce large amounts of dust so they are laboratories for the study of dust

formation and evolution.

1. INTRODUCTION

The R Coronae Borealis (RCB) stars exhibit some of the
most spectacular behavior seen in any class of variable stars.
Their atmospheres are extremely hydrogen deficient and car-
bon rich. They are apparently of low mass yet high luminos-
ity, and at irregular intervals they manufacture thick dust
clouds which can completely obscure the photosphere of the
star. During these dust formation episodes, the brightness of
the star can decrease by up to 8 magnitudes in a few weeks
revealing a rich emission-line spectrum. Perhaps because of
this, RCB stars attracted early attention from astronomers. It
is exactly 200 years since the prototype of the class, R Coro-
nae Borealis, previously observed to be about 6th magnitude,
was discovered to be missing from the sky (Pigott 1797). R
CrB reappeared later in 1795, returning to maximum light
only to fade again. In 1890, Espin, observed large changes in
the strength of the Swan bands of C, in R CrB (see Berman
1935). And just after the turn of the century, the absence of H
v and the G-band in the spectrum of R CrB was noticed
(Ludendorff 1906; Cannon 1912). However, it was not until
the comprehensive spectroscopic study of Berman (1935)
that it was accepted that the reason for the weak Balmer lines
was hydrogen deficiency (Bidelman 1986). The emission
lines associated with RCB star declines were first studied by
Joy and Humason (1923). The generally accepted model for
dust formation was suggested over a half a century ago
(Loreta 1934; O’Keefe 1939). As O’Keefe says, “It is shown
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that the shape of the light curve of R Coronae Borealis and
its spectral variations at minimum can be accounted for by
supposing it to eject matter which condenses at a consider-
able distance and forms obscuring clouds. The solid matter is
believed to be principally carbon.” Even now, after two cen-
turies of observation, many aspects of the RCB phenomenon
remain mysterious including the details of the dust formation
mechanism, the evolutionary status of RCB stars and the
nature of their emission-line regions.

There has not been a general review on the subject of
RCB stars for twenty years (Feast 1975), although there have
been valuable reviews of various aspects of these stars (Feast
1979, 1986, 1990, 1996; Lambert 1986; Walker 1986;
Fadeyev 1986; Hill 1987; Efimov 1988; Renzini 1990; Lam-
bert and Rao 1994; Jeffery 1994). When the last general
review was written, only three major spectroscopic studies of
RCB star declines had been published (Herbig 1949; Payne-
Gaposchkin 1963; Alexander et al. 1972). The available ob-
servational database has increased greatly in the last two de-
cades particularly at UV and IR wavelengths. Spectroscopic
data from several additional declines have been published
(e.g., Cottrell et al. 1990; Clayton et al. 1992a,b, 1993a,
1995a; Lawson 1992; Rao and Lambert 1993a,b). Even now,
spectroscopic data are only available for the three brightest
RCB stars, R CrB, RY Sagittarii, and V854 Centauri. In ad-
dition, much IR and visible photometry, and polarimetry of
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declines have been obtained (e.g., Feast et al. 1977; Menzies
1986; Feast 1990; Clayton et al. 1995b).

In this review I will attempt to summarize the available
observational data, analysis, and modeling to give a picture
of our present understanding of these enigmatic stars.

2. HOW MANY RCB STARS?

The hydrogen-deficient stars also include the extreme he-
lium (EHe) stars and the hydrogen-deficient carbon (HdC)
stars. These stars are all supergiants ranging in spectral type
from B to G with very little hydrogen in their atmospheres.
The HAC stars are distinguished from the RCB stars by the
absence of large-scale variability and IR excesses. The EHe
stars are hotter and with the exception of three RCB-like
stars do not show large-scale variability. Four of the EHe
stars are spectroscopic binaries. These stars, the so-called
hydrogen-deficient binaries, differ from the single EHe stars
in that they have a much higher nitrogen-to-carbon abun-
dance (Drilling 1986). The binaries are thought to be young
Population I stars unrelated to the other hydrogen-deficient
stars. None of the HAC or RCB stars is known to be binary.
Several RCB stars have close companions although no
physical connection has been established (Milone 1995). At
least some of the EHe stars and all RCB stars seem to be
pulsational variables (Lawson and Kilkenny 1996).

Despite their eye-catching lightcurve and spectral behav-
ior, the number of known RCB stars is small. The General
Catalog of Variable Stars (GCVS) lists 26 stars as RCB
(Kholopov 1985). Other recent lists of RCB and HdC stars
are contained in Bidelman (1979) (45 stars), and Drilling and
Hill (1986) (29 stars). The most recent list of known or sus-
pected RCB stars contains 40 stars (Milone 1990). Outside
the Galaxy, only 3 RCB stars, all members of the LMC, are
known (Feast 1972). Until recently, many stars designated
RCB had not been spectroscopically verified. Many turn out
to be symbiotic, cataclysmic, or semi-regular variables (Law-
son and Cottrell 1990a). Much of this sorely needed spectro-
scopic work has been performed by Kilkenny and collabora-
tors (see references to Tables 1 and 2). New data since 1990
concerning the identification of these stars are summarized in
Tables 1 and 2. Stars believed or suspected to be RCB stars
are listed in Table 1. Table 2 lists stars previously thought to
be RCB stars but which are now believed to be other types of
objects. There are also three hot extreme helium (EHe) stars,
MYV Sagittarii, V348 Sagittarii and DY Centauri, which show
RCB-like behavior. They are included in Table 1. Several
interesting objects that may be related to the RCB stars are
not included in Table 1. They are:

(a) V605 Aquilae which showed an RCB-like the spec-
trum during its 1919 outburst. It is the central star of the
planetary nebula AS8 (van den Bergh 1971; Bidelman 1973;
Bond et al. 1993).

(b) 7 Carinae which in 1893 showed a spectrum reminis-
cent of an RCB star at maximum light (Bidelman 1993).

(c) FG Sagittae which may be evolving into an RCB
phase (e.g., Jurcsik 1993).

TABLE 1
Spectroscopically Confirmed RCB stars

Name  GCVS Type «(2000)  5(2000) Max  Spec. Refl  Notes?
DY Per SR 023505 4560912 126 1,2 *
XX Cam RCB 040839 4532139 87 345678 *
HV 5637 051132 675600 158 9,10 *
W Men RCB 052624 711112 138 91011121314  *
HV 12842 . 054503 642424 137 10,1215 *
SU Tau RCB 054906 +190400 9.5 3.59 .
UX Ant RCB? 105709 -372342 122 311167 *
UW Gen RCB 124317 543142 96 3,1118
Y Mus RCB 130548 653045 10.5 3,11,19 *
DY Cen RCB 132532 -541448 120 11,2021 *
V854 Gen 143449 393319 7.0 3,22 *
Z UMi M? 150131 4830300 110 23

S Aps RCB 150924 720345 9.6 9,11

R CrB RCB 154834 4280925 58  3,4,512,2425.26

RT Nor RCB 162420 592048 113 3,127

RZ Nor RCB 163236 -531554 111 311,28

V517 Oph Lb 171520 -290524 126 29 N
V1773 Oph RCB 171722 -202236 168 11 b
V1783 Sgr Lb 180450 -324312 125 30 -
GM Ser RCB 180836 -150400 120 11 *
WX CrA RCB 180852 -371936 110 11,27

V739 Sgr Is? 181313  -301616 140 30 -
V3795 Sgr 181324 254654 115 331 -
VZ Sgr Isa? 181508 -294234 118 327 *
RS Tel RCB 18 18 51 -46 32 51 9.3 3.5,11,27

GU Sgr RCB 182415 241524 113 311,27 .
V348 Sgr 184019 225431 106 27,32,3334 *
MV Sgr RCB 184432 205718 120 11,3536 *
FH Sct L 184516 092548 134 337

V CrA RCB 184732 -38093L 94 311,27 *
SV Sge L? 190812 +173739 115 5

V1157 Sgr M 191012 -202943 125 30

RY Sgr RCB 191633 333119 65  3.4,5,38,39

V482 Cyg ? 195044 +335830 121 327,40 N
V1405 Cyg - 215731 +535342 155 11 *
U Agqr RCB? 220320 -163733 105 27,41,42 *
UV Cas RCB 230213 4593642 118 32743

1Spectroscopic References:
1) Alksnis 1994; 2) Dominy 1985; 3) Lambert and Rao 1994; 4) Cottrell and Lambert
1982; 5) Bidelman 1953; 6) Rao, Ashok, and Kulkarni 1980; 7) Walker 1986; 8) Orlov
and Rodriguez 1974; 9) Feast 1972; 10) Feast 1979; 11) Milone 1990; 12) Pollard et
al. 1994; 13) Feast 1956; 14) Rodgers 1970; 15) Morgan, Nandy, and Rao 1986; 16)
Kilkenny and Westerhuys 1990; 17) Lawson et al. 1994; 18) Giridhar and Rao 1986;
19) Stephenson 1978; 20) Pollacco and Hill 1991; 21) Jeffery and Heber 1993; 22)
Kilkenny and Marang 1989; 23) Benson et al. 1994; 24) Berman 1935; 25) Searle 1961;
26) Keenan and Greenstein 1963; 27) Bidelman 1979; 28) Feast 1975; 29) Kilkenny
et al. 1992; 30) Lloyd Evans, Kilkenny and van Wyk 1991; 31) Hoffleit 1972; 32)
Jeffery 1995; 33) Leuenhagen, Heber, and Jeffery 1994; 34) Dahari and Osterbrock
1984; 35) Jeffery et al. 1988; 36) Herbig 1964; 37) Feast 1992; 38) Danziger 1965; 39)
Alexander et al. 1972; 40) Rao and Lambert 1993b; 41) Malaney 1986; 42) Bond et
al. 1979; 43) Orlov and Rodriguez 1981

2Notes to Table 1
© DY Per: Possible new RCB star. Minima in 1991, 1993 and 1995 (Mattei 1995,
personal communication).
¢ XX Cam: Very inactive. No IR excess. Since 1898, only one small decline (~ 1.7
mag) (Yuin 1948).
o W Men, HV 5637, HV 12842: LLMC stars.
e HV 5637: Infrequent declines and uncertain IR excess (Glass et al. 1994).
© Y Mus: No declines recently but has IR excess (Clayton 1994; Walker 1986).
o DY Cen, MV Sgr, V348 Sgr: Hot RCB stars.
@ V854 Cen, V CrA, VZ Sgr, V3795 Sgr, U Aqr: Unusual abundances (Bond et al.
1979; Lambert 1986; Lambert and Rao 1994).
© V1773 Oph, GM Ser, V1405 Cyg: There is no

blished

spect i
of these stars.



TABLE 2
Stars Previously Identified as RCB Stars

Name GCVS Type New Type  «(2000) £(2000) Max Spec. Ref.

DZ And RCB? ? 003236 +260121 100 1,2

SY Hyi RCB? SR 021711 -792522 134 3

HV 12671 Symbiotic 054844 673613 14.5 4,5,6,7
MT Pup RCB? cv 075409 -143842 150 8

V803 Cen AM CVn 132345 -414430 13.2 9,10,11,12
Z Cir RCB? LPV 135101 -702814 120 12,13
V504 Cen L cv 141249 -402112 120 14

AE Cir RCB Symbiotic 144452 692336 122 12,1516
LR Sco SR SR 172756 -435048 109 17,18
V731 Sco  RCB? 7 173321 -323412 129 19,20
V973 Oph RCB? Me 173724 -271248 126 19,21,22
V589 Sgr  RCB? Symbiotic? 180515 -344442 142 23

V618 Sgr  RCB Mira? 180757 -362936 11.0 8
V1860 Sgr RCB? 7 182128 -244506 13.5 12,19
V433Cas M Mira? 232517 4612000 145 24

Spectroscopic Referer ~es:

1) Orlov and Rodriguez 1975; 2) Rao 1980; 3) Lawson et al. 1989; 4) Lawson et al. 1990;
5) Feast and Webster 1974; 6) Cowley and Hartwick 1989; 7) Allen 1980; 8) Kilkenny
1989b; 9) Elvius 1975; 10) O’Donoghue, Menzies, and Hill 1987; 11) Westin 1980; 12)
Milone 1990; 13) Feast 1965; 14) Kilkenny and Lloyd Evans 1989; 15) Kilkenny 1989a; 16)
Lawson and Cottrell 1990a; 17) Giridhar, Rao and Lambert 1990; 18) Stephenson 1978;
19) Feast 1975; 20) Paolantonio and Calderon 1993; 21) Feast 1992; 22) Koen, Lloyd Evans
and Kilkenny 1995; 23) Kilkenny 1995, personal communication; 24) Rosino, Bianchini,
and Martino 1976

(d) The HAC stars which are similar to the RCB stars
spectroscopically but do not show declines or IR excesses
(Warner 1967). Schonberner (1996) points out that FG Sge is
not hydrogen deficient so it is not a good RCB candidate.

The sample, as listed in Table 1, is certainly incomplete.
The surveys for RCB stars have been magnitude limited.
Consider the case of V854 Cen. This star is the third bright-
est RCB in the sky at 7th magnitude yet it was discovered
only in the last decade (McNaught and Dawes 1986). It was
generally fainter than 13th magnitude and no brighter than
10th from 1913 to 1952 so it does not appear in the HD, CPD
or SAO catalogs (Wenzel et al. 1986; McNaught
1986).Jomaron et al. (1994) have begun a project to find new
RCB stars using Infrared Astronomical Satellite (IRAS) col-
ors to select candidates. The MACHO database of LMC
fields is also being searched for new RCB stars. Three can-
didates have been found so far (Clayton 1996, unpublished
data).

Hydrogen-deficient stars are very rare. In addition to the
RCB stars, there are 20 EHe stars, and five HAC stars known
(Drilling 1986). The paucity of HdC stars is no doubt due to
the difficulty of recognizing these stars without the large
variability which causes the RCB stars to stand out. Taking
this into account, there may be up to 1000 HAC stars in the
Galaxy (Warner 1967). Beyond their numbers, the distribu-
tion of these stars on the sky and their radial velocities give
clues to their origin. The space distribution and radial veloci-
ties of the HAC and EHe stars are similar to those of distant
planetary nebulae implying that these stars are a bulge popu-
lation (Drilling 1986). However, the five HAC stars have
large proper motions, possibly indicating space velocities as
high as 400 km s !, more representative of a halo population
(Warner 1967). The distribution and velocities of the RCB
stars also tend toward those of the bulge population but the
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data are not as compelling. In the discussion following Drill-
ing’s paper, it is reported that new data show that the radial
velocities of the RCB stars are significantly lower than those
of the EHe stars. The scale heights for these two groups of
stars have been derived as z=1700 pc for the EHe stars and
400 pc for the RCB stars (Iben and Tutukov 1985). So while
the EHe stars seem to be bulge/Population II stars, the RCB
stars may be more like old disk/Population I stars. These data
are summarized in Jeffery et al. (1987), who point out that
there is a clear division between high and low velocity stars
at Teir = 12,000 K. There is no known explanation for this
apparent correlation between effective temperature and Ga-
lactic orbital velocity. However, for the hydrogen-deficient
binaries, the scale height is less than 200 pc and the radial
velocities strongly imply young disk/Population I stars. The
sample of RCB stars is biased toward higher Galactic lati-
tudes but most RCB stars were detected in magnitude-
limited surveys so reddened stars in the Galactic plane would
have been missed (Lawson et al. 1990; Lawson and Cottrell
1990b). The data on velocities and distributions, although
somewhat ambiguous, indicate that the various groups of hy-
drogen deficient stars may not be closely related.

The distances and absolute magnitudes of RCB stars are
completely dependent on 3 stars in the LMC (Feast 1979).
Using their apparent magnitudes and the known distance of
the LMC, an absolute magnitude of My~ —4 to —5 is de-
duced for the RCB stars. This assumes that all RCB stars, in
the Galaxy and in the LMC, have the same absolute magni-
tude. No distances are known for Galactic RCB stars (See
Rao and Lambert 1993b for a discussion). The parallaxes of
several RCB stars are being measured as part of the
HIPPARCOS mission.

3. RCB STARS FROM OBSERVATIONS

From an observational point of view, an RCB star can be
identified as having all of the following characteristics:

1. The stellar spectrum looks like an F or G supergiant
with anomalously strong carbon, and weak or absent hydro-
gen absorption features. Three hot RCB stars are known
which have B-type spectra.

2. All RCB stars are variable at maximum light, typically
with periods of 40-100 days and amplitudes of a few tenths
of a magnitude. In most if not all cases, these variations are
due to pulsations.

3. Deep declines of up to 8 magnitudes in the visible
occur without warning at irregular intervals. The star spends
most of its time at maximum light with declines occurring
every few years. The decline is sharp. The star typically ex-
periences a drop in brightness of several magnitudes in a few
weeks. The star may remain faint for an extended period or
have several recoveries and declines in succession. Often the
final rise back to maximum light is slow taking several
months to a year.

5. As the star fades at the onset of a decline, a rich
emission-line spectrum always appears consisting of singly
ionized and neutral metals. This narrow-line spectrum fades
after a couple of weeks leaving a few broad emission lines,
notably, Call H and K, Na1 D, and Mg 11 h and k.
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FiG. 1—The spectra of Z UMi (upper spectrum) and R CrB (lower spec-
trum). R CrB is at maximum light. Z UMi is recovering from a decline but
the stellar continuum is visible. The C, and CN bands are marked. Strong
Na1 D emission is seen in Z UMi. (From Benson et al. 1994; © American
Astronomical Society, reproduced with permission.)

6. All RCB stars have a near-IR excess due to circumstel-
lar dust. Many are also detected at JRAS wavelengths.

3.1 At Maximum Light
3.1.1 Stellar Spectra and Abundances

Early studies of RCB stars at or near maximum light
showed that the typical spectrum looks like a F or G super-
giant with a few important differences (Berman 1935, R
CrB; Searle 1961, R CrB; Keenan and Greenstein 1963, R
CrB; Danziger 1965, RY Sgr). The Balmer lines are very
weak or absent. The spectrum contains many lines of neutral
atomic carbon, and bands of C, and CN (see Fig. 1). RCB
stars are thought to be slow rotators although there is only
one measurement in the literature. For R CrB, Uesugi and
Fukuda (1970) find v sin i~ 18 km s~ '. Until recently, high-
resolution, fine abundance analyses existed for only 3 RCB
stars, R CrB, XX Camelopardalis, and RY Sgr (Cottrell and
Lambert 1982a; Schonberner 1975; Jones 1991). Pollard et
al. (1994) add to this sample with fine abundances for SU
Tauri, HV 12842, and W Mensae. The latter two stars are
members of the LMC. Also, Lambert and Rao (1994) report
preliminary results on a sample of 18 RCB stars. A good
review of the earlier abundance work is contained in Lam-
bert (1986). The RCB stars are characterized by extreme
hydrogen deficiency and an overabundance of carbon. In
general, C/H =10, [C/Fe] ~1, [X/Fe] ~ solar for most
other species up to iron-peak elements and >C/*C=100
(Pollard et al. 1994). Lambert and Rao (1994) with their
larger sample find that 14 of 18 RCB stars have quite similar
compositions. In this group, only hydrogen and lithium
abundances vary strongly from star to star. On average, hy-
drogen is under-abundant by about 10° and carbon is over-
abundant by a factor of 10 compared to solar. Nitrogen and
sodium are also over-abundant. Among the four RCB stars
that have unusual compositions, V854 Cen, V Coronae Aus-
tralis, VZ Sagittarii, and V3795 Sagittarii, two are relatively
hydrogen rich and all are iron poor. They also show high
S/Fe and Si/Fe ratios. The hydrogen deficiency for V854 Cen
is ~0.1 and for V CrA, it is ~0.01 (Lambert and Rao 1994).
Strong Balmer lines and possibly CH bands are seen in the
spectrum of V854 Cen (Kilkenny and Marang 1989; Lawson

and Cottrell 1989). The hot RCB star, DY Cen, also has a
relatively high hydrogen content (Jeffery and Heber 1993).
Another RCB with very unusual abundances, which is not
included in the Lambert and Rao sample, is U Aquarii (Bond
et al. 1979).

3.1.2 Pulsations

All RCB stars measured thus far seem to be pulsating
variables (Feast 1975; Fernie et al. 1986; Lawson et al. 1990,
1993; Lawson and Kilkenny 1996). However, global radial
pulsations have been confirmed in only a few stars. In par-
ticular, two stars, RY Sgr and V854 Cen, have well-
determined regular pulsations of 38 and 43 days, respec-
tively. It has been suggested that similar photometric
variations could result from the action of a few large convec-
tion cells (Wdowiak 1975; Feast 1996) but it is not clear that
the action of these cells would produce the observed bright-
ness and color changes. Long-term photometry on 15 RCB
stars is presented and summarized in Lawson et al. (1990,
1994). The periods generally lie between 40 and 100 days.
RY Sgr has the best characterized pulsation period of ~ 38
days which is semi-regular in both duration and amplitude.
This period is an average period and in any individual cycle,
the times between maxima may differ by 20% or more.
However, Fourier analysis shows that the pulsations are es-
sentially constant in period and amplitude (Lawson 1996,
personal communication). The times of the color maxima
lead the light maxima by about 4 days. Several attempts have
been made to explain variations in the O—C plane for RY Sgr
in terms of a decreasing or regularly varying pulsation period
(Marraco and Milesi 1982; Kilkenny 1982; Lawson and Cot-
trell 1988, 1990c). However, recently Lombard and Koen
(1993) find that the observed O-C variations are random.
Lawson et al. (1990) found an additional periodicity in RY
Sgr of ~ 55 days duration that seems to be irregular in
amplitude perhaps due to beating with the 38 day period.
Unlike RY Sgr, R CrB does not have a single dominant pul-
sation period. The light curve of R CrB has been closely
followed from 1986 to 1993 (Fernie et al. 1986; Fernie 1989;
1990a,b; 1991; Fernie and Lawson 1993; Fernie and Seager
1994). In addition, fragmentary observations are available
from 1971 to 1990 (Fernie 1982; Lawson 1991). Analysis of
these data shows that periods of 44 and 52 days are most
strongly present with one or the other dominating from year
to year. There isn’t a long-enough baseline to relate these
changes to the variations in dust formation activity. How-
ever, there were declines in 1985-86 and 1988-89 around
the times where the dominant pulsational periods were
switching (Clayton et al. 1995b).

Radial-velocity variations have been studied in detail for
only four RCB stars, R CrB, RY Sgr, V854 Cen and UX
Antliae (Lawson and Cottrell 1989; Lawson et al. 1991,
Fernie and Lawson 1993; Lawson et al. 1994). Lawson and
Kilkenny (1996) present preliminary results of a radial-
velocity survey of RCB stars. They find typical peak-to-peak
variations in radial velocity and brightness to be 10-20
kms~! and 0.2-0.3 mag, respectively. The ratio of radial-
velocity amplitude to brightness amplitude increases with
temperature. RY Sgr shows the largest radial-velocity varia-
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FiG. 2—Light curve of V854 Cen from 1989-1991. Note the frequent occurrence of declines spaced 43 days apart, which are correlated with pulsation phase.
(From Lawson et al. 1992; © Royal Astronomical Society, reproduced with permission.)

tions (Av~40 kms™!) of any RCB star (Lawson et al.
1991). UV data show a much smaller range of radial velocity
variations (Av~13 km s™!) (Clayton et al. 1994). The UV-
velocity amplitude found for RY Sgr exceeds that observed
in R CrB (Av~6 kms™!) (Holm and Doherty 1988) by
about a factor of 2, roughly the ratio of observed velocity
variations in the visible. Fernie and Lawson (1993) point out
that the ratio of velocity amplitude to V-band amplitude is
similar in both stars. The amplitude of radial-velocity varia-
tions in V854 Cen and UX Ant are much smaller.

Line splitting due to photosphertic shocks in RY Sgr spec-
tra was first noted by Danziger (1963). The absorption lines
split at certain phases, related to the 38 day pulsation period
of the star (Cottrell and Lambert 1982b; Lawson 1986; Cot-
trell et al. 1988; Lawson et al. 1991). Many strong lines are
split. Just before the lines split, the spectrum takes on a
“washed out” look. Lawson et al. (1991) found that the line
splitting event may last 16-20 days (0.4-0.5 of a cycle)
after which it returns to normal. The onset of the splitting
phase occurs near the B — V maximum. Thus far, this phe-
nomenon has been detected only in RY Sgr which has the
most extreme radial-velocity variations among the RCB
stars.

3.2 In Decline
3.2.1 The Light Curve

The nature of the visible light curve has been well char-
acterized. Both R CrB and RY Sgr have been monitored for
over a century. The historical AAVSO light curve of R CrB
from 1843 to 1990 is shown in Mayall (1960), and Mattei et
al. (1991). The RY Sgr light curve is shown in Mayall

(1972), and Mattei et al. (1993). These light curves are typi-
cal of those seen for other RCB stars. The recent light curve
for V854 Cen in shown in Fig. 2. RCB stars are true irregular
variables. They spend a majority of their time at maximum
light with a characteristic time between declines of about
1100 days (Feast 1986). The initial decline is sudden and
steep, and the brightness of the star can drop by up to 8
magnitudes in a few weeks. The decline is often character-
ized by a series of standstills, partial recoveries and subse-
quent declines, followed by a final slow recovery to maxi-
mum light. The rises and falls in brightness to local maxima
and minima during a particular decline are often as steep as
the initial decline and occur on time scales of about a month.
During the final recovery, the star may take months or years
to return to maximum light. Each successive drop in bright-
ness within a decline is caused by new dust formation. These
episodes of dust formation often seem to occur on successive
pulsation cycles of the star. This can be seen for V854 Cen in
Fig. 2.

There have been many searches for regular patterns in
RCB declines (Sterne 1935; Lukatskaya 1975; Tempesti and
De Santis 1975; Howarth 1977, 1978; Goncharova et al.
1983; Rosenbush 1986; Percy et al. 1987; Dick and Walker
1991; Clayton et al. 1993b). If dust formation is related to
stellar rotation or some kind of binary interaction, then de-
clines might occur at regular intervals. These studies are in
agreement that those RCB stars (R CrB, RY Sgr, SU Tau, S
Apodis) which have been followed for long periods of time,
experience declines at irregular intervals.

Strong evidence for a physical connection between the
RCB star and the condensing dust comes from the correla-
tion between pulsational phase and the time of decline onset
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found for RY Sgr and V854 Cen which show fairly regular
pulsation cycles of 38 and 43 days, respectively (Pugach
1977; Lawson et al. 1992). As can be seen in Fig. 2, the light
curve of V854 Cen in 1990-91 experiences several succes-
sive declines separated by about 43 days (Lawson et al.
1992). Pugach (1977) and Goncharova et al. (1983) find that
fadings of R CrB tend to begin in a restricted range of phase
from statistical studies of observed fadings. Goncharova et
al. (1983) and Goncharova (1985; 1989) found that the de-
clines of R CrB are locked to three different periods. How-
ever, more recent studies find no significant correlation
(Percy et al. 1987; Lawson 1991; Fernie and Seager 1994).
Another possible connection with dust formation and pulsa-
tions is seen in bandstrength variations of C, and CN which
are correlated with pulsational phase in R CrB (Clayton et al.
1995b) and RY Sgr (Lloyd Evans 1986). An RCB star can
form dust over random spots on the stellar surface during
every pulsation cycle and still appear to be a true irregular
variable.

Cottrell et al. (1990) found that early in a decline the
B—YV colors may appear redder or bluer than at maximum
light. The colors vary depending on how much of the photo-
sphere and emission regions are obscured by dust, by the
optical depth of the dust, and by the relative strength of the
emission lines. Sometimes very early in a decline, the colors
are unchanged at first and then become bluer. This could
occur if the forming cloud is smaller than the photosphere
and some unreddened starlight is still visible (Cottrell et al.
1990; Feast 1990). Red declines occur if the forming cloud
covers the entire photosphere.

3.2.2 The Decline Spectrum

Even now, extensive and simultaneous photometric and
spectroscopic coverage is available for only two RCB de-
clines, the 1967 decline of RY Sgr (Alexander et al. 1972),
and the 1988 decline of R CrB (Cottrell et al. 1990). How-
ever, fragmentary data are available for more than ten de-
clines of R CrB, RY Sgr and V854 Cen (e.g., Spite and Spite
1979; Rao et al. 1990; Lambert et al. 1990; Lawson 1992;
Lawson et al. 1992; Clayton et al. 1992b; Rao and Lambert
1993a,b; Asplund 1995). However, since only three stars
have been studied, little can be said about the general behav-
ior of RCB stars. In fact, V854 Cen shows significant spec-
tral differences from R CrB and RY Sgr during declines.

As the photospheric light is extinguished by the forming
dust cloud, a rich narrow-line (~50 km s™!) emission spec-
trum appears. In the visible, this spectrum consists of many
lines of neutral and singly ionized metals (Payne-Gaposchkin
1963; Alexander et al. 1972). Most of the lines in this spec-
trum, referred to as E1 (Alexander et al. 1972), are short-
lived and within two or three weeks, they have faded and are
replaced by a simpler broad-line (BL) (100-200 kms™)
spectrum. The narrow lines are slightly blueshifted (~ 10
kms™!) from the stellar radial velocity (Spite and Spite
1979; Cottrell et al. 1990). Some of the early-decline emis-
sion lines remain strong for an extended period of time.
These lines, also narrow and referred to as E2, are primarily
multiplets of Scn and Tim. In particular, the Scu (7)
A4246 line remains very strong. The E2 lines are primarily

LI e
T T T

2 0-0)

R
warp  Talphe

1.00e+04|

C2(0-1)
—

COUNTS

n
L—wm—ﬁ'

— T i o v il
LI e
I I I I I

5.00e+03|

0.00e+00
15.000

10.000

% POL

LI B L LA SRR N N LA

5.000|

TTTT

i

7 .586+02

Liaaald

5.00e+02]

Q*COUNTS

2.50e+02]

LI LR L I

5

vl b b b b

0.00e+00
4000. 4500. 5000. 5500. 6000. 6500. 7000.

WAVELENGTH (A)

FiG. 3—The (a) spectrum, (b) polarization, and (c) polarized flux of V854
Cen during a deep decline in 1991. The continuum is highly polarized while
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low excitation. There are many C I absorption lines which fill
in but never go into emission (Alexander et al. 1972). This
phenomena is often described as “veiling” of the photo-
spheric absorption spectrum (e.g., Lambert et al. 1990). The
Balmer lines, which are typically very weak due to the hy-
drogen deficiency in these stars, do not go into emission
except in the case of the relatively hydrogen-rich V854 Cen.
The late-decline BL spectrum is dominated by five strong
lines, Ca 1t H and K, the Na1 D lines and a line at 3888 A
which is likely to be He 1 (Feast 1975). This broad-line (BL)
emission spectrum remains visible until the star returns to
maximum light and the photospheric continuum regains
dominance. In some declines, the Swan bands of C, are seen
in emission (Payne-Gaposchkin 1963; Whitney et al. 1992;
Rao and Lambert 1993b) (see Fig. 3). There are also several
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FiG. 4—International Ultraviolet Explorer spectra of V854 Cen. The upper
panel shows a spectrum at maximum light while the lower panel shows a
late decline spectrum. The inset shows the entire maximum light spectrum.
Note that emission is seen even at maximum light.



unidentified features including a broad emission feature
(> 200 A) lying under the Na 1D lines (Whitney et al. 1992;
Asplund 1995), and a number of broad features in V854 Cen.
Several of these features seem to correspond to emission
features seen in the Red Rectangle (Rao and Lambert
1993c).

The UV spectrum undergoes a very similar evolution
(Evans et al. 1985; Holm et al. 1987; Clayton et al. 1992b)
(see Fig. 4). The very early-decline UV spectrum (E1) shows
blends of many emission lines which form a pseudo-
continuum. The Mg I doublet is present but not yet strong.
The strong apparent absorption at 2650 A is an absence of
emission similar to that seen in the solar chromosphere
(Holm et al. 1987). With time, the early-decline spectrum
begins to fade and be replaced by the late-decline spectrum.
These spectra (E2) still show much blended emission but
Mg 11, Mg I A2852, and some of the Fe I lines have become
relatively stronger. The late-decline (BL) spectrum is charac-
terized by blended emission from multiplets of Fen (2)
N2400, Fe 11 (1) N2600, Fe 11 (62, 63) A2750, as well as from
Mg1l and Mg1 The UV decline spectra of V854 Cen are
also quite different from R CrB and RY Sgr. These spectra
show strong emission from C 1] A2325 and C 1 A2965 which
are not seen in the other stars (Clayton et al. 1992a,b; Clay-
ton et al. 1993a).

Very little IR spectroscopic data exist. The 3-3.5 um
spectrum of R CrB is featureless (Nandy et al. 1986). Three
RCB stars (R CrB, RY Sgr, V854 Cen) were observed from
8-22 um with the Low Resolution Spectrometer (LRS) on
IRAS (Walker 1985, 1986; Clayton et al. 1995a). Buss et al.
(1993) investigated the mid-IR (5-23 um) spectrum of R
CrB. When a blackbody continuum is subtracted from these
spectra, some small apparent emission features are present at
6.3, 8-9, and 11.3 um. The low resolution and signal to
noise of these spectra preclude identification of these fea-
tures. Recently, Clayton et al. (1995a) re-observed R CrB,
RY Sgr, and V854 Cen at 8.6 um to look for the Cg¢ feature
at that wavelength. No features were found.

Very few quantitative measurements have been made of
emission line strengths during declines. Herbig (1949) mea-
sured the Call H and K lines of R CrB during the 1948
decline and found that their strength peaked when the star
had faded about 6 magnitudes below maximum. By the time
the star reached minimum light at V~ 14 mag, the intensity
of the H and K lines had dropped by a factor of 5. Holm et
al. (1987) followed the C 11 A 1335 emission strength through
the 1983 decline of R CrB and found that within the errors,
the flux remained constant at the level measured at maximum
light. Clayton et al. (1992b) measured the peak of the emis-
sion above the apparent continuum in spectra from the 1983
and 1988 declines of R CrB, the 1982 and 1990 declines of
RY Sgr, and the 1991 decline of V854 Cen. The Mg II peak
flux remains constant in R CrB even 200 days into a decline.
However, in RY Sgr and V854 Cen, the emission strength
decreases after about 100 days of the decline in a manner
similar to that seen by Herbig in the Ca 11 H and K lines for
R CrB in 1948. This fading of the Mg and Call lines,
which are part of the BL emission, indicates that the BL
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region can be significantly but not completely eclipsed by
dust in some declines.

Emission from circumstellar gas, typically seen only dur-
ing declines, is present at all times and is not necessarily part
of the dust-formation process. At maximum light, the visible-
light stellar continuum swamps the emission spectrum but in
the UV where the stellar continuum is much fainter, emission
at C1 A 1335 has been detected at maximum light in R CrB,
RY Sgr and V854 Cen (Holm and Wu 1982; Holm et al.
1987). This is shown in Fig. 4. Rao et al. (1981) report that
emission is visible at Mg II in a very noisy high-resolution
spectrum of R CrB at maximum. No emission is seen at
Mg 11 in RY Sgr in a much higher S/N spectrum (Clayton et
al. 1994). Lambert et al. (1990) have found Sc II emission
filling in the core of a photospheric line in R CrB at maxi-
mum.

Spectroscopic observations at or before the beginning of a
decline have found no evidence for spectral changes (e.g.,
Cottrell et al. 1990; Lawson 1992). However, high-velocity
absorption lines have been seen in observations early in de-
clines and again just before return to maximum light (Alex-
ander et al. 1972; Cottrell et al. 1990; Clayton et al. 1992a,
1993a; Vanture and Wallerstein 1995). These absorption lines
have velocities of about 200 km s™!. Recent observations of
V854 Cen at Ha and in the Na1 D lines (Rao and Lambert
1993a; Clayton et al. 1993a) show very complicated emis-
sion profiles. These lines have Full Width Zero Intensities of
700-950 km s~ ! and show high-velocity absorption compo-
nents which change with time. Clayton et al. (1993a) find
one component of NaI D in V854 Cen which is blueshifted
by 390 km 5™, a velocity 2 to 4 times that usually associated
with components during declines of RCB stars. This is
shown in Fig. 5. Changes in molecular bandstrengths (C,
and CN) have been associated with declines. Payne-
Gaposchkin (1963) found that the emission faded and the
absorption bands were 50% stronger at minimum light than
at maximum. Lambert et al. (1990), and Rao et al. (1990)
also report that the absorption bands are stronger at mini-
mum in R CrB. On the other hand, Herbig (1949) reports no
significant difference between the molecular bandstrengths at
maximum and minimum light. Recent long-term monitoring
of R CrB shows that 50% bandstrength variations are typical
of those due to pulsations occurring at maximum light (Clay-
ton et al. 1995b). However, some of the strongest measured
bandstrengths are associated with declines or suspected dust
formation episodes.

Mass loss is indicated by observations of the Hel
A 10830 line in R CrB when it was recovering from a decline
and later at maximum light. The line had a P Cygni profile
extending to —240 km s™! (Querci and Querci 1978; Zirin
1982). Clayton et al. (1994) find similar structure in the
Mg 11 A2800 lines for RY Sgr and R CrB. In both compo-
nents of Mg 1, there is an absorption from about —100 to
—200 km s ™!, This corresponds well to the blueshifted ab-
sorptions seen at times in RCB stars. These features may be
associated with gas being dragged along with the dust as it is
blown away from the star by radiation pressure or perhaps by
a stellar wind.

Extinction curves finally confirmed the suggestion of
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O’Keefe (1939) that the dust causing the declines in RCB
stars is carbon rich. The UV extinction curve for RY Sgr has
a peak in the 2400-2500 A range which can be fit well by
amorphous carbon dust (Holm et al. 1982; Hecht et al. 1984;
Wright 1989; Hecht 1991). Since then several studies have
confirmed and extended this result. Hecht et al. (1984) found
that the extinction curves for dust measured during minima
of R CrB and RY Sgr are consistent with extinction from
glassy or amorphous carbon grains with a size distribution of
0.005-0.06 um. Similar extinction curves have been found
for RY Sgr (Clayton et al. 1992b), R CrB (Holm et al. 1987;
Holm and Doherty 1988), V348 Sgr (Drilling and Schén-
berner 1989; Drilling et al. 1996) and MV Sgr (Evans et al.
1985). Jeffery (1995) considered the UV extinction proper-
ties of other carbon materials such as fullerenes.

3.2.3 Infrared Emission

Near-IR photometry of RCB stars has produced two inter-
esting results (Feast et al. 1977; Feast 1979, 1990). First,
during a decline, while the V-band (photospheric) brightness
is plummeting, the L-band brightness which is dominated by
dust emission shows no significant increase or decrease, and
continues to mirror the pulsational variations of the photo-
sphere (Feast 1979) (see Fig. 6). This implies that only a
small amount of dust is produced in any one decline and that
it does not form in a complete shell around the star. Rather
the dust apparently forms only over a small solid angle of the
stellar surface (Forrest et al. 1971; Feast 1986). Second, large
long-term brightness variations in -the near-IR are seen in
RCB stars (Forrest et al. 1971; Strecker 1975; Glass 1978).

years, show semi-periodic variations of 1-2 magnitudes with
characteristic periods of one to several thousand days (Men-
zies 1986; Feast 1990). The simplest explanation for these
variations is that the amount of dust produced by RCB stars
varies greatly on time scales of a few years. An increase of 2
magnitudes in IR luminosity indicates that the amount of
warm dust may have increased by 6 or more times. The
amount of IR re-radiation is significant ranging from roughly
10% to 50% of the total radiation (Humphreys and Ney
1974). Therefore, one would expect some kind of correlation
between IR brightness and decline activity. If dust is ejected
randomly, then the correlation might be quite weak as de-
clines occur during some episodes of active dust formation,
as measured by IR brightness, and not others. Observations
covering about 19 years for RY Sgr and about 11 years for R
CrB have been published (Menzies 1986; Feast 1986, 1990).
In this dataset, there is no obvious correlation between the IR
brightness and frequency of declines. For example, Menzies
(1986) predicted a decline of RY Sgr for 1986 based on an
increase in its IR brightness. RY Sgr did not decline until
1990. However, UW Centauri was IR bright during two de-
cline phases and faint during two lengthy periods at maxi-
mum light (Feast 1990). Glass et al. (1994) find similar long-
term variations in two of the LMC RCB stars and found a
possible correlation between the IR brightness and decline
activity for W Men. If the visible and IR behavior are not
correlated then there is a large amount of dust being pro-
duced around the star but not along the line of sight. This
might occur if dust is ejected preferentially at the equator or
the poles. One RCB star, Y Muscae, has not experienced any
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FIG. 6—V-band (lower curve), J-band (middle curve) and L-band (upper curve) photometry through a decline of RY Sgr. The V band is mostly stellar flux
while the emission in the L band is primarily due to circumstellar dust. (From Feast, 1979; © Univ. of Waikato, reproduced with permission.)

a hot dust shell similar to those seen in other active RCB
stars (Walker 1986; Milone 1990). Therefore, Y Mus is regu-
larly producing dust but rarely along the line of sight towards
us.

Ground-based and IRAS photometry indicate that dust
around RCB stars has a temperature range of ~650-900 K
(Kilkenny and Whittet 1984; Walker 1986). The IRAS data
for 16 RCB stars have been re-examined (Walker 1994).
Four stars (R CrB, RY Sgr, V CrA, and UW Cen) show
evidence of resolved fossil dust shells. The largest is the R
CrB shell which is 20’ in diameter. This corresponds to about
a parsec at the assumed distance of R CrB (Rao and Nandy
1986). This shell, which was formed from 10* to 10° years
ago, is not related to the present mass loss (Gillett et al.
1986). An unsuccessful search was recently made in the fos-
sil shell for HI emission at 21 cm (Clayton 1996, unpub-
lished data). V348 Sgr and UW Cen have resolved dust
shells seen in reflected starlight (Pollacco et al. 1990; Pol-
lacco et al. 1991). The UW Cen shell is quite asymmetrical
and possibly shows two sets of diagonally opposed jets cen-
tered on the star.

3.2.4 Polarization

Starlight becomes polarized when it scatters off circums-
tellar gas and dust. This polarized component becomes rela-
tively more important during RCB declines when direct un-
polarized starlight is obscured by dust along the line of sight.
Large polarizations have been measured in several declines
(Serkowski and Kruszewski 1969; Coyne and Shawl 1973;
Stanford et al. 1988; Efimov 1990; Whitney et al. 1992).
Coyne and Shawl found large polarization variations associ-
ated with a brightness minimum of R CrB in 1972. During a
decline of 7 magnitudes, the polarization rose from 0.29% to
3.29% in the B band over 3 weeks. Whitney et al. (1992)
observed V854 Cen during a deep decline (Am = 8.2) and
found a very high continuum polarization, ranging from 14%
at 4200 A to about 4% at 6500 A . The broad emission lines
were unpolarized, so this emission is seen directly and not
scattered by dust (see Fig. 3). Feast (1986) and Fadeyev
(1988) argue that the emission present in deep declines is not
associated with a static ‘“‘chromosphere,” but with other
clouds previously ejected. The unpolarized emission lines
suggest a picture of an emission region separate from the
clouds. However, if the emitting gas were mixed in with the
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dust clouds it would likely have less polarization than the
continuum flux which is scattered photospheric radiation, so
emission from the dust clouds is not completely ruled out by
these observations. In such a deep minimum, the visible con-
tinuum flux is almost entirely scattered light, resulting in its
high polarization. The scattered flux may arise in the same
clouds contributing to the observed IR flux if the albedo is
low and the grains forward throwing (Whitney et al. 1992).
The blue part of the spectrum is probably all scattered light
since the polarization is so high (Pp~14%) and the star so
faint. The decrease to longer wavelengths could be due to
dilution by unscattered flux, since the optical depth would be
smaller. Or it could be caused by scattering from dust grains
which have a particular size distribution. The wavelength
dependence is similar to that seen by Coyne and Shawl
which was a good fit to scattering from 0.05 um graphite
particles. They found that the wavelength dependence varied
with time during a decline in R CrB. They suggested that this
was due to evolution of the dust grain size distribution.
Hecht et al. (1984) suggest that evolution of the dust grains
takes place soon after they are formed, stopping by the time
the cloud begins to disperse.

Stanford et al. (1988) found evidence from polarization
observations of three declines that there may be a preferred
plane for the dust ejections in R CrB. Clayton et al. (1995b)
using data from two additional declines of R CrB find that
the evidence for a preferred plane is less compelling. During
declines, the fraction of flux scattered from dust around the
star seems to be relatively constant at ~1073 to 107*F,
(Whitney et al. 1992; Clayton et al. 1995b). Outside of de-
clines, there is evidence in R CrB for significant variations at
a level of 0.1%. A polarization of about 0.1% would be ex-
pected due to scattering from an optically thick blob with a
diameter of 20°-30° as seen from the star (Code and Whit-
ney 1995).

4. UNDERSTANDING RCB STARS

Before considering models of RCB stars in detail, here is
a summary of the observational data described above:

* Most RCB stars are F or G supergiants with T, = 5000-
7000 K.

* Hydrogen is extremely under-abundant, carbon and nitro-
gen are over-abundant.

* RCB’s are single stars.
* RCB star declines occur at irregular intervals.

* All RCB stars show small semi-regular brightness varia-
tions which may be due to pulsations.

* A correlation is seen between pulsational phase and decline
onset for RY Sgr and V854 Cen but not for R CrB.

* No spectroscopic changes are seen before decline onset.

* High-velocity blueshifted absorptions are seen up to —390
kms~! in Ha and Na1D lines during declines.

* He 1, Mg 11 show blueshifted absorptions.
» E1+ E2 emission is blueshifted ~ 10 kms™".
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FiG. 7—Scenario for 20 R, dust formation. In this scenario, dust forms at a
distance of ~20 R, when the gas reaches the condensation temperature of
carbon. The cloud then moves away due to radiation pressure, expanding to
cover the photosphere and parts of the emission regions.

* At decline onset, colors may become bluer or redder than at
maximum light.

¢ Initial decline is 3—6 mag in about 50 days.

* Fast or slow recoveries and/or multiple declines follow.
Final recovery may be slow.

¢ E1 emission fades in 10-30 days.

¢ E2 emission fades in 50-150 days.

¢ BL emission fades but never disappears.

* E1, E2, and BL emission lines appear in every decline.

* E1 emission consists of singly ionized and neutral metals.
* E2 emission is primarily multiplets of Sc 1f and Ti II

* The BL spectrum in the visible is dominated by Ca 11 H and
K, the Na1 D lines and He 1 A3888.

» Some emission lines are always present even at maximum
light.

* BL emission lines are unpolarized.
* IR emission from dust does not vary during declines.

* IR emission from dust shows large variations on a time
scale of years.

¢ IR brightness and decline frequency may not be well cor-
related.

¢ Polarimetry implies the fraction of scattered light is
1073-107F,,.

* Several RCB stars have large fossil dust shells.
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Fi1G. 8—Scenario for Near-Star dust formation. In this scenario, dust forms
near the star and moves quickly away due to radiation pressure, expanding
to cover the photosphere and parts of the emission regions. Small dust
clouds may form during each pulsation cycle of the star. Declines only occur
when a cloud forms along the line of sight.

4.1 Dust Formation

To cause a decline, dust must either form along or pass
into the line of sight to an RCB star but polarimetry and IR
photometry both indicate that dust is generally present
around the star even when there is none between us and the
star. Clouds of dust orbiting an RCB star have been proposed
to account for these observations but this model has diffi-
culty fitting the observational data (Forrest et al. 1972; Wing

“et al. 1972; Hartmann and Apruzese 1976). The passage of a
dust cloud across the star is not consistent with the structure
of the decline light curve nor with the evidence for grain
evolution (Hecht et al. 1984). So dust ejection from a sec-
ondary star in a binary system must be invoked to make this
model viable. However, there is no evidence of binarity in
RCB stars.

A second, more likely model involves dust forming from
material lost from the RCB star itself (see Figs. 7 and 8).
This model has a long history (Loreta 1934; O’Keefe 1939).
A simple ejection model has been developed assuming ho-
mogeneous nucleation of carbon dust in thermodynamic
equilibrium (Fadeyev 1986, 1988; Feast 1986). In this
model, shown in Fig. 7, mass is lost and moves away from
the star until it reaches the condensation temperature of car-
bon dust (~1500 K) at =20 R, . The dust cloud is large
enough to eclipse the photosphere of the star as seen from
Earth, subtending a cone angle at the star of perhaps 20° to
40°. The dust, once formed, blows away from the star by
radiation pressure, eventually dissipating and allowing the
stellar photosphere to reappear. The dust forms locally in a
patch or puff not as a complete shell. At any given time,
there may be a number of puffs arranged around the star. As
the photosphere is eclipsed by the expanding cloud, an emis-
sion spectrum is revealed, which is produced by gas dragged
along with the dust moving away from the star. Most of the
emission lines quickly fade as the gas is eclipsed in turn.
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While simple, the 20 R, condensation model has severe
problems. As pointed out by Fadeyev (1988), the most seri-
ous is the relationship between pulsation phase and decline
onset which is seen in at least two RCB stars. If real, this
correlation implies a physical connection between the stellar
atmosphere and the location of dust formation. This is hard
to imagine for dust forming at 20 R, . Then, there is the
question of how mass is lost from the stars and moved to the
condensation point. There is some evidence from Hel
A10830 and Mg 11 A2800 for something like a stellar wind
(Feast 1990; Clayton et al. 1994). The most compelling evi-
dence against the 20 R, dust formation scenario is in the
structure of the RCB decline light curve. The time scales for
the rise and fall in the brightness of the star, and the appear-
ance and disappearance of the emission lines give informa-
tion on the sizes of the forming cloud and the emission line
regions, and the acceleration and dispersal times of the dust
(Clayton et al. 1992b; Whitney et al. 1993; Goeres 1996). We
know that the E1 emission appears in every decline so there
is a maximum size to the forming dust cloud. Using the
standard assumptions for the forming dust at 20 R, | the tim-
ing of the E1 fading implies that the cloud always forms at
~ 90% but never more than 100% of the size of the El
region before expanding to cover it. Finally, typical declines
are characterized by both fast and slow recoveries to maxi-
mum light. Dust formed at 20 R, cannot explain the fast
recovery times because the dissipation time is too long.

Many of these problems disappear if we assume that dust
forms near the photosphere (~2R,) and blows away from
the star by radiation pressure. This model is shown in Fig. 8.
This was originally suggested by Payne-Gaposchkin (1963)
who proposed that the dust formed in the upper atmosphere
of the star under the “‘chromosphere.” Dust forming near the
star naturally forms a cloud with a maximum extent about
the size of the star. If the cloud is forming from material at a
large distance from the star, there is no a priori constraint on
the cloud size. Dust forming near the star feels a radiation
force several hundred times greater than at 20 R, and will
accelerate quickly away from the star, so there is no need for
a separate mass loss mechanism. This can easily account for
the ~200 km s™! velocities seen in the blueshifted absorp-
tion features. Assuming the grains move away radially due to
radiation pressure, then the time scale for cloud dissipation
can be used to calculate the absolute distance of the dust
(Pugach 1990; Whitney et al. 1993). These calculations find
that typically the dust cloud is at a distance of about 10 R, at
50 days into a decline in agreement with the near-star sce-
nario. This model can easily explain both fast and slow re-
covery times in the light curve. However, for a prolonged
decline, successive dust formation episodes are required. The
main drawback of the near-star model is the dust condensa-
tion temperature. Assuming thermodynamic equilibrium, it is
much too hot to form dust. However, the conditions near the
star are far from thermodynamic equilibrium allowing the
possibility of dust formation.

Carbon nucleation in RCB stars may differ in some re-
spects from that occurring in the outflows of mass-losing red
giants (Goeres and Sedlmayr 1992; Whitney et al. 1993;
Clayton et al. 1995a). First, in RCB stars the nucleation will
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proceed in the presence of much smaller amounts of hydro-
gen than in red-giants where the hydrogen abundances are
normal (Lambert 1986). Second, a few percent condensable
carbon is present in RCB stars, two orders of magnitude
greater than in red-giants. Finally, the condensation tempera-
ture of carbon in the absence of hydrogen is considerably
higher than it is in the presence of hydrocarbons (Donn
1967).

Shocks have been detected in the atmosphere of one RCB
star, RY Sgr. If RCB stars have shocks propagating through
their outer atmospheres, they will cause local density en-
hancements, and encourage nonequilibrium conditions. The
carbon chemistry under these conditions has been described
by Goeres and Sedlmayr (1992) and Woitke et al. (1995).
During the passage of a shock, a fluid element is first heated
and compressed, then re-expands, cooling adiabatically.
When the effects of non-LTE radiative heating and cooling
via free-free, bound-free, and line transitions (both atoms and
molecules) are taken into account, the preconditions for car-
bon nucleation may be temporarily present. The chemistry of
an RCB star envelope is completely dominated by a gas of
pure carbon embedded in a background of inert helium (Go-
eres and Sedlmayr 1992). As soon as polar molecules be-
come abundant in the gas, they begin to dominate radiative
heating and cooling. Carbon monoxide (CO) plays an over-
whelming role since it is the most abundant polar molecule
by two orders of magnitude (Woitke et al. 1995). CO forma-
tion can begin at temperatures as high as 5000 K. The CO
cools very efficiently and temperatures in the CO clouds may
drop to below 2000 K (Ayres 1981; Woitke et al. 1995). Dust
then forms from carbon chains and clusters. Once formed in
optically thick clouds, the dust can be self-shielding. Such
conditions present locally over the surface of the star could
form a “puff” of carbon dust which then is ejected by radia-
tion pressure. The observed time scales for RCB dust forma-
tion fit in well with those calculated by the carbon chemistry
model (Feast 1986; Woitke et al. 1995). These conditions for
dust formation could be improved if the puffs form over
giant convection cells in the RCB star atmosphere (Wdowiak
1975). The linchpin of the carbon chemistry scenario is the
CO, yet there is no published detection for an RCB star.
Unsuccessful searches at various wavelengths have been
made for CO in several RCB stars including R CrB and RY
Sgr (Wilson et al. 1973; Munch et al. 1973; Zuckerman et al.
1978; Knapp et al. 1982; Lambert 1986; Zuckerman & Dyck
1986; Wannier et al. 1990; Rao et al. 1991). However, Z
UM is reported to show strong CO bands (Rao 1995, per-
sonal communication).

Feast (1990, 1996) has updated the 20 R, condensation
model and attempted to deal with some of its weaknesses. He
suggests that the mass loss is a slow Eddington-driven out-
flow of material. Asplund and Gustafsson (1996) suggest that
RCB stars may be super-Eddington. The emission lines do
show a blueshift of about 10 km s™!. In this model, the gas
forms a shell at =20 R, . When the density of the shell
becomes high enough, dust condenses (Feast 1990). Alterna-
tively, the dust forms in instabilities in the flow (Feast 1996).
This is similar to the nonequilibrium model outlined above.
A recent model of dust formation in a flow in carbon stars is

contained in Egan and Leung (1995). Once formed, dust
blows away through radiation pressure. In this model, the IR
flux and frequency of declines should be well correlated. The
IR flux and the number of declines should first rise as the
dust forms in the shell and then fall as the dust disperses
until the shell refills with gas and a new cycle begins. Fi-
nally, Feast (1996) offers several alternative mechanisms to
account for fast recoveries in the decline light curve in the 20
R, condensation model. He favors stellar flux scattered by
electrons in the outer uneclipsed portion of the stellar atmo-
sphere. This is unlikely since we know from polarization
studies that the fraction of stellar light scattered (by electrons
or dust) towards us seems rather constant at about 107 °F
(Clayton et al. 1995b). So small increases in the brightness
of the star due to pulsations cannot account for fast recover-
ies of several magnitudes unless pulsations or changes in
atmospheric structure allow a fair fraction of the photosphere
to appear above the edge of the eclipsing cloud. The mass
loss rates from both the 2 and 20 R, models are about
1076-10""M oyr~! assuming 5 to 10 puffs per year (Feast
1986; Clayton et al. 1992b).

4.2 Emission Lines

The nature of the emission-line region or regions is not
well understood. This emission, often described as ““chromo-
spheric,” does not look anything like chromospheric emis-
sion in other stars. The observational evidence indicates that
emission lines are always present and there is no evidence
for variations related to shock heating such as is seen in
Miras (Brugel et al. 1986; Clayton et al. 1994). The small
blueshift of the narrow emission lines suggests that they
could be part of the proposed super-Eddington flow but not
the much faster (~200 km s~ ') expansion of the dust clouds.
The observed width of the broad emission lines and their
blueshifted absorptions are consistent with the dust-cloud ve-
locities. However, the BL emitting region may be kinemati-
cally similar to the E1+E2 regions if the lines are broadened
due to high optical depths in the BL lines. Clayton et al.
(1992a) found large emission measures for the UV BL lines.
If n, is about 10° cm™? then the implied high optical depth
may result in significant broadening of the BL lines. These
broad emission lines are unpolarized so they are either oc-
cupy a separate volume from the dust clouds or are mixed
with the dust so that the geometry produces no net polariza-
tion.

The fading of the emission lines during declines makes
sense if the star is surrounded by three somewhat distinct
emission regions responsible for the E1, E2, and BL emis-
sion, with the E1 emitting region having the smallest radius,
followed by the E2 emitting region, and then the BL region.
The E1+E2 emission has always been considered separate
from the BL emission because of the large difference in line
widths. Based on the conclusion of dust formation near the
star and the assumptions of Sec. 4.1, the E1 region is calcu-
lated to have a radius of about 1.5-2 R, . The E2 region is
about 5 times as large and the BL region somewhat larger
still.

Clayton et al. (1992a) find the emission measure loci of
Mg, Si1, and C 1] are consistent only for electron densi-



ties near 2X10'° cm™3 and the emitting regions might have
characteristic electron temperatures near 6000 K. These tem-
peratures are typical of the line-forming regions of red giants
(Judge 1986). Also, the presence of CI1 A1335 and C 1]
A1909 and the He I lines indicates that a higher temperature
emitting region must exist. The He I A 10830 absorption line
is a pure indicator of a hot atmospheric region, usually the
base of a transition region between the chromosphere and
corona, with no photospheric contamination to its profile in
stars cooler than B2. This behavior in R CrB is highly un-
usual for a star in this part of the H-R diagram, as there is
little in the visible spectra to suggest the existence of a dy-
namic upper atmosphere. Based on the Hel emission,
Surendiranath et al. (1986) calculate T~10* K and
n,~10"-102 cm™3 assuming a highly excited, electron-
collision dominated gas moving at high velocity. Feast
(1996) suggests that the Hel is collisionally excited in a
high-velocity flow.

4.3 Stellar Evolution

The evolutionary history of RCB stars remains mysteri-
ous. Clues can be found in the stars’ spatial distribution and
radial velocities, their abundances, pulsations, lack of bina-
rity and circumstellar shells. Since RCB stars are so rare,
they must be either a unusual occurrence or a fast evolving
stage in the life of a star. Based on this, Schonberner (1986)
estimates a lifetime of 3%x10* yr for RCB stars. The RCB,
HAC and EHe stars all have similar abundances indicating
that they may be related objects (Lambert and Rao 1994).
Model atmospheres using the abundance data of Cottrell and
Lambert (1982), and Schonberner (1975) indicate that
T,;~6900 K and log g= 0.45 to 0.65. When these values
are compared to the results of Schonberner’s (1977) time-
dependent evolutionary tracks, they fall near 0.7 M . These
models imply a connection between the RCB stars and the
hotter EHe stars. A cool RCB star will evolve to an EHe star
in about 5000 yr (Schonberner 1986). Previously, this result
was supported by the observed period decrease in RY Sgr
which implied a pulsational lifetime of about 3000 yr. How-
ever, Lombard and Koen (1993) have argued that the RY Sgr
period variations are random, leaving the question of
whether there are systematic period variations wide open.
Models of linear nonadiabatic radial pulsations in RCB stars
imply masses of about 0.8 M (Saio and Wheeler 1985; Saio
1986, Weiss 1987). If the hydrogen-deficient stars are single
stars of Population II then these low-mass helium stars must
come from a low-mass precursor (Schonberner 1986).

Two major evolutionary models have been suggested for
the origin of RCB stars, the Double Degenerate (DD) and the
Final Helium Shell Flash (FF) conjectures (Schonberner
1986; Renzini 1990). Both involve expanding white dwarfs
to the supergiant sizes assumed for RCB stars. The former
model involves the merger of two white dwarfs and the latter
model involves the expansion of a white dwarf to supergiant
size by a final helium shell flash (Iben et al. 1983; Renzini
1990). A third model suggests that RCB stars are binaries in
the second common envelope phase with a low mass com-
panion orbiting inside the envelope (Whitney et al. 1991).
The DD and FF scenarios hoth reanire RCB stars to be an
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older population of stars, which is supported somewhat by
the spatial distribution and radial velocity data (Drilling
1986). The common envelope model may require a younger
stellar population (Lambert and Rao 1994). Great uncertainty
remains as to whether either or both of the FF and DD mod-
els can account for the RCB stars. To get the full flavor of the
arguments for and against these models, I suggest reading
Schonberner (1986), Renzini (1990), and Lambert and Rao
(1994). These reviews stress that detailed modeling of nei-
ther the DD nor the FF model has been attempted and is
desperately needed. As a motivation, Schonberner (1986)
and Renzini (1990) list two constraints on any RCB model:

(1) The end result is an evolved, single, low-mass star be-
longing to an old population

(2) Surface abundances are a mix of original, CN-processed
and 3-a processed material. To this Lambert and Rao
(1994) add:

(1) Li production must be possible.
(2) The models must account for the Fe-poor RCB stars.

Webbink (1984) proposed a model where RCB stars
evolve from a population II binary that has reached the
white-dwarf stage (see also Iben and Tutukov 1985). Accord-
ing to this scenario, RCB stars form from a He-CO white-
dwarf (WD) binary system in which the stars coalesce
through loss of angular momentum from gravitational wave
radiation. These close white-dwarf binaries result from an
intermediate-mass binary system with two phases of mass
exchange, the second one in a common envelope. As the two
WD’s approach one another, the He-WD is disrupted. A frac-
tion of the helium is accreted onto the CO-WD and starts to
burn, while the remainder forms an extended envelope
around the CO-WD. This structure, a helium-burning shell in
the center of a ~100 R hydrogen-deficient envelope, is
believed to be that of an RCB star. The main problem for this
model is whether there are enough CO-He WD binaries
which are orbiting closely enough to coalesce in less than a
Hubble time. Renzini (1990) reports the results of a small
survey of WD binaries which suggests there are not enough
such binary systems. If RCB stars are old disk/Pop I stars
(see Sec. 2) then they can be quite old yet not very metal
poor. This model can possibly produce the right surface
abundances of H, C, and N although producing Li is a prob-
lem (Schonberner 1986). In addition, the implied lifetimes
seem more than adequate.

About 10% of post-AGB stars are predicted to undergo a
final helium flash. A convective shell generated by the FF
consumes the remaining hydrogen on the surface and the star
inflates in size (Renzini 1990). The surface hydrogen is rap-
idly mixed in toward the higher temperature layers. This
mixing causes the helium convective shell to split in two,
with hydrogen and helium burning in the upper and lower
shells, respectively. The energy released leads to an expan-
sion of the upper shell. Schonberner (1986) rejects this
model immediately because of its very short predicted life-
times of about 10? yr but Renzini (1990) argues that the
lifetime is longer if the mass is low enough. Renzini also
argues that the right abundances including Li can be pro-
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duced although getting a correct C'3/C'? ratio is difficult.
Neither the FF nor DD models can account for the peculiar
RCB stars with their low Fe abundance (Lambert and Rao
1994). This may result from unusual nucleosynthesis in the
atmospheres of these stars or separation of the condensable
elements from the atmosphere through dust formation (Lam-
bert and Rao 1994). The latter has been proposed for post-
AGB stars which are metal poor (Mathis and Lamers 1992;
Bond 1992). In the case of stars which have normal abun-
dances, both Si and Fe will be lost as Si forms silicates. But
in RCB stars, the overabundance of carbon means that all the
oxygen is in CO and so not available to condense into sili-
cates. Therefore, Fe may be preferentially lost, if iron grains
are formed, creating the large observed Si/Fe ratios. It should
be noted that the C/He ratio in RCB stars is assumed so the
amount of metals is not directly measured (Lambert and Rao
1994).

In the FF model, there is a close relationship between
RCB stars and planetary nebulae (PN) as both are in the
post-AGB phase while in the DD model there should be no
such relationship (Renzini 1990). Therefore, the fraction of
RCB stars associated with PN could help distinguish be-
tween the two evolutionary models. The FF can occur up to
10° yr after the PN ejection so these envelopes may be dif-
ficult to detect (Renzini 1990). Schaefer (1986) attempted
such a survey using the spectral index of IRAS data for RCB
stars. Only 3 FF candidates were found, none of which is
definitely an RCB star. One is V605 Aql which recently
showed RCB behavior and is the central star of a PN (van
den Bergh 1971; Bond et al. 1993). There is a large fossil
dust shell around R CrB and other RCB stars. V348 Sgr and
UW Cen show visible dust nebulosities. In addition, two PN,
A30 and A78, have hydrogen-deficient knots of nebulosity
and central stars with WR-like spectra. Renzini (1990) sug-
gests that these PN were RCB stars about 2000 years ago.

5. FUTURE DIRECTIONS

It is a terrible cliché to say that more observations are
needed but more observations are needed. In particular, long-
term spectroscopic, photometric and polarimetric monitoring
are needed along with detailed models to attempt to find
answers to some of these questions:

e Can dust form near the star?

* Are declines really correlated with pulsation phase? Then
does dust form randomly somewhere over the surface of the
star each pulsation cycle?

* Do all RCB stars pulsate?

» Is there a systematic variation (increase or decrease) in the
pulsation periods related to the star’s evolution in the HR
diagram?

* What causes dust formation activity of RCB’s to change on
time scales of a few years?

¢ All models of dust formation in RCB stars involve conden-
sation of circumstellar gas into dust yet observers have

looked in vain for a spectroscopic signature of the condens-
ino oac Sn where ic the CNO?

* Y Mus and V854 Cen are both active RCB stars as seen in
the IR but one has frequent declines and the other very few.
Is this telling us something fundamental about RCB stars or
is it just small number statistics?

¢ What is the evolutionary status of the RCB stars? “Back of
the envelope” calculations have shown that the Final Flash
and Double Degenerate models are promising and have po-
tentially fatal weaknesses. Detailed modeling is needed to
determine whether one or both may in fact produce RCB
stars.

This research made use of the SIMBAD database, oper-
ated by CDS in Strasbourg, France. Much of this work would
not have been possible without the tireless work of Janet
Mattei and the AAVSO in monitoring the RCB stars. I would
like to thank my many collaborators during my work on
RCB stars. In particular, I would like to thank Barb Whitney
and Warrick Lawson. I would also like to express my appre-
ciation to William Bidelman, Howard Bond, Peter Cottrell,
John Drilling, Michael Feast, Dave Kilkenny, Dave Lambert,
Warrick Lawson, Janet Mattei, Kameswara Rao and Barb
Whitney for reading and commenting on this manuscript.
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