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ABSTRACT

We have examined the evolution of merged low-mass double white dwarfs which be-
come luminous helium stars. We have approximated the merging process by the rapid
accretion of matter, consisting mostly of helium, onto a carbon-oxygen (CO) white
dwarf. After a certain mass is accumulated, a helium shell flash occurs, the radius and
luminosity increase and the star becomes a yellow giant. Mass accretion is stopped
artificially when the total mass reaches a pre-determined value. When the mass above
the helium burning shell becomes small enough, the star evolves blueward almost hor-
izontally in the HR diagram. The theoretical models for the merger of a 0.6 My CO
white dwarf with a 0.3 Mg He white dwarf agree very well with the observed locations
of extreme helium stars in the log Tegx — log g diagram, with their observed rates of
blueward evolution, and with luminosities and masses obtained from their pulsations.
Together with predicted merger rates for CO+He white dwarf pairs, the evolutionary
time scales are roughly consistent with observed numbers of extreme helium stars.
Predicted surface carbon and oxygen abundances can be consistent with observed
ones if carbon and oxygen produced in the helium-shell during a previous AGB phase
is assumed to exist in the helium zone of the initial CO white dwarfs. These results
establish the CO+He white dwarf merger as the best, if not only, viable model for
the creation of extreme helium stars and, by association, the majority of R Coronae

Borealis stars.
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1 INTRODUCTION

The likely outcome of the evolution of two stars in a de-
tached binary is a pair of white dwarfs with masses of
~ 0.6 M or below. Increasing numbers of such binaries are
now being discovered. With no nuclear reserves, their evolu-
tion will be dominated by orbital decay as a consequence of
gravitational radiation or magnetic-wind braking. It is rea-
sonable to suppose that a substantial fraction of the orbits
of such binaries will decay completely within a Hubble time.
The less massive white dwarf will then fill the common grav-
itational potential surface which just connects the two stars
(Roche lobe) and spill over onto its companion. Tidal forces
will take over and disrupt the less massive star, causing it to
form a disc from which the more massive companion starts
to accrete material. In loose terms, this describes the merger
of two white dwarfs; a process that should become increas-
ingly common as the stellar population of a galaxy ages.
This paper addresses the question of what happens when
a pair of white dwarfs, one with a carbon-oxygen core and
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the other with a helium core, coalesce. Its motivation is an
attempt to explain the evolutionary origin of extreme he-
lium stars (EHes), a rare class of luminous stars with highly
processed surfaces.

The task of stellar evolution theory is to explain how
these stars acquired their unusual characteristics. Typically,
they are rare B- and A-type giant stars with extremely
low surface abundances of hydrogen (Jeffery 1996). In most
cases they are also characterized by enhancements of CNO-
processed, 3a and a-capture products and the majority have
log L/M > 4 (as indicated by their surface gravities), where
luminosity L and mass M are in solar units. A few have
significantly lower L/M ratios and do not show 3a and a-
capture products in their atmospheres (e.g. V652 Her, Jef-
fery et al. 1999). EHes are often considered to be related to
the cooler R CrB stars because of their similar surface com-
position and luminosities (Asplund et al. 2000); the latter
will also be considered in this paper.

The major question concerning the evolutionary origin
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of EHes is whether they are the products of single-star or
binary-star evolution. The task has been difficult from the
outset because, in the normal evolution of single stars from
the main sequence to the white dwarf phase, it seemed im-
possible to remove the hydrogen-rich surface. Two principal
hypotheses emerged during the 1980’s.

The ‘merged binary white dwarf model’ (MBWD: Web-
bink 1984, Iben & Tutukov 1984) considered the accretion
of a white dwarf (WD) secondary onto a white dwarf pri-
mary, resulting in the ignition of a helium shell in the ac-
creted envelope which forces the star to expand to become
a cool giant. Subsequent evolution would follow the canon-
ical post-AGB contraction to the white dwarf track, in the
case of a CO+He WD merger, or contraction to the helium
main-sequence — possibly giving a subdwarf B star — in the
case of He+He WD merger (Iben 1990).

The ‘late thermal pulse’ model (LTP*: Then et al. 1983)
considered what would happen when the helium layer re-
maining near the surface of a star at the end of AGB evo-
lution was of such a mass that a final thermal pulse would
occur after the star had become a white dwarf, also forc-
ing the star to expand rapidly. Again, subsequent evolution
would resemble the canonical post-AGB sequence.

The LTP model has been studied extensively in re-
cent years (Iben & MacDonald 1995, Blocker & Schénberner
1997, Herwig et al 1999) and used to discuss the origins of
various hydrogen-deficient stars. Part of the success of LTP
models has been due to the large degree of freedom allowed
in reproducing a wide range of surface compositions, from
s-process elements in some R CrB stars (Bond, Luck & New-
man 1979, Lambert & Rao 1994) to very high C and O con-
centrations in PG1159 and [WC] stars (Werner, Heber &
Hunger 1991, Leuenhagen, Hamann & Jeffery 1996). The
LTP model has also been supported by the rapid evolution
from WD to cool giant observed in V605 Aqgl (Pollacco et
al. 1992), FG Sge (Herbig & Boyarchuk 1968) and V4334
Sgr (Duerbeck & Benetti 1996), all of which are hydrogen-
deficient to some extent.

However another part of the success of the LTP model
may have been due to the absence of detailed numerical
MBWD models. In particular the LTP model fails to ac-
count for all EHes for two reasons, namely: i) a degenerate
CO core with helium-burning shell cannot account for the
low-luminosity EHes (Saio & Jeffery 2000) and ii) correctly
computed LTP models predict surface abundances of car-
bon and oxygen that are an order of magnitude higher than
observed in EHes (Herwig et al. 1999). Pandey et al. (2001)
have emphatically rejected the LTP model for the origin of
extreme helium stars on the basis of this argument.

In contrast, the merger of two helium white dwarfs has
successfully described the physical dimensions and pulsation
properties of one low L/M EHe with remarkable precision
(Saio & Jeffery 2000). It has also been established that no
EHes are members of binary systems (Jeffery, Drilling &
Heber 1987), forcing a conclusion that their evolution must
have included the destruction of a binary system. Any pu-

* The MBWD and LTP models are also referred to in the litera-
ture as the ‘double degenerate’ (DD) and ‘final flash’ (FF) models
respectively.

tative single-star origin implies that some fraction would
continue to have observable binary companions.

Methods to study the consequences of MBWD systems
have been developed by considering evolutionary models for
accreting white dwarfs (Saio & Nomoto 1998, Saio & Jef-
fery 2000). Whilst the general properties of such models
for both CO and He WDs have been considered (Saio &
Nomoto 1998, Iben 1990), it is necessary to examine their
detailed properties alongside a number of observational con-
straints. The first constraint is the distribution of EHes
in the effective-temperature ( Tes) versus surface gravity
(log g) plane. The latter is a proxy for luminosity-to-mass
(L/M) ratio. The second is the surface composition of the
EHes compared with that given as a consequence of nucle-
osynthesis and mixing by the evolutionary models. A third
is provided by the secular time scales which, in the case of
some rapidly evolving EHes, have recently been measured
(Jeffery et al. 2001a). Finally, pulsational instability is ubiq-
uitous amongst EHes and RCBs. This provides, in the first
instance, mass estimates based on pulsation period alone
(Saio & Jeffery 1988) and, ultimately, direct mass measure-
ments using Baade’s method (Jeffery et al. 2001a) or a com-
parison with nonlinear hydrodynamic models.

It is the purpose of this paper to present evolution
models for accreting carbon-oxygen white dwarfs with final
masses in the range 0.6 — 0.9 M. These models, including
their pulsation properties, will be compared with the obser-
vational constraints summarized above.

2 EVOLUTION MODELS
2.1 Assumptions and initial models

We have calculated evolutionary models starting with
white dwarfs rapidly accreting helium-rich material (Y =
0.98, Z = 0.02). In order to see the effect of a trace amount of
hydrogen, we have also considered accretion of matter con-
taining a small fraction of hydrogen (X = 0.001). For the ini-
tial accretion phase, which is considered as a rough approx-
imation of the merging process of a double white dwarf sys-
tem, we have adopted an accretion rate of 1x107° Mgyr~!,
which is about one half of the Eddington limit accretion rate
for white dwarfs. Initial masses (Mi) of white dwarfs con-
sidered are 0.6 My and 0.5 M. The accretion was stopped
when the total mass increased to a pre-determined final
mass. Considering the range of masses reported for extreme
helium stars in the literature, we have adopted final masses
of Mf = 0.9,0.8, and 0.7 for M; = 0.6 My, and Ms = 0.9,
0.8,0.7, and 0.6 M, for M; = 0.5 M. Models will occasion-
ally be referred to in the form M¢(M;) M. Thus 0.9(0.6) Mg
means the model having M; = 0.6 Mg and My = 0.9 Me.
The computational method is the same as in Saio & Nomoto
(1998) and Saio & Jeffery (2000).

Our models assume that the helium white dwarf de-
stroyed in the merger has a mass in the range 0.3 - 0.4 Mg.
The choice of final mass is between 0.1 and 0.4 Mg greater
than the initial mass. This range implies a wide range for
the assumed efficiency of the merger process.

Initial white dwarf models have been obtained by evolv-
ing helium stars of 0.6 My and 0.5 M from the zero-age he-
lium main sequence to the white dwarf sequence. The 0.6 Mg
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Figure 1. Evolutionary tracks starting with CO white dwarfs.
The solid line represents the evolution starting with 0.6 Mg CO
white dwarf accreting mostly helium and no hydrogen (Y = 0.98,
Z = 0.02). The accretion was stopped when the total mass be-
came 0.7 M nearly at the coolest part of each track. The dotted
line is for the same model but accreting gas containing a small
fraction of hydrogen (X = 0.001). The dashed line represents evo-
lution starting with a 0.5 Mg CO white dwarf accreting mostly
helium and no hydrogen. The accretion was stopped when the
total mass became 0.7 M.

white dwarf model has a degenerate C-O core of 0.58 Mg,
while the 0.5 Mg model has Mco = 0.46 M. The lumi-
nosity and the central temperature are log L/ Ly = —3.03
and —2.64 and logT. = 6.774 and 6.999 for the 0.6 My and
0.5 Mg models respectively. These values for T. were orig-
inally chosen so that the shell temperature in the accre-
tion phase should be low enough to avoid hydrogen ignition
(when present). They correspond to evolved white dwarfs
with ages of 6 — 9 x 108 yr.

To see the dependence of the results on the initial T,
we have computed additional model sequence starting with
a 0.6 Mg white dwarf having log T, = 7.072 (logL/Lg =
—2.39). We have found that the results are insensitive to
the choice of the initial 7. except for the early accretion
phase of evolution.

2.2 Evolution to a yellow giant

Figures 1 and 2 show evolutionary tracks after starting ac-
cretion. Solid lines are for cases starting with the 0.6 Mg
white dwarf accreting matter without hydrogen (Y = 0.98,
Z = 0.02) and the dotted line is for the case starting with
the same white dwarf model but accreting matter contain-
ing a small fraction of hydrogen (X = 0.001). Dashed lines
represent evolutionary tracks starting with the 0.5 M white
dwarf accreting matter without hydrogen.

First we discuss the case starting with the 0.6 M white
dwarf accreting mostly helium without hydrogen (solid lines
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Figure 2. Expanded section of Fig. 1 with additional models.
Initial models are for a 0.6 M CO white dwarf accreting mostly
helium (solid line), and for a 0.5Mg CO white dwarf accreting
mostly helium (dashed line). (The model sequence which accretes
matter with hydrogen is not shown to avoid confusion.) Evolu-
tion was stopped when the total mass became 0.7 Mg, 0.8 M and
0.9Mgefor M; = 0.6 M@, and 0.6 Mg, 0.7 Mg, 0.8 M@ and 0.9 Mg
for M; = 0.5 M. The tracks after the termination of accretion are
drawn by thick lines. The dimensions of two extreme helium stars
taken from Jeffery et al. (2001a) are shown for comparison. The
masses of PV Tel and V2244 Oph were measured as 0.941+0.68 M
and 0.79 £ 0.46 M respectively.

in Figs 1 and 2). With the start of accretion the luminosity
increases to log L/ Le ~ —2.6 before a helium shell flash is
ignited at M, = 0.604 My (Fig. 3). At ignition a mass of
0.029 My has been accumulated. After ignition, the lumi-
nosity increases initially up to log L/ Ly ~ 0 along a white-
dwarf sequence (i.e., with little increase in radius) then the
star expands a little; Alog R ~ 0.8 (Alog Tegr ~ —0.2). With
this expansion the first shell flash ends. After the first flash,
the helium burning shell moves inward repeating very mild
flashes and the luminosity increases up to log L/ L ~ 3.5 on
a track nearly parallel to the original white-dwarf sequence.
Then it turns right on the HR diagram to become a yellow
giant. The transition from a white dwarf to a yellow giant
takes ~ 200 years (Fig. 3).

Evolution sequences starting with the 0.5 Mg white
dwarf are shown by dashed lines in Figs 1 and 2. With the
start of accretion the luminosity increases along the white-
dwarf sequence. The first shell flash occurs when log L/ L ~
3.5 and logTeg ~ b5.2. The ignition shell is located at
M, ~ 0.5003 My when 0.013 Mg is accreted (Fig. 4). The
accreted mass before the ignition is smaller than the above
0.6 M case. The earlier ignition is probably due to the fact
that the initial core temperature of the 0.5 My model is
higher than that of the 0.6 My model. Following shell igni-
tion, the luminosity drops to log L/ L ~ 2.84. Thereafter,
the helium burning shell moves inward repeating very mild
flashes and the envelope expands to become a yellow giant.
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Figure 3. Evolution of the model with M; = 0.6Mg showing
the behaviour of the nuclear luminosity (Ln), total luminosity
L, effective temperature Teg, the position of the helium-burning
shell and convective zones as a function of time. Note the rapid
expansion (< 100 yr) to low Teg following the first He-shell
flash. Initially the He-shell/CO-core boundary (where the helium
abundance is zero) is located at the point of deepest ingress of
the helium-burning shell; thereafter it follows the helium-burning
shell.

log L,/L,

log L/L,

u
S I O RS R I o8

log T
S

o
©

o
3

0.5

| | |
4 5

log t(yr)
Figure 4. As Fig. 3 for the model with M; = 0.5Mg. The ex-

pansion rate following helium-shell ignition is significantly slower
than for M; = 0.6Mg .
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Figure 5. The location of the helium (solid line) and hydrogen-
burning (broken line ) shells and convective zones are shown as a
function of time and mass ( M ). The concurrent values of nuclear
luminosity, surface luminoisty and effective temperature (K) are
shown in the upper three panels.

A jump in the location of the helium-burning shell ap-
pears to occur after the giant phase is well established (cf.
Figs. 3 and 4). This arises because the distribution of the
energy generation has two peaks within the shell; the inner
peak has higher temperature but a very small helium abun-
dance and the outer peak has a slightly lower temperature
but a larger helium abundance. The inner peak weakens as
the helium abundance decreases with time. The jump occurs
when the energy generation rate of the outer peak exceeds
that of the inner peak.

For the 0.6 M white dwarf accreting matter contain-
ing a small fraction of hydrogen (dotted line in Fig 1), a
hydrogen shell flash occurs close to the original white dwarf
surface (M, = 0.600 M) when 0.002 Mg has been accreted
(Fig. 5). The luminosity increases along the white dwarf
sequence up to log L/ Ly ~ 3.7 consuming most of the ac-
creted hydrogen. After ~ 600 yr the helium shell burning
ignites at M, ~ 0.602 M, the surface luminosity begins to
decrease rapidly and the envelope is transformed to a struc-
ture supported by the helium burning shell. After a rapid
decrease in luminosity, which lasts only ~ 20 yr, evolution
governed by the helium burning shell begins and the lumi-
nosity begins to increase. Following the helium shell flash,
the expansion of the envelope extinguishes the hydrogen-
burning shell. Since the value of M, at the helium burning
shell is larger than the case without hydrogen, the evolu-
tionary path to the yellow giant region is bluer and more lu-
minous. However, the evolution after the yellow giant phase
is very similar to the one without hydrogen for a given mass
(0.7 Mg track is shown in Fig. 1), because the helium burn-
ing shell governs the envelope structure, even considering

© 0000 RAS, MNRAS 000, 1-12
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the weak nuclear-burning shell that is re-ignited after the
helium-burning shell becomes fully established (Fig. 5). The
hydrogen abundance is too small to modify the opacity sig-
nificantly.

The location and extent of convection zones in the enve-
lope of the yellow giant are important because they can play
an important réle in dredging-up newly processed material
to the stellar surface (Fig. 5). The first helium-shell flash is
associated with a convection zone which reaches just to the
surface of the star. The carbon and oxygen abundance in
the convective shell at that phase are ~ 0.1 and ~ 0.0002,
respectively. As the star becomes a giant, a surface convec-
tion zone extends inwards to below the position of the first
helium-flash. The helium-burning shell has moved inwards,
leaving material mildly enhanced in carbon. This is dredged
up to the surface to increase the surface carbon and oxygen
abundances up to ~ 0.1 and ~ 2.5 x 10™*, respectively. But
these abundances are diluted considerably as mass accretion
proceeds.

In the model with hydrogen, protons are carried
downwards into helium-rich layers so that the very weak
hydrogen-burning shell is shifted inwards to a layer between
the helium-burning shell and the base of the convection zone.

2.3 Blueward evolution from a yellow giant

Since the accretion rate 107° Mgyr~! is high, the envelope

stays inflated and the star remains a yellow giant as long
as the accretion continues. As seen from Fig 2, the effective
temperature of each track slightly increases in the late phase
of accretion. This is caused by a decrease in the envelope
opacity, which occurs because the carbon abundance in the
convection zone decreases with accretion.

The mass accretion is stopped artificially when the to-
tal mass reaches a pre-determined value, notionally repre-
senting the amount available from the merger process. Fur-
ther evolution is determined by whether the mass above the
helium burning shell is smaller than the equilibrium value
corresponding to the core mass at the current effective tem-

perature T, If this is the case, the star starts a blueward
evolution immediately toward the equilibrium position (on
the HR diagram) corresponding to the envelope and core
masses. Such evolution occurs for the case of 0.6(0.5) M¢.

If the envelope mass is sufficiently high at the termina-
tion of accretion, the star evolves slowly as a yellow giant for
a while. The luminosity increases as the mass of the CO core
increases due to an outward progress of the helium-burning
shell. When the mass above the helium burning shell be-
comes sufficiently small, the surface temperature begins to
increase and the star evolves blueward nearly horizontally
on the HR diagram.

The cause for the difference between the models with
the same mass but with M; = 0.5 M and 0.6 M arises from
a difference in the relation between the radius and mass of
the C-O core. Because the high-temperature (say 7 > 10°K)
zone in the C-O core is thicker in the model from M; =

T Recall that, for shell burning stars in equilibrium, shell luminos-
ity is governed by core mass and effective temperature is governed
by core mass and envelope mass (cf. Saio 1988, Iben & Tutukov
1989).
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Figure 6. Evolutionary tracks for the blueward evolution from
the yellow giant phase on the log g — logTeg plane. Solid and
dashed lines are for models obtained starting from 0.6 Mg and
0.5 M@ CO white dwarfs, respectively. The upper lines correspond
to higher total masses. The masses are 0.7, 0.8 and 0.9 Mgfor
solid lines and 0.6, 0.7, 0.8 and 0.9 M for dashed lines. Dotted
line is a 0.7 Mg track for low luminosity extreme helium stars
computed in Saio & Jeffery (2000), which was started with a
0.4 Mghelium white dwarf. Open squares show observed positions
of some extreme helium stars (see table 1).

0.5 M than in the model from M; = 0.6 M for a given core
mass, the radius at the helium burning shell in the model
from M; = 0.5 Mg is larger due to the relative importance of
thermal pressure. A larger radius at the helium burning shell
yields a lower temperature (due to a lower gravity there) and
hence a lower luminosity, thus each initial mass is associated
with a different core-mass shell-luminosity relation. In turn,
the lower luminosity increases the envelope mass required to
sustain a given effective temperature. Therefore, for a given
total mass and effective temperature the model from M; =
0.5 M has a larger envelope mass and is less luminous than
the model from M; = 0.6 M. The difference is smaller for a
larger total mass because the ratio of thermal to degenerate
pressures is smaller in the larger C-O core and hence the
thickness of the high temperature zone is less important.

3 L/M RATIOS

Figure 6 shows evolution tracks during the contraction phase
as well as the observed positions of extreme helium stars
in the log g — log Tesx diagram. The observational data and
their sources are given in Table 1. Solid and dashed lines
indicate evolution tracks for models obtained in this paper
starting with 0.6 Mg and 0.5 Mg CO white dwarfs, respec-
tively. The total masses are 0.7, 0.8 and 0.9 M, for solid lines
(M; = 0.6 M) and 0.6, 0.7, 0.8 and 0.9 M for dashed lines
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Table 1. Measured surface properties of extreme helium stars

Star logTex logg logL/Le  dTes/dt  Reference
(Kyr~h)

HD124448 4.192 2.52 Sch74

HD144941 4.365 3.9 Har97

HD160641 (= V2076 Oph) 4.50 2.73 120 Lyn87,Jef01

HD168476 (= PV Tel) 4.14 1.35 4.40 20 Wal81,Jef01

HD225642 (= V1920 Cyg = LSII+33°5) 4.209 2.00 Jef98b

BD+10°2179 4.23 2.55 Heb83

BD+1°4381 (= FQ Aqr) 3.94 0.75 Pan01

BD—1°3438 (= NO Ser) 4.07 2.30 33 Pan01,Jef01

BD—9°4395 (= V2205 Oph) 4.36 2.55 95 Jef92,Jef01

CoD—46°11775 (= LSE 78) 4.26 2.00 Jef93

LSIV+46°2 4.502 4.05 Jef98

LSIV—1°2 (= V2244 Oph) 4.106 1.35 4.28 Pan01,Jef01

LSIV—-14°109 3.977 0.90 Pan01

LSS 4357 4.207 2.00 Jef98b

LSS 99 4.185 1.90 Jef98b

DY Cen 4.290 2.15 Jef93b

LSS 3184 (= BX Cir) 4.366 3.35 3.15 Dri98,Woo00

V652 Her 4.390 3.68  3.03 Lyn84,Jef99

References: Dri98 = Drilling et al. (1998), Har97 = Harrison & Jeffery (1997), Heb83 = Heber (1983), Jef92 = Jeffery & Heber (1992),
Jef93 = Jeffery (1993), Jef93b = Jeffery & Heber (1993), Jef98a = Jeffery (1998), Jef98b = Jeffery et al. (1998), Jef99 = Jeffery et al.
(1999), Jef0l = Jeffery et al. (2001a), Lyn84 = Lynas-Gray et al. (1984), Lyn87 = Lynas-Gray et al. (1987) (based on Teg and L),
Pan01 = Pandey et al. (2001), Sch74 = Schénberner & Wolf (1974), Wal81 = Walker & Schénberner (1981), Woo00 = Woolf & Jeffery

(2000) (<Rx>2< Teg>4).

(M; = 0.5Mg). The upper lines correspond to the higher
mass models for a given M;.

Since the evolution on the HR diagram is roughly hor-
izontal (Fig. 2), the luminosity to mass ratio, L/M, is
nearly constant during the contraction evolution. The val-
ues of L/M are higher for higher mass models ranging from
log L/M ~ 4.22 for 0.7(0.6) Mg to ~ 4.47 for 0.9(0.6) Mg
(solid lines) and ~ 3.77 for 0.6(0.5) Mg to ~ 4.46 for
0.9(0.5) Mg (dashed lines). The observed positions of high
luminosity extreme helium stars seem to be consistent with
our CO white-dwarf merger models having total masses be-
tween ~ 0.7Mg and ~ 1 Mg.

Low luminosity extreme helium stars such as V652 Her
and HD144941 are close to the dotted line, which is an evo-
lutionary sequence obtained starting with a 0.4 Mg helium
white dwarf by Saio & Jeffery (2000). The low luminosity ex-
treme helium star LSS 3184 is considerably above the dotted
curve, but the surface gravity may not be accurate (Woolf
& Jeffery 2000).

Two stars with log Teg ~ 4.2 and log g ~ 2.5 along the
dashed line for 0.6(0.5) Mgpare BD+10°2179 and HD124448.
These stars have L/M values intermediate between those of
high and low luminosity extreme helium stars, and seem to
be consistent with the evolution model of ~ 0.6 M started
with ~ 0.5 Mg C-O white dwarf.

4 CONTRACTION RATES

Figure 7 shows rates of the effective temperature change
due to contraction against effective temperature for various
models. Numbers in parentheses indicate the initial white
dwarf mass (M;).

The contraction rates in most models are governed by

the outward progression of the helium burning shell so that
the faster consumption of helium in more massive models
yields a faster contraction. For a given total mass the con-
traction rate is slower for the model from the M; = 0.5 Mg
white dwarf, because the radius of the helium burning shell
is larger and hence the luminosity is lower.

Comparing dotted and solid lines for 0.7(0.6) Mg in Fig
7 clearly indicates that the existence of a small amount of
hydrogen in the envelope hardly affects the contraction rate.

Saio (1988) estimated contraction rates of extreme he-
lium stars from equilibrium models which consist of an
isothermal degenerate C-O core, helium burning shell and
a helium rich envelope. These rates are similar to those of
our evolution models obtained with M; = 0.6 M. For com-
parison the contraction rate for 0.8 My obtained from equi-
librium models is shown by a dash-dotted line.

Another model proposed to produce luminous helium
stars is a late (or final) thermal pulse model, which passes
the helium star region on the HR diagram contracting
from its born-again AGB stage. From evolutionary tracks
shown in Blocker & Schonberner (1997) we can estimate
the log[dTes/dt]’s as 1.6 and 3.3 for 0.625 M and 0.836 Mg
models, respectively. These contraction rates are much faster
than those for our models having similar masses. The
Blocker & Schénberner (1997) models still have substan-
tially hydrogen-rich atmospheres. More recent models with
hydrogen-poor surfaces have effectively similar contraction
rates (Blocker 2001). This difference comes from the fact
that the envelope mass in the late thermal pulse model is
much smaller than that of the equilibrium value for a given
effective temperature ranging from ~ 10000 to ~ 40 000K.

Jeffery et al. (2001a) measured the rates of temper-
ature variations of the extreme helium stars HD160641,
HD168476, BD—9°4395 and BD—1°3438 (see Table 1).

© 0000 RAS, MNRAS 000, 1-12



Merged binary (CO+He) white dwarf evolution 7

log dT,,/dt (K/yr)

Figure 7. Rates of the effective temperature change due to con-
traction. Solid curves (and a dotted curve for 0.7Mg with hydro-
gen) are for models originated from the 0.6Mq white dwarf, and
dashed curves from the 0.5Mg white dwarf. Numbers in paren-
theses indicate M;. The dash-dotted curve represents the heating
rates for 0.8M from equilibrium models by Saio (1988). Open
squares are heating rates for extreme helium stars observed by
Jeffery et al (2001a).

Their results are plotted in Fig 7 by open squares. It is
remarkable that three of the four stars are located along the
tracks for the 0.9 Mp models. The exception (HD168476)
is consistent with the rate for a model between 0.8(0.6)
and 0.9 M. We note, however, that the positions in this
figure are not always consistent with the positions in the
log Tesr — log g plane (Fig. 6). In particular, BD—1°3438 is
located close to the line for 0.9 Mpin Fig. 7 but close to the
track for low luminosity extreme helium star models in Fig.
6.

The observed contraction rates (Jeffery et al. 2001a)
would be consistent with the late thermal pulse model if
the mass is ~ 0.6 Mg, while our merger model requires
~ 0.8 — 0.9 M. Arguing from the standpoint of observed
numbers and predicted birthrates, Iben et al. (1996) arrived
at a similar conclusion. Accurate estimates of masses and
luminosities of extreme helium stars are therefore essential
to determine which is the correct model.

5 RADIAL PULSATIONS

In previous studies of extreme helium stars, two proxies have
been used for estimating the stellar mass. One is the stellar
surface gravity which provides a direct measurement of the
stellar luminosity-to-mass ratio. When combined with an
appropriate core-mass shell-luminosity (M. — Ls) relation
(e.g. Saio 1988, Jeffery 1988), this gives what has been re-
ferred to as a “spectroscopic” mass (Ms). The second is pro-
vided, for those helium stars which pulsate, by the pulsation
period which, together with a theoretical relation derived
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from linear pulsation theory, provides an independent mea-
sure of the luminosity-to-mass ratio (Saio & Jeffery 1988).
Again, a suitable M. — Ls relation provides a “pulsation”
mass (Mp). Saio & Jeffery (1988) showed that, assuming a
standard M. — L relation for shell-helium burning stars,
the masses M, for five pulsating extreme helium stars lie in
the range 0.77 — 0.95 M. Using more recent spectroscopic
analyses, Jeffery et al. (2001a) showed M; to lie in the range
0.5 — 1.0 Mg (14 stars), with eight having M > 0.7 Mg.

The weak link in these arguments is the surface gravity
which is frequently measured to an accuracy of +0.3dex, and
is sensitive to physics in the model atmospheres. Therefore
it is important to measure extreme helium star luminosi-
ties directly. This can be achieved for pulsating stars using
Baade’s method to measure the stellar radius and luminos-
ity. Again, surface gravity is required to resolve the mass.
In the case of two short-period pulsators (V652 Her and
LSS3184=BX Cir), masses of 0.5-0.7 Mpand 0.4 Mg have
been measured (Lynas-Gray et al. 1984, Jeffery et al. 2001b,
Woolf & Jeffery 2000). These are consistent with the low
masses inferred from their positions in Fig. 6.

For the more luminous helium stars, Jeffery et al.
(2001a) have measured masses of 0.79+ 0.46 M and 0.94 +
0.68 M, for LSIV—1°2=V2244 Oph and HD168476=PV Tel
respectively (we have adopted the value for LSIV—1°2 based
on the lower gravity estimate of Jeffery et al. 2001a). The
large errors in mass are primarily due to the measurement
error in log g. The corresponding radii and luminosities are
more precisely measured as 31 £ 3 and 34 + 4Rp and
log L/ Ly = 4.28 +0.06 and 4.40 &+ 0.06 respectively.

The luminosity data place these two stars directly on
the tracks for 0.8(0.6) My and 0.9(0.6,0.5) Mpmodels in
Fig. 2 and in remarkable coincidence with the corresponding
mass measurements (0.79 and 0.94 Mg).

HD168476 has both a direct mass and a contraction rate
measurement which fit the models of 0.9(0.6,0.5) Mpmerged
binary (CO+He) white dwarf evolution and contradict late
thermal pulse models. While more could be done to improve
the measurements, these observations are the strongest evi-
dence yet available that extreme helium stars are the result
of binary white dwarf mergers and not of evolution following
a late thermal pulse in a single white dwarf.

6 SURFACE COMPOSITIONS
6.1 Predicted abundances

In addition to the gross stellar dimensions of mass, lumi-
nosity, radius and contraction rates, a second window onto
the history of highly evolved stars is provided by their sur-
face composition. The chemicals exposed at the stellar sur-
face effectively provide a fossil record of previous evolution,
dredged to or deposited on the surface by a variety of pro-
cesses. The hydrogen-deficiency of extreme helium stars is
the primary indicator of their extremely processed atmo-
spheres. Previous authors have reviewed and discussed the
general abundance patterns at length (Heber 1986, Jeffery
1996, Pandey et al. 2001). Principal among these are i) a ni-
trogen abundance equivalent to the combined carbon, nitro-
gen and oxygen abundances in any progenitor as estimated
from proxies for the stellar metallicity, ii) a high carbon
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abundance and occasionally a high oxygen abundance in-
dicative of mixing from a zone affected by a helium burning
into the stellar envelope, and iii) traces of hydrogen repre-
senting a relic outer layer mixed downwards into the star. A
successful model for the evolution of extreme helium stars
must be able to reproduce these observables.

The theoretical models presented in this paper contain
a number of assumptions, so we can only demonstrate that
they are qualitatively consistent with the observations. The
first assumption is that the accreted gas is the fully mixed
remnant of a donor helium white dwarf. The donor is as-
sumed to consist predominantly of helium with a mass less
than 0.4 Mg . On its surface would have been a hydrogen
layer of mass ~ 107® — 107* My (Driebe et al 1998). All of
the original carbon and oxygen in the donor would have been
converted to nitrogen through the CNO cycle. From these
considerations we have adopted ¥ = 0.98 and Xn = 0.011
for the helium and nitrogen abundances. The nitrogen abun-
dance is the sum of the original CNO abundances. The solar
abundance scaled to Z = 0.02 has been adopted for the re-
maining heavy elements. In some models a small fraction of
hydrogen (X = 0.001) is included in the accreted gas.

The second set of assumptions concerns the structure
of the accreting CO white dwarf. The CO core is assumed
to have a mass of ~ 0.5 — 0.6 Mg; we have shown how mass
affects the subsequent evolution. Exterior to the CO core
there exits a helium-rich layer (CNO-processed) with a mass
~ 0.02 — 0.04 M. We have neglected a thin hydrogen layer
with a mass of some ~ 0.0001 Mg which would have sur-
rounded the helium-rich layer. Within the helium layer there
would exist considerable amounts of carbon and oxygen cre-
ated during thermal-pulses when the star was on the AGB
(e-g., Herwig 2000). However, our initial white-dwarf model
has a helium zone without carbon and oxygen. In order to
see the effect of carbon and oxygen in the helium zone, we
have calculated some model sequences starting with initial
white-dwarf models with a helium zone whose composition
is modified to include some carbon and oxygen.

First we discuss chemical compositions of evolution
models started with a white-dwarf model having no car-
bon/oxygen in the helium zone. Some carbon and little
oxygen was produced during the first helium flash. Dur-
ing the flash, shell convection zone extended through almost
all of the envelope above the ignition zone. For the case of
M; = 0.6 My without hydrogen, the mass involved in the
shell convection zone was ~ 0.025 My and the mass frac-
tions of carbon and oxygen in the convective shell increased
up to 0.12 and 2.5 x 10~ *, respectively, before the flash di-
minished. For the case with hydrogen, the mass in the shell
convection zone was ~ 0.006 My and the maximum carbon
and oxygen abundances in the shell were ~0.06 and 2x10™%,
respectively. For the case of M; = 0.5 My the corresponding
quantities were ~0.01 Mg ~ 0.03, and ~2 x 1075, respec-
tively. The lesser extent of the shell convection zone and
smaller carbon and oxygen abundances for M; = 0.5 Mg
are attributed to the weaker helium flash.

The envelope expands after the helium flash and the
bottom of the convective envelope gets deeper and dredges
up matter affected by the helium burning as seen in Fig.
5, bringing carbon and oxygen to the surface. At the deep-
est penetration the surface carbon abundance is as high as
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Figure 8. The distribution of elements within the outermost lay-
ers of the 0.7(0.6) M model (with hydrogen) during blueward
evolution.

~ 0.1, but it will be diluted considerably by the matter ac-
creted afterwards.

Fig. 8 shows the distribution of elements within the
0.7(0.6) Mg model with hydrogen. The surface carbon and
oxygen abundances of this model are 5.1 x 1072 and 1.9 x
10~% in mass, respectively. The surface hydrogen, helium
and nitrogen abundances are very close to those of the ac-
creted matter. The carbon and oxygen in the envelope were
produced by helium burning which occurred at and after
the first helium flash. The processed matter was included
into the convection envelope and mixed with the accreted
matter. Fig. 8 shows that the abundance of *2C is lower in
a range of 0.675 < M, < 0.69. This is due to the CNO cycle
caused by the small amount of hydrogen.

The surface carbon and oxygen abundances for other
cases are given (by mass fraction) in the second and the third
columns of Table 2, respectively. The carbon and oxygen
abundances are smaller for a larger total mass for a given
initial mass M;. It is explained by a dilution effect because
appreciable mass accumulation occurs when the bottom of
the convective envelope is receding (Fig. 8). For the same
reason the surface abundance does not change after the ac-
cretion was terminated. For a given accreted mass, the model
from M; = 0.5 Mphas lower carbon and oxygen abundances,
which is attributed to a weaker helium burning.

The surface carbon abundances for the cases of M; =
0.6 M are higher than the solar value but the oxygen abun-
dances are much lower than the solar value. For the cases
of M; = 0.5Mg, both of the surface carbon and oxygen
abundances are smaller than the solar values. Those surface
abundances are not consistent with the carbon and oxygen
abundances of the extreme helium stars and the RCrB stars.
We need additional carbon and in particular oxygen.

© 0000 RAS, MNRAS 000, 1-12
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Figure 9. The distribution of elements within the outermost lay-
ers of the 0.7(0.6) M model with enhanced CO during blueward
evolution.

Table 2. Surface carbon and oxygen abundances of various mod-
els.

(Xc, X0o) in the initial He-zone

(0.0, 0.0) (0.2, 0.05)

M(M;) Xc Xo Xc Xo

0.7(0.6)  2.0E-2 52E-5 42E-2 3.7E-3
0.8(0.6) 8.3E-3 2.1E-5 1.7E-2 1.5E-3
0.9(0.6) 4.9E-3 12E5 10E-2 88E4
0 7(0.6)H 5.1E-3 1.9E-5 1.2E-2 1.7E-3
0.8(0.6)H 2.0E-3 7.5E-6 4.7E-3 6.4E4
0 9(0.6)H 1.2E-3 4.4E-6 2.8E-3 3.8E-4
0 6(0.5) 4.6E-3 8.3E—6 1.4E-2 2.2E-3
0 7(0.5) 7.7TE-4 1.4E-6 2.6E-3 4.0E-4
0 8(0.5) 3.2E-4 5.7TE-7 1.1E-3 1.7E-4
0.9(0.5) 1884 33E7 63E4 9.7ES5

The symbol H indicates a model with hydrogen.

Recent thermally pulsing AGB models with overshoot-
ing by Herwig (2000) show that carbon and oxygen abun-
dances in the intershell zone can be as high as 0.5 and 0.2
in mass, respectively, after a thermal pulse. Although the
chemical composition in the helium zone of a white dwarf
depends on how soon it left the AGB after the last thermal
pulse and the chemical diffusion during the cooling phase, it
is probable that a considerable carbon and oxygen enrich-
ment exists in the helium zone. In order to see the effect
of additional carbon and oxygen we have calculated models
starting with white dwarf models in which carbon and oxy-
gen abundances in the helium zone are artificially modified
to (Xo, Xo) = (0.2,0.05). This value was chosen in part to
be conservative, but also because models with higher car-
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bon abundances did not converge. The important point is
that theoretical models of AGB evolution predict there to be
ample carbon available in the helium shell of the CO white
dwarf for subsequent mixing in the merger model.

The resulting surface carbon and oxygen abundances
are given in the 4th and 5th columns of Table 2. Fig. 9
shows the distribution of elements within the 0.7(0.6) Mg
model. The existence of carbon and oxygen in the helium
zone of the initial dwarf increases surface carbon and oxygen
abundances at the surface of the merged star. In particular,
it is necessary to have a reasonable oxygen abundance at the
surface. Obtained surface carbon and oxygen abundances for
the cases of M; = 0.6 Mg are comparable with the observed
abundances of luminous extreme helium stars and RCrB
stars (Table 4 below). Although the difference in M; did not
appreciably change the evolution track in the HR diagram
and the rate of contraction as long as M 2 0.8Mg, models
with M; = 0.5Me have considerably smaller carbon and
oxygen abundances compared with the cases of M; = 0.6Mg.
From the results of our models we may conclude that to have
surface abundances consistent with the luminous extreme
helium stars and RCrB stars, the initial CO white dwarf
should be ~ 0.6 My and considerable carbon and oxygen
should exist in the helium zone of the initial CO white dwarf.
The latter requirement is consistent with recent AGB models
(Herwig 2000).

Some additional carbon and oxygen could be brought
from the outer part of the CO white dwarf during the violent
merger process. Hydrodynamic simulations (cf. Benz et al.
1990) will be required to study the merger event and accre-
tion process in detail to determine how much carbon will be
dredged up and what additional nucleosynthesis may occur.
For example, the mixing of protons, helium and carbon nu-
clei at very high temperatures could result in the production
of new nitrogen, neon, s-process and other exotic elements.

6.2 A simple recipe

Since our theoretical models do not treat the complete se-
quence of mixing events envisaged in the CO+He white
dwarf merger, a simple recipe similar to that described by
Pandey et al. (2001) is useful. The recipe model is a mix-
ture of several layers which are supposed to contribute to
the surface composition of the merger product.

In the conservative case for the 0.9(0.6) Mpmodel, the
donor white dwarf would have to have been predominantly
helium with a mass mue:He = 0.3 M. On its surface would
have been a hydrogen-rich envelope of mass mue.n ~ 1072 —
10~* Mg (Driebe et al. 1998), reduced to this value by Roche
lobe overflow during its first ascent of the giant branch. All
of the original carbon and oxygen in the helium core of the
donor would have been converted to nitrogen through the
CNO cycle. Here and in the following the notation WD:layer
has been used to identify the various layers of the original
white dwarfs. For example mue:u refers to the mass of the
hydrogen-rich layer in the helium white dwarf.

The outer part of the accreting white dwarf with a
mass of ~ 0.5 — 0.6 Mg would be mixed during the violent
merger process or by a deep convection envelope. According
to canonical post-AGB evolution models, superimposed on
the CO core will be a helium-rich layer (CNO-processed)
with a mass mco:ne ~ 0.02 Mg, and a hydrogen-rich layer
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Table 3. Surface abundances predicted from a simple mixing recipe for merged CO+He white dwarfs. Two models are illustrated: (1)
assumes no CO enrichment in the He-rich layer of the CO white dwarf, (2) assumes the same enrichment as the evolution models and

no mixing with the CO core.

(1) (2)
layer He:H He:He CO:H CO:He CO:CO mix CO:He CO:CO mix
m/Mg  0.00002 0.3 0.00002 0.02 0.007 0.327 0.03 0 0.33
B(H) 0.710 0 0.71 0 0.00009 O 0 0.00009
B(He) 0.280 1.00 0.28 0.996 0.975 0.71 0 0.970
B(C) 0.0015 0 0 0015 0 0.80 0.0171 0.20 0.80 0.0183
B(N) 0.0005 0.0020  0.0005 0.0020 0.0019 0.0020 0 0.0020
B8(0) 0.0059 0 0.0059 0 0.20 0.0043 0.05 0.20 0.0046
B(Ne) 0.0009 0.0009  0.0009 0.0009  0.0029 0.0010 0.0349  0.0029 0.0041
B(Fe) 0.0006 0.0006  0.0006 0.0006  0.0006 0.0006 0.0006  0.0006 0.0006

with a mass of some mco:n ~ 0.0001 My. Within the he-
lium layer will be a rich mixture of “old” s-process elements,
carbon and oxygen, created during thermal-pulses when the
star was on the AGB (e.g., Herwig 2000).

Thus the ingredients of our recipe model comprise five
layers with mass

MHe:He + MHe:H + MCO:H + MCO:He + MCO:CO; (1)

where mco:co stands for the mass which could be brought
from the outer part of the CO core. Each layer has chemical
composition 3, representing the mass fraction of each species
(Table 3). Each mixture is the product of a series of nuclear
operations on an original composition 3°, defined by initial
helium and metal abundances Y (= 0.028) and Z(= 0.01)
(the adopted parameter values are given in parentheses).
The specific elemental distributions within Z are chosen to
reflect solar values except that the oxygen contribution rel-
ative to the total increases linearly by up to 0.5 dex as the
metallicity is reduced to 1 dex below solar.

Values for 3 following hydrogen-burning by the CN and
CNO cycles and helium-burning by 3a and C-a captures
can be written in roughly linear form, and can be extended
to include other processes (e.g. pp-burning, s-processing,
further proton and a captures) as required. Within this
simple recipe, the relative contribution of the CNO to the
combined CN and CNO cycles during hydrogen-burning
is specified by fono/(fon + fono)(= 1). The carbon-to-
oxygen ratio following 3a and '2C(a,7)'®0O is given by
f3a/(f3a + fca)(= 0.8). A further parameter Sc.acB speci-
fies the carbon-enrichment of the He-shell of the CO white
dwarf, the oxygen abundance follows the carbon enrichment
as above. We have adopted two test values for Bc.ags = 0
and 0.2, as adopted in the evolutionary calculations. Finally
a parameter B.01a/8 (= 10) indicates the level of s-process
production during AGB evolution.

6.3 Observed abundances

The recipe parameters have been adjusted to obtain 8 rea-
sonably consistent with observations of surface abundances
in real extreme helium stars. With the adopted parameters,
the composition of each layer is given in Table 3. Table 4
compares the result with observational data from Pandey et
al. (2001), as well as the results from the theoretical models.

Neither the numerical models nor the simple recipe

treat the CO:He shell well, particularly with regard to
the dredge-up of the productions of carbon, oxygen and s-
process elements in AGB stars. Secondly the models and
recipes do not make any allowance for nucleosynthesis dur-
ing the merger event. The simple model leads to the inges-
tion of protons and carbon into the same hot material, with
the potential to make nitrogen. Fresh nitrogen in a helium-
rich environment is capable of producing additional neon,
which is enhanced in the helium-shell during AGB evolu-
tion.

An important result is that the observed carbon abun-
dances requires that either mco.co ~ 0.004 — 0.012 Mg be
dislodged from the surface of the CO white dwarf or the
observed surface carbon was produced by thermal pulses in
the AGB stage. In the latter case the corresponding carbon
abundance in the helium zone (CO:He) should be ~ 0.1-0.3,
which is consistent with the AGB models by Herwig (2000).
Pandey et al. (2001) note the remarkable consistency of
C/He ratios in extreme helium stars which all lie between
0.3 and 1% (by number; 0.9 and 3% by mass).

With mco:He €K MHe:He, 0ld s-process elements do not
contribute significantly to the new stellar surface. Pandey et
al. (2001) report that two cool extreme helium stars and the
related RCrB stars show mild to undetectable enhancements
of yttrium and barium.

The simple recipe has difficulty accounting qualitatively
for three important observations: the extremeley low hydro-
gen abundance, the high neon abundance and the large star-
to-star variation in oxygen.

To account for the observed hydrogen abundance,
MHe:H + Mco:H < 5 1075 Mg. However, the hydrogen-rich
envelope of a helium white dwarf is thought to be an order
of magnitude larger than this (Driebe et al. 1998). Either
hydrogen is ejected from the binary before the merger or it
is destroyed by proton capture during the merger.

There is a possibility that the high neon abundance is an
observational problem; this is discussed by Jeffery & Heber
(1993), Jeffery (1998) and Pandey et al. (2001), but more
work is necessary. Herwig et al. (1999) show that a-captures
on N can produce a mass fraction of 3.5% of neon in the
helium-rich layer of an AGB star. Incorporating this in our
simple recipe (2) for the merger model yields a surface abun-
dance of neon comparable with that seen in the majority of
RCrB stars (see Table 4).

The large variation (~ 2 dex) in oxygen abundance from
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one star to another is difficult to explain while at the same
time keeping the fraction of carbon within the tight con-
straints already discussed. A possible explanation is pro-
vided by the observation that the C/O ratio in the helium
layer depends on the number of thermal pulses during previ-
ous evolution on the asymptotic giant branch (Herwig 2000).
The wide range of C/O ratios in EHe stars may simply point
to a range of progenitor AGB star masses.

The cooler RCrB stars have been putatively iden-
tified as the direct antecedents of extreme helium stars
(Schonberner 1977), although the connection remains con-
tentious. Asplund et al. (2000) discuss the surface abun-
dances of RCrB stars. Pandey et al. (2001) compare the
surface abundances of extreme helium stars and R CrBs
and find them broadly similar. It is not clear whether the
significant differences, notably in nitrogen and neon, have
an observational or astrophysical origin. The models (and
recipe) described in this paper apply equally to RCrB stars
as to extreme helium stars, if they are to be considered as
CO+He white dwarf mergers. It is clear that the models
need further refinement in order to explain the detailed sur-
face compositions of both groups. However, it is equally clear
that they do a very good job in accounting for the general
properties of the surface composition of these stars.

7 SOME STATISTICS

In order to pursue the thesis that extreme helium stars are
the progeny of mergers between a CO and a He white dwarf,
there must be reasonable evidence that such mergers take
place with the necessary frequency. The question of close
binary white dwarf frequency has been extensively examined
(Iben et al. 1996, Han 1998, Nelemans et al. 2001). Most
recently, Nelemans et al. (2001) deduce that 20% of all white
dwarf pairs consist of a CO and He white dwarf and that the
current merger rate for all white dwarf pairs is 2.210™%yr—*
in the Galaxy, or 4.41073yr™! in the Galaxy for CO+He
mergers (Tben et al. 1996 give 2.321073yr—1).

Both theoretical models and empirical evidence suggest
that the heating rate for extreme helium stars with Teg be-
tween 10 000 and 40 000 K ranges from 10 to 100 K yr™!, de-
pending on mass. This gives evolutionary timescales between
3000 and 300 yr. Combining the merger rate and evolution-
ary timescale gives an estimate for the number of extreme
helium stars in the Galaxy within this temperature range of
between 13 and 1.3.

Jeffery et al. (1996) catalogue all known extreme he-
lium stars. Excluding the low-luminosity stars V652 Her and
HD144941 which may be He+He mergers, but including the
hot RCrBs MV Sgr and DY Cen, there are 17 extreme he-
lium stars with Teg between 10 000 and 40 000 K. Four more
lie outside this temperature range. Galactic surveys for ex-
treme helium stars are essentially complete (Drilling 1986);
they have a bulge distribution so that only a handful are
likely to remain undetected in the Galactic plane.

According to these statistics, there appear to be too
many extreme helium stars. However, given the number
of approximations made in the derivation of merger rates
and the small numbers involved, the situation is not irre-
deemable.

For stars cooler than 10000 K, theoretical evolution
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timescales (Fig. 5) are ~ 10° yr, so there should be ~
30 — 300 times as many cool CO+He merger products.
There are estimated to be 200-1000 RCrB stars and non-
variable cool HdC stars (Lawson et al. 1990), although only
33 RCrBs and HdACs are actually known in the Galaxy (Jef-
fery et al. 1996). The merger rate for these would then be
~ 21073 —10"2yr~!. The Nelemans et al. (2001) value is at
the low end of this range; the upper value would result in 3
to 30 extreme helium stars in the Galaxy.

8 CONCLUSION

We have calculated the evolution of a star formed by the ac-
cretion of helium-rich material onto a carbon-oxygen white
dwarf. After shell-helium ignition the star expands to be-
come a yellow giant, where it will stay for ~ 10° yr if 0.1-
0.4 Mg is available for accretion. When the helium is ex-
hausted, blueward evolution occurs at high luminosity. The
models were calculated in an effort to simulate evolution fol-
lowing merger of a helium white dwarf with a carbon-oxygen
white dwarf, and have been compared with observations of
extreme helium stars and, to a lesser extent, R Coronae Bo-
realis stars.

The distribution of most extreme helium stars in the
log g — Teq diagram agrees well with merger models having
CO white dwarf masses of 0.6 M (or 0.5 Mg ) and He white
dwarf masses of 0.2-0.3 M (0.3-0.4 Mg ). A small number of
helium stars have lower L/M ratios and may be the products
of He+He white dwarf mergers or of lower mass CO white
dwarf mergers. Luminosities, secular contraction rates and
masses have been measured directly for a few extreme he-
lium stars and are in excellent agreement with our model for
a 0.6 M(CO)+0.3Mg(He) [or 0.5Mg(CO)+0.4 Mg (He)]
white dwarf merger. They are too luminous and too mas-
sive to be, for example, products of a late thermal pulse
evolution.

Since the models make ab initio assumptions about the
composition of the accreted matter, they are not completely
informative concerning the expected surface compositions
of merger products; detailed hydrodynamical calculations
will be necessary to probe the physics and outcome of the
merger process itself. Meanwhile, we have shown both quan-
titatively and qualitatively that a CO+He merger can ac-
count for most of the surface composition characteristics of
extreme helium stars and RCrBs. We have demonstrated
that the enhanced carbon and oxygen abundances are prob-
ably derived from CO enrichment in the helium layer of the
CO white dwarf. This enrichment would have been produced
by thermal pulses during the original AGB evolution of the
progenitor (Herwig 2000).

Statistically, the product of predicted CO+He merger
rates and the evolutionary lifetimes of extreme helium stars
are compatible with observed numbers.

While some details need to be refined, our models for
the accretion of helium by CO white dwarfs can reproduce
qualitatively nearly all of the observables of extreme helium
stars. No other evolution model can currently do this. We
conclude that the CO+He white dwarf merger provides the
most complete and satisfactory model for the creation of
the majority of extreme helium stars and, by association, R
Coronae Borealis stars.
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Table 4. Surface abundances from theoretical models (1: 0.9(0.6)H and 2: 0.9(0.6) with enriched CO, see table 2), predicted from the
simple mixing recipe for merged C+O white dwarfs (see table 3), and average observed abundances for hot and cool extreme helium
stars and the majority of RCrB stars (Pandey et al. 2001). Abundances are given as log n; normalized to X;u;n; = X;u:n:0-

logn; model model recipe recipe hot cool maj. Sun
+c (1) (2) (1) (2) EHe EHe RCrB

H 9.2 - 8.1 8.1 8.0 6.3 6.1 12.0
C 8.2 9.1 9.3 9.3 9.3 9.2 8.9 8.55
N 8.0 8.0 8.3 8.3 8.3 8.5 8.6 7.96
(0] 5.6 7.9 8.6 8.6 8.6 8.6 8.2 8.87
Ne 8.1 8.1 7.8 8.4 9.2 9.1 8.3 8.08
Si 7.6 7.6 7.2 7.3 74 74 7.1 7.55
Fe 7.5 7.5 7.2 7.2 6.9 6.6 6.5 7.50
Ba 2.2 2.2 1.9 1.9 - 1.7 1.5 2.15
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