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Summary. The evolution of a single helium star of 2.5 M, (Z =
0.03) is calculated from the helium Zero Age main sequence up
to off-centre neon ignition.

In order to fulfil the Schwarzschild criterion for the onset of
convection we allow the convective helium-burning core to grow
in mass. This implies that we will find a larger initial C — O core
mass after core-helium burning than in calculations with fixed
convective helium-burning core mass.

A mass-exchange phase to a 17 M hydrogen star companion
and the subsequent evolution up to neon ignition of the 2.2 M,
mass-exchange remnant are calculated. The 2.5 M helium star
produces a C — O core mass larger than the Chandrasekhar lim-
iting mass and a steep density gradient near the edge of this core
is built up during carbon-shell burning (both as a single star and
in the binary). Such a massive C — O core will collapse whereby
the steep density gradient may favour the development of a super-
nova explosion (SN). The single and binary helium stars are both
expected to terminate life as a neutron star.

The orbital dimensions of the binary system after a sym-
metric SN explosion of the helium star are calculated (neglecting
effects of the impact of the SN shell on the companion). These
dimensions appear to resemble those of low-orbital-eccentricity
B-emission (Be)/X-ray binaries. It is shown that these binaries
may be formed after a case BB mass-exchange phase. For the
known Be/X-ray and some other X-ray binaries the pre-SN orbit
and the neutron star progenitor masses are calculated (assuming
circular pre-SN orbits, a symmetric SN explosion, and neglecting
the effects of impact of the SN shell). The assumption of a circular
pre-SN orbit is found to be consistent with the observations. Our
calculations thus confirm the model of the formation of Be/X-ray
binaries by evolution with mass transfer in intermediate-mass
binaries.

Key words: structure of stars — evolution of stars — close binary
evolution — case BB of mass exchange — B-emission/X-ray bina-
ries '

1. Introduction

Paczynski (1971a), Arnett (1972a, b; 1978a, b), Savonije and
Takens (1976), Woosley et al. (1980, 1984), Nomoto (1980a, b;
1981; 1982a, b; 1984a, b, c, e; 1985), and Delgado and Thomas

Send offprint requests to: G.M.H.J. Habets
* Present address: Sterrewacht “Sonnenborgh”, University of
Utrecht, Zonnenburg 2, 3512 NL Utrecht, The Netherlands

(1981) have calculated the advanced evolution of helium stars
with masses of 2.0 M ; and larger or of hydrogen stars with helium
cores in the same mass range. In the lower mass range (up to about
3 M) the outer radii of the helium stars undergo considerable
expansion, which in a binary can cause the onset of a second phase
of mass transfer [De Greve and De Loore (1977); Delgado and
Thomas (1981); see also Iben and Tutukov (1985) and Iben (1985)
for cases of common envelope evolution].

An important question is: for which masses do these stars —
even after a second phase of mass transfer in a binary — still col-
lapse to a neutron star. As a first step to the study of this problem
we calculate in full detail the behaviour with time of the radius,
the core mass, and other parameters of a 2.5 M, single helium
star during its advanced evolution and compare this evolution
with that of a 2.5 M g helium star in a binary system, which during
its advanced evolution appears to transfer mass to its companion.

We investigate whether or not the cores of the 2.5 M o helium
stars will collapse and form neutron stars [as is suggested by the
calculations of Woosley et al. (1980), Hillebrandt (1982), Hille-
brandt et al. (1984), Iben and Tutukov (1985), Iben (1985), Wilson
et al. (1985), cf. Habets (1984), but contradicted by the results of
Delgado and Thomas and by De Greve and De Loore]. Our
results (Sects. 3 and 4 below) confirm the evolution towards core
collapse.

The evolution from the helium Zero Age main sequence to the
onset of neon burning of the 2.5 M helium stars is described in
Sects. 3 and 4. The mass exchange in a binary consisting of a
2.5 M, helium star and a 17 M hydrogen star is calculated for
the case in which the 2.5 M star fills its Roche lobe during the
carbon-shell burning phase (Sect. 4). The orbital parameters of
this binary were chosen such that the progenitor system could
have been a 13 + 6.5 M system which underwent case B mass
transfer (see the evolutionary scenario in Sect. 4). After the second
phase of mass transfer (case BB) the evolution of the remnant of
the 2.5 M helium star is calculated until neon ignites off-centre.

In Sect. 5 we compute the orbital dimensions after the SN
explosion of the 2.5 M4 helium star and in Sect. 6 we compare
these with observed orbital dimensions of B-emission (Be) and
other X-ray binaries, and Be-star binaries with known eccentric-
ities in order to test the suggestion of Rappaport and Van den
Heuvel (1982) that Be/X-ray binaries are formed by a mass-
transfer dominated evolution in an intermediate-mass binary.

Our results are discussed in Sect. 7 which contains also the
main conclusions.

Before describing the results of the above-mentioned calcula-
tions we outline, in Sect. 2, the treatment of convection, the
determination of the boundary of the convective helium-burning
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core, and briefly summarize part of the computational method in
the stellar evolution code. This code (Habets, 1985a, 1986b) was
developed to calculate the advanced evolution of 2.0 — 4.0 M
helium stars [to be described in a subsequent paper (Habets,
1986a)].

2. The treatment of convective mixing and the computational
method

The computations of the evolutionary sequences of helium stars
were started with a program originally based on a scheme de-
scribed by Paczynski (1970), which was considerably modified by
Savonije and Takens (1976), and subsequently by Van der Linden
(1982, 1985) and Habets (1985a).

In our version the four structure equations (see e.g. Savonije
and Takens) were solved simultaneously with a diffusion equation
for the changes with time of the composition variables. We use a
fully implicit reaction network and initial composition of 97%;
“He, 0.75% '2C, 0.75% 10, and 1.5% **N (thus the initial heavy
metal content Z = 0.03).

We now turn to a description of the method for the determina-
tion of convective boundaries. We do not include the effects of
convective overshooting, because the theory of convection is as
yet too limited to be able to predict the extent of real convective
overshoot, see Renzini (1977). It seems, however, useful to de-
scribe here in some detail the difference between our approach
and approaches in which some type of overshoot is taken into
account. The term convective overshoot will be used here for the
phenomenon that a convective element may enter a radiative
region due to its possible non-zero velocity (but zero acceleration)
at the convective boundary. [This border is given by the point
where the radiative temperature gradient V,,,, and adiabatic gra-
dient, V,4, are exactly equal; see also Sreenivasan and Wilson
(1985)]. The extent of overshoot is, in general, estimated
from a non-local or local mixing-length theory of convection.
(Nowadays, the term overshooting is usually connected with
non-local mixing-length theory, see e.g. Maeder (1975), Bressan
et al. (1981), Doom (1982)).

Castellani et al. (1971a, b; 1985a, b) have argued that as a
consequence of overshoot the convective helium-burning core
mass will grow in the core-helium burning phase: nuclear burning
and convective mixing in the convective core cause the mixed
core material to become gradually more opaque and enhance
convective overshoot. The overshoot creates a convectively un-
stable zone outside the core and less opaque material is mixed
into the convective core. Thereby the position of the convective
core boundary changes with time. This position and the efficiency
of overshoot are expected to be determined by the difference
V.aa — Vag- On the other hand, the position of the boundary and
this difference depend also on the amount of helium-rich material
mixed into the convective core. So, the problem is quite complex.
Furthermore, at the convective core boundary there is a dis-
continuity in density and composition which gives rise to the
problem of a consistent determination of the boundary of the
convective core, see Schwarzschild (1958, p. 167), Savonije and
Takens (1976), and Sweigart and Renzini (1979).

In the following, as mentioned, we do not include overshoot
as has been done by Maeder (1975), Bressan et al. (1981), and
Doom (1982) who propose a rather large extent of mixing outside
the convective core. We do assume, however, that fresh material
brought into the core will be mixed completely as long as V4 >

V.q at the convective side of the core boundary, ie. in order to
fulfil the Schwarzschild criterion for the onset of convection.
When calculating the position of the convective Schwarzschild
core boundary one has to allow the convective core to grow in
mass (Habets, 1985a). It should be stressed here that this growth
of the convective core is only introduced here to keep fulfilling the
Schwarzschild criterion for the onset of convection and that we
do not calculate the extent of convective overshoot.

It is still uncertain which criterion for the onset of convection
(Ledoux or Schwarzschild) has to be used in regions with a com-
position gradient [also due to overstable oscillations occurring in
such regions, see Stevenson (1979) and references therein]. Here,
we adopted the Schwarzschild criterion. When a zone is convec-
tive according to this criterion at the start of the first iteration, we
mix this zone throughout the iterations even if this zone becomes
radiative after mixing. Also, whenever a zone becomes convective
after the completion of the first iteration, this zone is not mixed
in all further iterations. Before the start of the iterations of the
new model we account for the growth of the convective helium-
burning core by careful and frequent rezoning (deleting and in-
serting interpolated mesh points) near the boundary of the
convective core in the previous model. The interpolated points
may become convective in the first iteration. In this way the con-
vective boundary moves outward in a sequence of models. In
Sect. 3.1. it is shown that this treatment gives the same growth
of the convective helium-burning core as the implicit mesh point
technique which is described by Savonije and Takens, Van der
Linden (1982, 1985), and Habets (1985a, Chap. 2). In this latter
method the boundary of the convective regions can be determined
consistently (by solving implicitly for the mass coordinate of the
convective boundary as defined by the condition V4= V,,).
Semi-convective zones (in which V,,4 almost equals V,4) occurring
just outside the convective core can be treated implicitly in our
procedure, but not by the methods of Savonije and Takens and
Castellani et al. (1985a, b). Large non-transient semi-convective
zones arise around the convective cores of helium stars less mas-
sive than 2 M, see Castellani et al.

We assume that convective zones are mixed instantaneously.
However, this is probably not realistic for semi-convective zones.
Convective helium, carbon, or neon zones are mixed completely
if the time scale of convective mixing is much smaller than the
helium, carbon, or, neon depletion time scale, respectively. The
time step chosen in the models was also much smaller than this
depletion time scale, but still larger than the convective “turn-
over” time scale [ typically about 10 years or less for core-helium
burning (Renzini, 1977), but as low as 100 seconds at convective
neon-core or neon-shell burning (Habets, 1985a)]. Hence, mixing
was instantaneous and complete mixing was achieved in all cases,
see also Arnett (1974) and Habets (1985a).

3. The evolution of a 2.5M, helium star — single and in a
binary — up to neon ignition

In Fig. 1 the evolutionary history of the central density, p,,
and temperature, T, (both in decimal logarithms) is shown. The
evolutionary track of the 2.5 M helium star in the theoretical
Hertzsprung-Russell (HR) diagram is depicted in Fig. 2. The fully
drawn curves in Figs. 1 and 2 are the tracks without mass ex-
change, the dotted curves are with mass transfer to the 17 M
companion. In Fig. 3 the evolution of the radius versus core mass
(both scales are decimal logarithms) is given. The dotted track is
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Fig. 1. The central p, T history of the 2.5 M g helium star (with Z = 0.03).
The solid curve is without mass exchange. The dotted curve is with mass
exchange to the 17 M companion (see text). The oblique lines of con-
stant electron degeneracy parameter ¢ demarcate (1) the non-degenerate/
partially degenerate regime (£ = —2.6), (2) the partially degenerate/de-
generate regime (¢ = 4.4), and (3) the non-degenerate/-degenerate regime
(¢ = 0). The criteria defining these lines are adopted from Cox and Giuli
(1968). The curve y = 1 divides the non-relativistic and relativistic re-
gimes. The letters along the solid and dotted curves are explained in the
text
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Fig. 2. The evolutionary track of the 2.5 M helium star (with Z = 0.03)
in the HR diagram (solid curve). The dotted curve represents the part of

the track with mass exchange to the 17 M, companion. For the meaning
of the letters see the text
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Fig. 3. The change of the outer radius with core mass in the 2.5 M ; helium
star. During the convective helium-burning phase (from letters A to
about B) the core mass is defined as the mass of the convective helium-
burning core. After this phase (from B to E) the core mass is defined as
the mass of the core which is limited by the helium-burning shell with
maximum energy generation. This core mainly consists of *2C, 160,
and possibly 2°Ne and 2*Mg, and some “He at its outer boundary. The
dotted curve represents the part of the track with mass exchange to the
17 M companion. The dashed line indicates the position of the Chandra-
sekhar limiting mass. The arrow marks the onset of mass exchange in
the 2.5 + 17 M binary system. The letters have the same meaning as in
Figs. 1 and 2 (see the text)

with mass exchange, the deviation from the solid curve is marked
with an arrow. The oblique lines in Fig. 1 are the approximate
lines of constant electron degeneracy parameter ¢ as defined by
Cox and Guili (1968). The curve y = 1 is the approximate demar-
cation line of the non-relativistic and relativistic regimes. The
meaning of the letters in the Figs. 1-3 is as follows: A — B, the
helium main-sequence phase and the exhaustion of helium in
the core; B — C, the radiative helium-shell burning phase and
the gravitational contraction of the *2C — %0 core; C — D, the
ignition of carbon, radiative and convective core-carbon burn-
ing and radiative carbon-shell burning; D — E, the convective
carbon-shell burning phase and the gravitational contraction of
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Fig. 4. The evolution of the interior regions of the 2.5 M, helium star without mass exchange. Hatched regions are convective, the dotted line demar-
cates the core and the helium-burning layer with maximum net energy generation

the O-Ne-Mg core; E or E’ (in case of mass exchange), the ra-
diative off-centre ignition of 2°Ne, and convective off-centre neon
burning.

The Figs. 4 and 5 show the evolution of the inner regions
with time. Figure 5 is for the case with mass exchange. Time is
here defined as °log((trinar — Levor)/YI), Where f..o is the evolu-
tionary time in years elapsed since the arrival of the 2.5 M
helium star on the helium main sequence and tg,,, is chosen to
be (about) one year later than the t,,, in the final model. Thus,
teyor 18 zero in the first model. The dotted lines in Figs. 4 and 5
indicate the boundary of the core which is defined by the region
interior to the helium-burning shell with maximum net energy
generation. Convective regions are shown hatched.

In Tables 1 and 2 the main data for the 2.5 M helium star
without and with mass exchange, respectively, are presented at
special points in the evolution: number of the model in the se-
quence, t,,,; (in years), *°log Tg (T g in K), bolometric magnitude
M., outer radius R (in Rg), %log T, (T, in K), *°logp, (p, in
gem™ 3), the central helium (*He), carbon (12C), oxygen (*¢0), and
neon (2°Ne) abundances by mass, and in case of mass exchange
(Table 2): the mass-transfer rate M in M o yr~ !, mass of the mass-
losing component in M, orbital separation (in Ry), and the
orbital period in days. Detailed versions of these tables are pub-
lished in Habets (1985a).

In the following paragraphs a more detailed description of the
phases A — B, ..., to E is given.

3.1. Core-helium burning (phase A — B in Figs. 1-3)

Helium burns non-degenerately in the core (Fig. 1). The convec-
tive core grows about 50% in mass and contains at maximum

1.35M, (Fig. 4). This result was obtained by employing a dif-
fusion equation of convective mixing. As an independent check
on our results Th.J. Van der Linden computed part of the core-
helium burning phase of the 2.5 M helium star with his code.
He used the same diffusion equation together with the implicit
mesh point technique. He found a maximum extent of the convec-
tive helium-burning core of 1.356 M. But, although practically
the same input physics was used, the different techniques for
determining the convective boundary appear not to give the same
abundance variations with time. Figure 6 illustrates this. This
Figure depicts the changes in the central abundance (by mass)
with time (in years) of the elements “He, *2C, and °O. The solid
curves are our results; Van der Linden’s results are shown by the
dashed curves. The change of the central helium abundance with
time obtained by Savonije and Takens (1976) is drawn by a dotted
line, the variation with time of the central net energy generation
rate &, (in ergg~ s~ 1) is indicated by the crosses. With differ-
ent opacities, with another triple-alpha burning rate (0.8 times
smaller than our rate), and with some minor differences in other
input physics Savonije and Takens obtained a maximum convec-
tive helium-burning core mass of 1.23 M, for a 2.5 M, helium
star just after helium exhaustion in the core. The use of different
opacity tables by Savonije and Takens and in particular the dif-
ferent triple-alpha rate are most probably the cause of the much
smaller growth of the convective helium-burning core in their
calculations than in those of ours and of Van der Linden. For
the C — O core we find the following final abundances in the
centre after helium exhaustion: 12C = 0.4905, 1°0 = 04945, i.e.
quite close to the values of 12C = 0.463 and 'O =0.507 found
by Savonije and Takens, see also Habets (1985a, b). If one regards
only the behaviour with time, the abundance variations found in
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Fig. 5. Same as Fig. 4 with case BB mass transfer from the 2.5 M, helium star to the 17 M, companion (see Sect. 4)

Table 1

Model Time Tt M, R/R, T. 0. “He 12¢C 160 20Ne Stage
No. (years) 1%0g l0g  1%0g

2 0.620597E + 04  4.8854 —4.4157 0.3825E + 00 8.1921 3.2685 0.9672 0.0103 0.0075 0.0000 A
173 0.263284E + 07 50146 —53030 03174E +00 84865 4.0967 0.0000 04905 04945 0.0000 B
240 0.271390E + 07 4.7014 —6.5507 0.2387E +01 8.7836 59666 0.0000 0.4802 04887 0.0130 C
385 0.274787E + 07 43473 —6.7979 0.1366E + 02 89252 58188 0.0000 0.0132 0.2812 05347 1
413 0.274857E + 07  4.3295 —6.7810 0.1471E +02 89010 6.3245 0.0000 0.0022 02773 05443 D
651 0275173E + 07 3.7728 —6.8683 0.1988E + 03 87425 6.2573 0.0000 0.0019 02772 05445 2
867 0.275433E + 07  4.0902 —6.7757 04416E +02 9.0866 7.7481 0.0000 0.0000 02771 05447 E
Notes: 1. End of convective core-carbon burning, 2. Maximum radius

Table 2

Model Time Ter My R/Rg T, e 12C 160 20Ne M M /Mg  Ag/Ro P Stage
No. (years) 10log Olog 10log 1%log (days)

537 0.274960E + 07 4.2826 —6.7488 0.1799E + 02 8.7482 6.1355 0.0019 02772 0.5445 —4.9443 24999  8.420E + 01 2.029E +01 1

580 0.275047E + 07 4.2632 —6.7059 0.1928E + 02 8.7472 62171 0.0019 02772 0.5445 —3.6439 23640 9.268E + 01 2.343E +01 2
669 0.275246E + 07 42521 —6.7843 0.2104E + 02 8.8704 6.7204 0.0019 02771 0.5446 —59402 22050  1.046E + 02 2.808E +01 3

767 0.275318E + 07 4.2463 —6.7265 0.2104E +02 9.0185 7.4493 0.0000 0.2765 0.5462 —54921 22049  1.046E + 02 2.808E+01 4

773 0.275318E + 07 4.2460 —6.7236 0.2104E + 02 9.0185 7.4586 0.0000 0.2765 0.5462 —5.7932 22049  1.046E + 02 2.808E+01 5

844 0.275322E + 07 4.2416 —6.6799 0.2105E + 02 9.0842 7.7909 0.0000 0.2772 0.5445 2.2049  1.046E + 02 2.808E +01 E

Notes: 1., 4. Onset of mass-exchange phases during carbon-shell burning, 3., 5. End of mass-exchange phases during carbon-shell

burning, 2. Maximum mass-exchange rate

our work agree better with those of the latter authors than with
those of Van der Linden. We guess that an error in the program-
ming of the implicit mesh point technique by Van der Linden
caused this difference. The kink in our *“He curve at z,,,; = 6 10> yr

is due to a somewhat coarse distribution of our mesh points.
When Y (= *He) = 0.27 (Fig. 6) one reaches the maximum net
energy generation rate &, in the centre (2.7 10%ergg™ s~ !, the
same as the one found by Van der Linden when Y was ~0.36).
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Fig. 6. The variation with time of the central abundances by mass of “He,
12C, 160 and the variations with time of the central net energy gene-
ration rate ¢, (crosses) during convective core-helium burning in the
2.5 M, helium star. The solid curves are from the present investigation.
Van der Linden’s test calculations are shown by the dashed lines. The
“He curve of Savonije and Takens (1976) is given by the dotted line. For
all curves Z = 0.03, initially

Up to that time the radius increases (Fig. 3). The star begins to
shrink shortly afterwards. When helium is becoming exhausted
in the core the rate drops quickly to 3 10*ergg™!s™ . The spread
of &, (crosses) at Y = 0.02 is due to the mixing of fresh fuel into
the core. A finer grid of mesh points on both sides of the convec-
tive boundary at that epoch did not produce such a spread. This
demonstrates that the evolution of the 2.5 M ; helium star is very
sensitive to the mesh point distribution and to the precise deter-

mination of the convective boundary.

3.2. Helium-shell burning (phase B — C in Figs. 1-3)

As soon as helium is burning radiatively in a shell with ¢ ~
10°ergg™'s™!, the radius begins to increase again. The core
(defined here as being limited by the helium-burning shell with
maximum energy generation) grows in mass due to the nuclear
burning in this helium shell and becomes larger than the
Chandrasekhar limiting mass (Figs. 3 and 4). The bolometric
luminosity increases by about a factor 3 (see also Figure 2). The
maximum net energy generation rate é,,, achieved in the radia-
tive helium-burning shell is ~4.210%ergg™!s™!, i.e. similar to
the maximum in the previous phase. The C — O core contracts:
the central density changes from 1.0 10* gcm ™3 t0 4.6 10° gcm ™3,
but no temperature inversion occurs. Throughout phase B — C
the neutrino losses are not large enough to outweigh the gravita-
tional energy production by the contraction of the core. In phase
A — B the neutrino losses are negligible.

3.3. Core-carbon burning and radiative carbon-shell burning
(phase C — D in Figs. 1-3)

Carbon ignites radiatively in the centre at T, = 5210%K, p. =
4610°gcm™?3, and & ~ 0.7. From that moment nuclear burning
of carbon by the reactions 2C + '2C — 2°Ne + “He and *2C +
12C — 23Na + 'H becomes the dominating energy source in the
radiative core. The core-carbon burning takes place in the par-

tially degenerate regime and is therefore non-violent (Fig. 1). The
temperature rises quickly after the ignition, the C — O core be-
comes convective at T, = 6.13108K, p, = 9.2810°gem ™3, & ~
1.05, and central carbon abundance X of 0.48, and contraction
ceases. At first the density in the core decreases due to the con-
vective inwards mixing of fresh carbon. Since the nuclear energy
production rate of the carbon-burning reactions is proportional
to p, also the temperature in the core gradually decreases. As
soon as the energy loss by gravitational expansion of the core can
no longer diminish the total energy production rate, ie. if no
more fuel is mixed inwards, the central temperature of the core
begins to increase again. Just as between points A and B, there
is a steady nuclear burning stage (g, = 1.2107ergg™*s™*) dur-
ing which both the central density and the central temperature
increase while the bolometric luminosity becomes larger. The
maximum net energy generation in phase C — D occurs at the
beginning of this phase when the central temperature reaches its
(first) maximum (see Fig. 1, at '°logp, ~ 5.8 and X, ~ 0.47):
Emax > 2.6107 ergg™!s™ . The maximum size of the convective
carbon-burning core is 0.74 M ;. When the carbon abundance is
low in the core, the central density still keeps increasing, but the
central temperature drops. The main energy source at that time
is helium burning in a shell (6, = 1.510%ergg~'s™ ). The cen-
tral contraction finally results in a temperature increase. At this
time, neutrino losses are no longer negligible. We used the neu-
trino rates uncorrected for neutral current effects as given by
Beaudetet al. (1967). In the later evolutionary stages we corrected
the rates of the pair-neutrino, the photoneutrino, and the plasma-
neutrino processes for the effects from the electron- and muon-
neutrinos according to the prescription of Dicus (1972).

3.4. Convective carbon-shell burning up to neon ignition
(phase D — E in Figs. 1-3)

At point D the first carbon-burning convective shell has devel-
oped. This shell produces at maximum 2.310%ergg™*s~*. The
carbon shell provides the energy necessary to maintain the lumi-
nosity of the star achieved in the foregoing phase. The core ex-
pands slightly and the neutrino losses control the cooling of the
core during the development of the convective layer. As soon as
the energy production in the shell slows down, the core contracts
and the central temperature rises again. The stellar centre passes
the non-relativistic/relativistic border line (the curve y =1 in
Fig. 1) and enters the relativistic degeneracy regime. Once the
convective shell has disappeared, the temperature and density
throughout the core increase. This process continues until a sec-
ond carbon-burning radiative layer at a larger mass coordinate
becomes unstable to convection. This shell produces initially
enough energy to stop the core contraction. The central regions
cool again due to neutrino losses. The above described behaviour
repeats itself a number of times (Figs. 1, 4 and 5).

3.5. Comparison with results of other calculations

Details of a similar post-carbon-burning stage have been pre-
sented by Kutter and Savedoff (1969; for pure carbon stars),
Ikeuchi et al. (1971, 1972; for stars consisting of 50% *?C and
50%*¢0) and Boozer et al. [1973; for stars (I — 1.5 M) com-
posed of 50% 12C and 50% 16O without a helium envelope; Joss
et al. (1973) reported a similar behaviour for such stars with a
helium envelope]. These authors detected a series of carbon shell
flashes which each produced a convective zone. Each successive
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flash and its associated convective region occurred farther away
from the centre. The evolutionary tracks calculated (but not pub-
lished by Boozer et al.) were erratic. In our 2.5 M, helium-star
sequence the maximum total luminosity in a mass zone of the
first convective carbon shell was ~410° L, i.e. similar to the
values of L, (the rate of energy generation by nuclear reactions)
in the shell flashes of the 1.37 My model of Boozer et al. The
latter authors describe the shell-burning phase as a sequence of
thermal relaxation oscillations. [Ikeuchi et al. and Kutter and
Savedoff found such a behaviour (with an explicit and an implicit
method, respectively), even though the last-mentioned authors
used an incorrect equation of energy conservation from Kutter
and Savedoff (1967, cf. Strittmatter et al., 1970)].

3.6. Convective helium regions in the outer layers and the
evolution of the outer layers

During the first carbon-burning convective shell phase the outer
radius of the star grows to its largest value of 200 R, (Fig. 3). A
density inversion and convection occur in the envelope in the
region °log T = 4.15 — 4.5 and '°logp = —8.3 + 0.3. The con-
vective layer is at maximum about 210”2 M thick. The density
inversion extends over 1.51072 M at maximum. In these low-
temperature regions partial ionization of helium dominates in the
equation of state [cf. Law (1982); our equation of state for a
helium mix (Iben V) over the range of p and T in a helium red-
giant envelope agrees perfectly with the tabulated equation of
state of Fontaine et al. (1977)]. When the radius is close to 200 R
the envelope becomes also convectively unstable over a mass
range of at most 1.51072M at '®logT ~ 52 — 545 and
Ologp = —6.3 to —7.1, see Fig. 4. This is the temperature-
density regime in which helium is nearly completely ionized, but
in which no density inversion occurs. The inversion at the lower
temperatures and densities is probably due to an opacity peak
in the helium ionization zone. Maeder (1981) showed that the
effect of the density inversion in a hydrogen envelope will be a
Rayleigh-Taylor instability. Maeder’s results for 60 M and
30 M, hydrogen stars are that the internal structure is unaffected
by his treatment of the Rayleigh-Taylor instability and that T
is lowered by 4 '°log T = 0.09. By comparison with Maeder’s
test calculations we may expect that the evolution through the
“red-giant” phase is only slightly influenced by the instability re-
sulting from the density inversion in the envelope. In contrast to
the result for our 2.5 M, star, Law (1982) does not mention a
density inversion in the red-giant phase of a 1 M helium star.
Before returning to the blue part of the HR diagram the lumi-
nosity of the star increases (Fig. 2). If the results of Law can be ex-
trapolated, the helium Hayashi track of fully convective models
of 2.5 M, will lie close to this turning point of our model in the
HR diagram.

The evolution of the interior regions at neon ignition of the
2.5 M helium star is described in paragraph 4, see also Habets
(1985a) and Appendix B in Habets (1986b).

4. Roche-lobe overflow from a 2.5 M, helium star in the
carbon-shell burning phase

4.1. Evolution before neon ignition (phase D — E' in Figs. 1-3)

In the following the evolution of a 2.5 M ; helium star in a binary
up to neon ignition is described. The mass transfer is assumed
to be “conservative” (Paczynski, 1971b) and is treated in a way
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analogous to a procedure developed by Van der Linden (1982).
As a companion we took a 17 M hydrogen star at an initial
orbital separation of 84.2 R, (P; = 20929). Such a binary can be
a remnant of case B mass transfer (P, = 2%58) in a system with
initial component masses of 13 + 6.5 M which evolved conser-
vatively. The 2.5 M helium star appears to fill its Roche lobe
several times in phase D — E. Once the radius of the 2.5 M
helium star is ~18 R, a major amount of mass (0.3 M) is ex-
changed. Figure 7 shows the mass-loss rate M in Myyr ! asa
function of time (in years) during the first convective carbon-
burning shell phase. In view of the new boundary conditions
during the mass-transfer phase one obtains a smaller convective
carbon-burning shell (cf. Figs. 4 and 5). In 2860 years 0.3 M, is
lost to the companion. The Kelvin-Helmholtz time scale of the
star in this phase (i.e. neglecting neutrino losses) is ~240yr. At
the onset of mass transfer the convective part of the stellar en-
velope is thermally unstable and is expanding on roughly this
time scale. On the other hand mass transfer causes also the criti-
cal radius to increase, because mass is exchanged from the less
massive to the more massive star. Initially, the change of the
critical radius cannot follow the growth of the stellar radius
and a sharp rise in M occurs (Fig. 7). A maximum M of
23107 * Mg yr~ ! is reached. The helium star detaches from the
Roche lobe at P, = 28%09; the orbital separation at that time is
104.6 R. In the fourth convective carbon-burning shell phase
the helium star again fills its Roche lobe. In about 4 yr of Roche-
lobe overflow a maximum M of 2107 M yr~ ! is reached. (This
exchange phase lasts much shorter than the foregoing one, be-
cause the evolution of the interior regions proceeds much faster
just before neon ignites.) A third mass-transfer phase lasting
about 10 yr may occur after the disappearance of this convective

“shell. This phase was not calculated. [The total amount of mass

loss in the last-mentioned two phases is negligible (< 10™* M)].

-3.6

LOG MASS LOSS RATE (Mg/YR)
- .
™ o

)
o
[e)]

-6.0 & ! L . L L
00 05 1.0 15 20 25
TIME ( x1000 YRS)
Fig. 7. The variations with time of the mass-loss rate M in M /yr during
the first mass-transfer phase in the 2.5 + 17 M, binary system. The ini-

tial orbital period (P;) and final orbital period after the mass exchange
(P,) are indicated
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Fig. 8. The conservative case BB evolutionary scenario for the forma-
tion of a Be/X-ray binary from a 13.0 + 6.5 M binary system. The ini-
tial more massive primary first transfers mass to the secondary due to
hydrogen-shell burning (at ¢t = 1.2 107 yr) and lateron (but now being the
less massive, helium-star component) due to helium-shell burning in the
carbon-shell burning phase (at t = 1.48 107 yr); the original secondary
becomes a rapid rotating Be star as a result of the first mass exchange
by which mass and angular momentum is accreted through a disk; finally
the original primary star undergoes core collapse and forms a neutron
star. As a result of the mass-exchanges the binary orbit becomes wide.
A symmetric SN explosion makes the orbit slightly wider and gives it a
small eccentricity

The conservative evolutionary scenario for the original binary
system and some time scales are given in Fig. 8, see also Sect. 5.1.

The expansion of the outer helium layers was not large
enough to cause the formation of a thin convective layer at
10]og T ~ 5.2 — 5.5 or to cause a density inversion in the stellar
envelope. Several helium-burning convective and semi-convec-
tive shells were formed in a region at the base of the helium-
burning shell with maximum net energy generation (the dotted
curve in Fig. 5). At the end of the calculations the base of this
shell is convectively burning helium as well as carbon (see Fig. 5):
a convective helium-burning layer of the helium-burning shell
penetrates the core region and merges together with a helium-
and carbon-burning convective layer in the core. This causes a
slight reduction of the core mass (Figs. 3 and 5). In case of no
mass loss such a penetration is avoided and the convective shell
becomes radiative (Fig. 4).

In the binary as well as in the single star computations a tem-
perature inversion develops in the centre. A second small tem-
perature inversion occurs in a carbon-burning layer with a mass
coordinate of 1.38 M.

4.2. Evolution at neon ignition (phase E, E' in Figs. 1-3)

Neon ignites off-centre at a mass coordinate of ~0.16 M in
the 2.5 M, helium star and in the 2.2 M, mass-exchange rem-
nant. The computations were terminated a few models after the

moment at which the neon-burning shell became convectively
unstable. Figure 9 depicts the thermodynamic structure of the
interior of the 2.5 M5 and the 2.2 M, stars in the last models (at
the time of neon burning in a convective shell). At the edge of the
core (at m, = 1.54 M and 1.58 M, for the 2.2 M and 2.5 M
helium star, respectively) the density and temperature fall off ex-
tremely sharply (the solid and dashed-dotted lines of T/108 K are
of the 2.5 M5 and 2.2 M, helium stars, respectively; the dashed
and dotted lines of *°log p are of the 2.5 M, and 2.2 M, helium
stars, respectively). The pressure gradient is also extreme (the
pressure gradient of the 2.2 M, mass-exchange remnant is de-
picted), the solid and dashed-dotted lines of *°logr/R, are of the
2.5Mg and 2.2 M helium stars, respectively. Figures 10 and 11
show the composition structure of the last models in the 2.5 M o
and 2.2 M, helium stars. The compositional gradients were pro-
duced by nuclear burning as well as convective mixing. The
abundance of **N is kept constant in all computations. Notice
the large extent of the helium-burning layer in the 2.2 M star
just before neon ignites; the inner 1.4 M, is not much affected by
the mass exchange, cf. Figs. 4, 5, 10, and 11.

Similar steep density, temperature, and composition gradi-
ents are found, after carbon-shell burning, in hydrogen stars with
helium cores of 2.0 — 2.6 M, by Woosley et al. (1980), Nomoto
(1984a), Wilson et al. (1985), and in a 2.2 M 4 helium star (Habets,
1985a, 1986a) [but not in helium stars of 2.9 — 4.0 M ; see also
the 15 M hydrogen star model of Wilson et al. (Fig. 3)].

5. The orbital dimensions after the supernova explosion of the
2.2 M, remnant

The supernova (SN) explosion takes place some 10 yr after neon
ignition in the core (see Woosley et al., 1980). In order to derive
the orbital dimensions after the SN explosion we first neglect the
impact of the SN shell on the Be-star companion and on the
orbit. The effects of impact will be estimated under the assump-
tion of a symmetric explosion.

5.1. Orbital parameters after an explosion with symmetric mass
ejection, without impact

In this case, if we assume a circular pre-SN orbit, Egs. (1)=(8) of
Flannery and Van den Heuvel (1975) yield the final period, P/,
the final eccentricity e,, and the final orbital separation, a,, as a
function of u,, the final total mass of the system in units of the
initial total mass. These parameters are given by:

Pp=(uy/Qu, — 1)3/2)Po; e,=(1- ﬂf)/ﬂf; ay = ao.uf/(zﬂf - t):
1

M{ + M}
M+ MY’
exploding and the non-exploding component, and P, and a,
are the initial orbital period and initial orbital separation,
respectively.

With P, = 28909, M9 =22My, M3 =173 Mg, M}
ay = 104.6 R and assuming that the SN explosion of the 2.2 M o
star leaves a 1.4 M compact remnant we readily obtain: P, =
30463, e; = 0.043, and a; = 109.3 R, see also Figure 8 and Van
den Heuvel (1985).

where u, = M?, MY are the pre-SN masses of the

5.2. The effects of impact on the orbital dimensions

De Cuyper (1982, 1984) derived expressions for P, e, and a; if
the SN shell impacts on the companion:
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Fig. 9. The thermodynamic structure in the 2.5 and 2.2 M, stars in the last calculated models with convective neon-shell burning. The run of the
temperature (7/10% K), density (1°log p; p in gcm ~3), and radius (*°logr/R) are depicted for both stars, see the text. Also the variation of the total
pressure (!°log P; P in dyn cm ~2), of the electron degeneracy parameter £, and of the opacity (*°logx; x in cm?s™*) through the 2.2 M 4 star are shown

b op s 4
szsT/Z_Panf={1'—u—§} ,af=ﬂf‘?, 2
2

v; . .
where § = 2u, — 1 — | ) ,vimand v° are the velocity of impact
v

of the SN shell onto the companion and the relative velocity in
the initially circular orbit of the system, respectively. These veloc-
ities are given by:

Lo _ CM3 + MY

ao

Uym =1 ' Fin * Usnshen  and
where I, is the ratio of the momentum effectively imparted to
the companion to the momentum of the impacting part of the
SN shell. I, is adopted to be 0.3 [see Fryxell (1979) and Fryxell
and Arnett (1981), and De Cuyper (1982)]. Note that Egs. (2)
reduce to Egs. (1) in the case v,, = 0. The ratio of the mass of

the SN shell which interacts with the companion to the total mass
of the companion, Fyy, is:

_ (3 — M) (R3>2

aM3  \a,

FIN

Substituting the values of M$, M{, a5, M9 and assuming R =
5.5R for the Be star (the radius of a main-sequence star of
17.3 M with Z = 0.03 according to Van der Linden, 1982) we
obtain Fyy = 3.2 x 107°. Hence, 5.510™* M, of the SN shell of
0.8 M interacts with the Be star. De Cuyper gives also an expres-
sion for M4 [which is a fit to analytic impact calculations for a
star with polytropic index 3 by Wheeler et al. (1975)]:

loggp + 3)°¢
w2
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1% . . ..
where ¢ = Fiy [M — I:I with vgngen being the ejection veloc-
es

ity of the SN shell and v,, is the escape velocity from the surface
of the companion:

26MY\!/?
Vs = (—R(ZT—> .

This equation only holds for °log¢ > —3; for ®log¢ < —3
holds in very good approximation: M4 = M$. The parameter ¢
has the following values:

c=43if ¢ > 0.01 and ¢ = 3.3 if 0.001 < ¢ < 0.01.

Substituting the above-mentioned values of M9 and RS we derive
for v, 1095.3kms™ 1. As Fyy < 51073 we have to invoke ex-
tremely large ejection velocities in order to obtain deviations from
a circular orbit due to impact, i.e. vgnepey Should be larger than
3.510*kms ™ *. However, the observed values of tgygey are in the
range 0.5 to 310“kms ™!, cf. Schatzman (1965), Zwicky (1965),
Shklovsky (1968), and Minkowski (1969). Hence, we can safely
neglect the effects of impact on the companion and on the orbit
of the system in the case of a symmetric SN explosion. De Cuyper’s
(1985) results for an asymmetric explosion indicate that low kick
velocities (v < 100kms™?) are sufficient to yield large eccen-
tricities (>0.4) for the final orbit (neglecting impact of the SN
shell).
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6. Comparison with observations of Be/X-ray binaries

Kelley et al. (1983) obtained orbital dimensions for the transient
X-ray binary 2S1553 — 542. These authors suggest that the sys-
tem 2S1553 — 542 contains a Be star with a mass of 5 — 10 Mg
according to the mass function. The orbital period of the system
is 3096 + 292. The orbital eccentricity is at most 0.09. Kelley et al.
conclude from this small eccentricity that either the system was
tidally circularized or that the SN explosion left the orbit nearly
circular. The first possibility is very unlikely, because the tidal
circularization time scale is very large in a binary system with P >
5 — 10 days, i.e. > 10® yr, according to Savonije and Papaloizou
(1983). The second possibility, if true, would require, according to
Kelley et al., that the mass of the progenitor of the neutron star
was less than 4 M 5 (under the assumptions of an upper limit of
20 M, for the mass of the companion, a mass of the neutron star
<2Mg, and a SN mass loss in the system <2 M ). The final
orbital period and eccentricity after the SN explosion which we
obtained for the 2.2 + 17.3 M 5 system happen to be quite similar
to those of 2S1553 — 542. Hence, a case BB mass transfer as
proposed in this paper could very well have taken place in the
progenitor system of 281553 — 542.

Table 3 lists the orbital periods and orbital eccentricities of
281553 — 542, some other Be/X-ray binaries, some Be-star bina-
ries, and GX301 — 2. [In the case of A0535 + 26 the X-ray flare,
the optical outburst, and radial velocity period are probably com-
patible and yield the orbital period. However, Aab (1984) derived

Table 3. The orbital periods and eccentricities (e) of some Be/X-ray binaries, some Be-star binaries, and the X-ray

binaries V0332 + 53, GX301 — 2, and 2S1553 — 542

System Period (days) e Type References

400115 + 63 24.31 0.34 Be/X Rappaport et al. (1978)

V0332 + 53 342+ 15 0.35(+0.25, —0.10) Be/X? White et al. (1984)

A0535 + 26 111.0 £ 04 03—-04(7) Be/X Nagase et al. (1982)
Priedhorsky and Terrell (1983)
Hutchings (1984)

111.5 0.65 + 0.17 Janot-Pacheco et al. (1985)

A0538 — 66 16.6 ~ 0.7, >0.4 Be/X Charles et al. (1983)
Skinner et al. (1982)

GX301 —2 415 047 B2Ia/X Rappaport and Joss (1983)
White and Swank (1984)

251553 — 542 30.6 +22 <0.09 Be/X? Kelley et al. (1983)

CXDra 6.697 0.0 Be Koubsky (1978)

n Ori 7.98 0.0 Be Batten et al. (1978)

B Lyr 12.93 0.0 Be Batten et al. (1978)

HD 187399 27.97 0.39 (7 Be Batten et al. (1978)

RX Cas 323 0.0 — 0.16 Be Kriz et al. (1980)

HD 698 5593 0.03 Be Batten et al.

¢ Per 126.7 0.15 Be Batten et al.

{Tau 132.97 0.18 (+0.11, —0.05) Be Harmanec (1984)

AX Mon 2325 0.02 Be Batten et al.

17 Lep 260 0.13 Be Batten et al.

{ Aur 972.2 0.41 Be Batten et al.

32Cyg 1147.8 0.30 Be Batten et al.

31Cyg 3784.3 0.22 Be Batten et al.

VV Cep 7430.5 0.35 Be Batten et al.

KQPup 9752 0.46 Be Batten et al.

e Aur 9890 0.20 Be? Hack (1984) and Batten et al.
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a three times smaller orbital period of ~35 days from a radial
velocity study. This period awaits further confirmation.]. The
massive ones among the Be-star binaries are likely candidates for
an evolution towards Be/X-ray binaries (cf. Rappaport and Van
den Heuvel, 1982).

Since circularization occurs on a long time scale, the large
observed orbital eccentricities in the wide Be/X-ray binaries listed
in Table 3 are due either to an asymmetric SN explosion or to
a symmetric SN explosion with a large SN mass loss from the
system. This conclusion holds especially for a circular pre-SN
orbit, but is weakened for non-circular initial orbits. If we assume
a symmetric SN explosion to occur in an initially circular orbit
with no effects of impact on the companion and on the orbit, we
can obtain the masses of the progenitor systems and the initial
pre-SN period (P,) of 4U0115 + 63, V0332 + 53, A0535 + 26,
A0538 — 66, and GX301 — 2. To this end we assume the mass
of the neutron star to be 1.4 M, and we estimate the final
mass of the secondary M/ from the spectral type; in the case
of GX301 — 2, M4 was taken from Rappaport and Joss (1983).
In this way we find for the system 4U0115 + 63: P, = 11924,
M? =29 — 8.68 M, if M3 ranges from 3 to 20 M, [the mass
of an O or Be star, cf. Hutchings and Crampton (1981)]. Taking
MY =9 — 15M, for the mass of the B-type optical component
in A0538 — 66 and e, = 04 we derive: P, = 6%5 and M{ =
5.56 — 7.96 M . However, for these latter two systems the ne-
glect of impact is questionable. If for the system V0332 + 53 we
adopt the lower limit of e, (=0.25) and the final period of 342,
and if we take the mass of the optical component to be 3 — 20 M,
we derive: Py = 19987, M9 = 2.5 — 6.75 M . These resulting val-
ues for the mass of the progenitor of the neutron star in V0332 +
53 suggest that the neutron star originated from a more massive
progenitor than in the system 281553 — 42 which has a nearly
circular orbit and about the same period [under the assumption
of a symmetric SN explosion without impact and a circular
pre-SN orbit, after a (case B) mass-exchange phase]. Taking
M§ =15 — 20 M, [the mass of the 09.7 (B0) IIle companion]
and e, = 0.3 we obtain for the system A0535 + 26: M{ = 6.32 —
7.82M, P, = 57%0; however with e, = 0.65 we find for this
system M? = ~12 —20M and P, = 18%. With M3 =40M,
(the minimum mass in absence of eclipses in the X-rays), e, = 0.47
and P, = 415 we obtain for the system GX301 — 2: P, = 13924
and M? =209 M.

From the above derived initial orbital periods and initial
masses it is likely that the systems 4U0115 + 63, V0332 + 53,
A0535 + 26, and GX301 — 2 all originated from progenitor sys-
tems which underwent case B mass transfer. In such a system
after the mass exchange a Wolf-Rayet (WR) system is formed in
which lateron the WR star collapsed to a neutron star. The WR
star was the originally more massive star in an unevolved early-
type binary. Such unevolved early-type binaries often have a mass
ratio close to unity [Garmany et al. (1980) and Lucy and Ricco
(1979)]. Hence, in general, due to the mass transfer the period
of the pre-SN orbit (i.e. after the mass-transfer phase) was larger
than the initial (Zero age) period. Therefore also A0535 + 26 may
have had an initial (Zero age) orbital period <30¢if e, = 0.3 and
an even smaller one if e; = 0.65. As a consequence of the mass
exchange the pre-SN orbit is expected to have been nearly cir-
cular. Massey (1982) pointed out that all observed WR + O sys-
tems with P < 30 days have nearly circular orbits. Therefore, the
above-made assumption of an initially circular orbit is plausible
for the pre-SN orbits of 4U0115 + 63, V0332 + 53, A0535 + 26,

and GX301 — 2, such that the conclusions about the pre-SN
masses and orbits seem warranted.

7. Discussion and conclusions

7.1. Interior and exterior evolution of single stars and mass-
transfer remnants

De Greve and De Loore (1977) have argued that the evolution of
single hydrogen stars (or single helium stars) would be very much
different from the evolution of hydrogen stars with about the
same helium core masses undergoing case B of mass transfer (or
even case BB before the onset of core-carbon burning). However,
De Greve and De Loore derived much smaller initial C — O core
masses for case B mass-transfer remnants than those found by
Delgado and Thomas (1981) for helium stars (with comparable
progenitor hydrogen star masses) or by us when calculating the
advanced evolution of case B remnants of binary evolution [Van
der Linden (1982) calculated case B of mass exchange in a 12 +
8 M binary system resulting in a 2.3 M helium star remnant
with almost no hydrogen in its envelope. Continuing the evolu-
tion of this remnant we found a much larger initial C — O core
than De Greve and De Loore for about the same helium core
mass.]. In addition, De Greve and De Loore’s final C — O core
masses at the onset of core-carbon burning agree only with those
obtained by Delgado and Thomas [see Law and Ritter (1983)]
and not with those resulting from the more detailed calculations
of Nomoto (1984a, b) and ourselves. From test calculations for
a 2.3 M helium star remnant we find evidence that the advanced
interior evolution of case B mass-transfer remnants with envel-
opes that contain almost no hydrogen, is not at all different from
the evolution of single helium stars (with the same mass and Z-
value). However, as to the mass transfer in a binary, remnants of
an earlier phase of transfer which still have some hydrogen in
their envelopes may behave differently from pure helium stars
according to the results of De Greve and De Loore (for case B)
and Iben and Tutukov (1985; for all kinds of mass-exchange
phases including common envelope evolution). This difference
depends on the initial orbital period and on the initial mass ratio.
In addition, Iben and Tutukov find that the evolution of the
C — O cores and helium-burning shells in single stars is very sim-
ilar to that of such cores and shells in single helium stars (without
a hydrogen envelope).

In the carbon-shell burning phase the 2.5 M helium star be-
comes a red giant. Previously, this was suggested by Savonije and
Takens (1976). However, Delgado and Thomas (see Law and
Ritter) find that helium stars of 2.0 — 3.33 M, reach red giant
radii either during helium-shell burning before core-carbon igni-
tion (for a 2.0 My helium star) or during core-carbon burning
(for 2.7 M and 3.33 M helium stars). This difference for helium
stars in the mass range 2.0 — 3.33 M, is due to not allowing the
convective helium core to grow in mass and may be also due to
the use of different radiative opacities (Habets, 1985a).

7.2. Final fate of the single 2.5 M, helium star and the case
BB mass-transfer remnant — scenario for the formation of
Be/X-ray binaries

Our calculations of the post-mass-transfer evolution of the
2.5 M helium star indicate that the mass-transfer remnant will
terminate life as a neutron star (see below), whereas De Greve
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and De Loore, Delgado and Thomas, and Iben and Tutukov (in
some cases) expect that such a remnant will end as a white dwarf.
The reason for this difference is twofold. Firstly, the advanced
evolution of the interior regions is not affected by the second
mass transfer in our computations contrary to the findings of
Delgado and Thomas (in case of a 2.0 M ; helium star), De Greve
and De Loore, and Iben and Tutukov. Secondly, these latter
groups of authors obtain smaller final C — O core masses before
core-carbon ignition [and these cores are even smaller if the
C — O core remains constant (“freezes”) during the second mass-
transfer phase (De Greve and De Loore; however, see Iben and
Tutukov)]. Delgado and Thomas, and Nomoto (1984a, b) neglect
the effect of convective mixing in unstable layers around the con-
vective helium-burning core (overshooting). However, Nomoto
obtains larger final masses for the C — O cores than Delgado and
Thomas. Hence, the size of the C — O core depends on the input
physics and the computational method. Because we allow the
convective helium-burning core to grow in mass (in order to keep
fulfilling the Schwarzschild criterion for the onset of convection,
but not calculating the effects of overshooting) we derive even
larger final C — O core masses than Nomoto. On the other hand,
in a binary the final extent of the C — O core depends on the
choice of the initial orbital period and initial mass ratio (Iben
and Tutukov, 1985). Due to the larger final C — O core mass, the
interior evolution of our 2.5 M helium star resembles that of a
more massive helium star in the calculations of Delgado and
Thomas and of Nomoto.

At core-neon ignition the C — O core masses of the 2.5 M
helium star and the 2.2 M, mass-transfer remnant are larger
than the Chandrasekhar limiting mass. Hence, these stars will
undergo core collapse. Furthermore, in the carbon-shell burning
phase, these stars develop a steep density gradient at the edge of
the C — O core which, in the core collapse phase, may favour the
development of a SN explosion and the formation of a neutron
star (Hillebrandt, 1984).

The effects of a symmetric SN explosion on the orbital di-
mensions in the 2.2 + 17.3 M, binary system (P = 28%09) were
shown to be small. Therefore, in so far the neglect of impact of
the SN shell on the companion and on the orbit is not question-
able and with the assumptions of a circular pre-SN orbit and a
symmetric SN explosion, we may conclude that Be/X-ray bina-
ries may be formed by case B or case BB mass-transfer domi-
nated evolution in an intermediate-mass binary [cf. Rappaport
and Van den Heuvel (1982)].

In forthcoming papers [Habets (1986a, b, and in progress)]
an extensive discussion of the evolution of helium stars with
masses in the range 2.0 — 4.0 M, will be given. Part of this paper
is chapter IITIA of Habets (1985a).
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