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Abstract. It is shown that the ultrasoft X-ray emission
(peak energy 30-50 eV) observed in the three strong
(=41037-1038 ergs~!) LMC X-ray sources CAL 83, CAL 87 and
RXJ0527.8— 6954 can be explained by steady nuclear burning of
hydrogen accreted onto white dwarfs with masses in the range of
0.7 to 1.2M . The observed optical and X-ray characteristics of
the binary systems CAL 83 (P =1.04%) and CAL 87 (P=10.6") are
shown to be consistent with such a model. In both systems the
companions are main-sequence stars with masses in the range of
1.5 to 2M,. They are transferring mass unstably on a thermal
timescale by Roche-lobe overflow, at rates between 1.0 and
40107 "Mgyr~ L

In both systems the white dwarf with its accretion disk is the
dominant optical light source, being much brighter than the
unheated side of the companion. The donor stars in these systems
appear to be strongly heated. We argue that the stellar wind
emanating from the heated star interacts with that from the disk
(plus white dwarf) to generate the He 11 4686 emission line with a
radial velocity amplitude much lower than the actual radial
velocity amplitude of the white dwarf, thus yielding an apparently
much too large mass estimate of this compact star.

We suggest that CAL 83 and CAL 87 are the white dwarf
analogues of X-ray binaries like Her X-1. Because the accreted
matter in these sources would not be ejected in thermonuclear
nova flashes, the white dwarfs in these systems may eventually
collapse to form neutron stars.

Key words: X-ray sources — accretion — white dwarfs — neutron
stars

1. Introduction

The peak photon energies of the strong (241037-103% ergs™!,
see below) LMC X-ray sources CAL 83 and CAL 87 are some
hundred times lower than those of the traditional strong binary
X-ray sources.
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While the energy distributions of the latter (accreting neutron
stars and black holes) peak between 1 and 10 keV, those of the
ultrasoft sources peak between 30 and 50 eV, as follows from
model simulations for obtaining their observed intensities in the
ROSAT energy bands (Triimper et al. 1991; Greiner, et al. 1991).
ROSAT has discovered a third source of this type, RXJ0527.8
—6954 (Triimper et al. 1991). These observations indicate that
these objects form a separate new class of X-ray sources, not
previously encountered in our galaxy. Indeed, such sources in the
plane of the Galaxy must be within a distance of less than ~ 1 kpc
in order to be observable, since at larger distances interstellar
absorption will extinguish them.

Extrapolating from the number observed in the LMC, the
probability of finding one such source within ~1 kpc from the
Sun is negligible. The reason why the sources are observable in
the LMC is, apparently, the relatively low interstellar column
density in the direction of the LMC. CAL 83 and CAL 87 have
been optically identified with close binary systems with orbital
periods of 1.04 days and 10.6 h, respectively (Smale et al. 1988;
Pakull et al. 1988; Cowley et al. 1990). In analogy with the other
binary X-ray sources it is therefore very likely that these are
accreting binary systems. The striking difference of about a factor
100 in peak X-ray energy relative to the accreting neutron star
and black hole binaries strongly suggests that the accreting
objects in the ultrasoft sources have radii ~102-10* times larger
than that of a neutron star (102 assuming that the temperature is
proportional to the potential energy released per unit mass of
accreted matter, and 10* assuming a scaling according to
Stefan-Boltzmann law for a fixed luminosity), i.e. characteristic of
a white dwarf.

The existing suggestions regarding the nature of these sources
include accreting black holes (Cowley et al. 1990; Smale et al.
1988) and neutron stars accreting matter at or above Eddington
rate (Greiner et al. 1991). There are, however, serious doubts as to
whether spectra as soft as those seen in Cal 83, Cal 87, or
RXJ0527.8—6954 can in fact be produced by accreting neutron
stars or black holes. The known black hole candidates such as
Cyg X-1 and LMC X-3 exhibit softer X-ray spectra than typical
neutron star sources, but their characteristic temperatures are still
in the keV range, much higher than the supersoft LMC sources. It
has been argued by Greiner et al. (1991) that as the mass transfer
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rate onto a neutron star increases, its X-ray spectrum would get
progressively softer, since the cocoon of matter surrounding the
accreting object would cause the photospheric radius to expand.
The X-ray source Cen X-3, believed to be a neutron star accreting
close to the Eddington limit appears to behave differently,
however (Giacconi 1975). The X-ray spectrum becomes progres-
sively harder with increasing accretion rate, until the X-rays are
completely quenched at mass accretion rates that are above the
Eddington rate. Quenching appears when the column density
between us and the source exceeds ~0.5 gcm ™ 2. LMC X-4, on
the other hand, goes up to ~20 times the Eddington luminosity
and becomes softer, but still the effective temperature remains of
order a few keV (Levine et al. 1991). In a super Eddington
situation a quenching column-density is expected to always
ensue at a high enough accretion rate which the neutron star is
unable to accept. The excess matter will pile up around the source,
causing the column density to increase, until it exceeds 0.5 gcm 2
and the source is quenched. The quenching is due to the fact that
the major source of X-ray opacity is the photoionization of the
surrounding matter. If the accretion rate is too large the X-ray
photon flux is too low to keep all the incoming matter ionized.
The recombination rate in a dense ionized gas is sufficiently high
once L/(ns?) (L,=X-ray luminosity of the source, n,=the
electron density, r=distance from the central source) is suffi-
ciently low, causing the X-rays to be degraded into mainly optical
and UV radiation. No special processes are known that would
favour the transformation of the hard X-ray flux into a 30-50 eV
blackbody, as seems to be the case here (see Hatchett & McCray
1977).

A further problem with the interpretation of these sources as
super-Eddington accreting neutron stars is the following. Mass
transfer rates well above the Eddington limit can be obtained in
systems where the donor mass exceeds ~ 1.4 M . The duration of
this phase, and consequently the probability of observation
decreases rapidly with increasing donor mass. As a result, the
most promising neutron star systems would be those where the
donor mass lies between 1.4 and 2M . The optical properties of
the systems CAL 83 and CAL 87 also do not allow donor masses
higher than this (see Sects. 4 and 5). The X-ray binary Her X-1
would be an ideal progenitor of this phase. The present sub-
Eddington accretion phase in Her X-1 is expected to last
<410° yr (Savonije 1983), while the super-Eddington phase is
expected to last ~ 107 yr. Given the fact that we see one Her X-1,
this would indicate that there are at least 25 systems in our galaxy
in the post-Her X-1 phase. These systems are expected to receive
large (~ 100 km s~ ') centre-of-mass velocities when the neutron
star is born, as can be clearly seen from the fact that Her X-1 is
situated 3 kpc above the galactic plane. Such velocities would
make the distribution of these super-Eddington sources very
wide, with a scale height of order a kpc. With such a wide
distribution, many systems are expected to lie outside the ob-
scuring interstellar matter in the galaxy, and would surely have
been observed with earlier X-ray satellites had they been such
bright soft X-ray sources as have been observed in the LMC. This
leads us to conclude that apparently the cocoons around neutron
stars undergoing super-Eddington accretion grow so large as to
reprocess the radiation to much longer wavelengths, and are
unlikely to explain the large soft X-ray luminosities observed
from CAL 83, CAL 87, and RXJ0527.8 —6954.

Given these difficulties with the neutron star/black hole model
for the supersoft sources, we explore in this paper the possibility

that the accreting objects in these systems may be white dwarfs.
We find that a reasonable explanation for the observed properties
of these sources can be provided by such a hypothesis.

In Sect. 2 we explore the conditions under which an accreting
white dwarf may reach an X-ray luminosity and effective temper-
ature similar to those observed for the supersoft LMC sources.

We show that there is a range of white dwarf masses and
(hydrogen) accretion rates for which such sources can be pro-
duced. The required white dwarf masses and accretion rates are
0.7-14Mg and ~1-510"7 M yr~!, respectively. Such accre-
ting white dwarf models appear to fit the observed optical and X-
ray properties of CAL 83 and CAL 87.In CAL 87 the companion
star is a main-sequence star of mass ~1.4-1.5M g, in CAL 83 it is
most probably a post-main-sequence star with a mass in the
range 1.5-2M . The theoretically derived mass-transfer rates by
Roche-lobe overflow for these companion masses are
~10""Mgyr ! and ~41077 Mg yr~!, respectively, and the
inferred X-ray lifetimes of the systems are ~ 107 yrs.

In Sect. 6 we discuss the possible evolutionary origins and the
fate of these accreting white dwarf binaries.

2. Origin of the X-ray spectrum:
the nature of the accreting white dwarfs

As we remarked above, the X-ray spectra of CAL 83, CAL 87, and
RXJ 0527.8 — 6954 are unusually soft. From the ROSAT observa-
tions of CAL 83 and RXJ 0527.8 — 6954 a blackbody temperature
kT,,<50¢eV is indicated for these sources (Triimper et al. 1991,
Greiner et al. 1991). According to the spectral hardness ratios
obtained from Einstein IPC observations (Long et al. 1981), the
spectrum of CAL 87 is somewhat harder than that of CAL 83, but
would still be characterized by kT,,<100eV. CAL 83 is the
brightest among these three sources, having a count rate ~4
times larger in the IPC band than CAL 87, and ~ 3.5 times that of
RXJ0527.8—6954 in the ROSAT PSPC (Greiner et al. 1991).
Greiner et al. (1991) present blackbody fits for CAL 83 and
RXJ 0527.8— 6954 for different values of Ny. While the best fit
values for kT, and Ny indicate luminosities Ly, ~10*® ergs™*
for these sources, the uncertainties in these parameters are rather
large, and the 99% confidence limits include L, values as low as
1037 ergs ™! (Fig. 1). For the canonical value of Nyy~710%° cm ~2
in the line of sight to the LMC the luminosities turn out to be
~710%7 ergs™! and ~(3-20)10%7 ergs~! for Cal 83 and
RXJ0527.8 — 6954, respectively.

An accreting white dwarf undergoes nuclear burning when the
accretion rate exceeds a certain limit. Then the stellar luminosity
is dominated by hydrogen burning, since the energy liberated by
hydrogen burning exceeds that due to accretion on a white dwarf
by an order of magnitude or more, depending on the mass of the
white dwarf. It has been shown by Nomoto et al. (1979) and
Sienkewicz (1980) that above an accretion rate (with a hydrogen
abundance of 0.7 by mass) Mggx8.51077 (Myp/Mg
—0.52)Mg yr~! (Myp=mass of the white dwarf) the accreted
matter forms a red-giant like envelope around the white dwarf,
with the luminosity being generated from hydrogen shell burning.
Steady hydrogen burning on the white dwarf surface can occur
for 0.4Mgg SM < Mgg (Paczyhski & Zytkow 1978; Sion et al.
1979; Sienkewicz 1980), processing hydrogen into helium at the
rate of accretion. At lower accretion rates, hydrogen burning is
unstable and occurs in flashes, with only the much lower accre-
tion luminosity visible from the white dwarf in between flashes.
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Fig. 1. Hertzsprung-Russell diagram for accreting white dwarfs with
steady (stable or unstable) nuclear burning on the surface. Curves are
labelled with the cotresponding masses of the white dwarfs (in solar
masses). The almost horizontal portions of the tracks correspond to M for
which the accreted envelope around the white dwarf expands to.form an
extended structure. The extreme case of a red-giant envelope corresponds
to a maximum luminosity Lgg for each white dwarf mass. Steady nuclear
burning on the white dwarf is stable between 0.4Ly; and Lgg. These
portions of the tracks are indicated by solid straight lines. In the region
indicated by dashed straight lines, the steady burning solution is unstable
and burning thus occurs in flashes. Locations of the two ultrasoft sources,
CAL 83 and RXJ0527.8 —6954, in the total luminosity-temperature plane
are indicated by contours of 68% (solid, inner), 95% (dashed) and 99%
(solid, outer) confidence levels corresponding to those published by
Greiner et al. (1991). The thin sloping lines across the contours correspond
to the “canonical” Ny, value of 7102° along the line of sight to the LMC

The luminosity corresponding to the above lower limit for stable
hydrogen burning, 0.4 Ly, is indicated by the solid curve in Fig. 1.
In Fig. 2 this lower limit and the corresponding luminosity is
indicated for various values of the white dwarf mass. Figure 1 is
based on the calculations by Nomoto (1982) and Sienkiewicz
(1980) and shows the temperatures and luminosities generated in
the regime of steady hydrogen burning. The almost horizontal
portions of the tracks represent the formation of a highly
distended red-giant envelope and the consequent drop in the
effective temperature as M gets close to Mgg. On the same
diagram are shown the estimated positions of the LMC sources
Cal 83 and RXJ0527.8 — 6954, as error ellipses of 68%, 95% and
99% confidence level obtained from blackbody fits to the ROSAT
observations (Greiner et al. 1991). Values corresponding to the
“canonical” Ny~ 7 102° cm ™2 along the line of sight to the LMC
are also indicated in the diagram. As is clear from Fig. 1, spectra
consistent with those observed can be produced by accreting
white dwarfs only if M is close to or larger than Mgg. The
required mass of the white dwarf is 20.7M for RXJ0527.8
—6954 and above 2 0.8M for Cal 83, with corresponding
accretion rates 21.5107"Mgyr™' and 224107 "My yr~ %, re-
spectively.
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Fig. 2. Mass-transfer rate M, as a function of companion mass M, for
systems consisting of a main-sequence star (mass M,) and a less massive
compact star, as calculated by Pylyser & Savonije (1988, 1989). At a given
mass M, the lowest M, values occur for companions of zero age main
sequence, and the highest values for companions near turn-off of the main
sequence and beyond. Also indicated (on the right-hand side) are the
corresponding luminosities produced by nuclear burning and accretion
on white dwarfs in such systems. The dashed (dash-dotted) horizontal
lines indicate maximum (minimum) possible steady X-ray luminosities
Lgg that can be produced by nuclear burning on accreting white dwarfs,
of masses 0.7M o, 0.8M o, 1.0M 5 and 1.2M

3. The possible occurrence of a “limit cycle” behaviour
at M> Myg

As can be seen from Fig. 1, the characteristic temperature of the
emergent spectrum is highly sensitive to the accretion rate when
M ~ M. The difference in M between the hottest and the coolest
parts of the horizontal track in Fig. 1 is only ~10%. If indeed
M~ Mpgg, the spectrum is expected to undergo considerable
variations in detectable soft X-ray luminosities for small changes
in M. In particular, if the temperature falls below ~ 10° K, the
sources would become virtually unobservable in X-rays. This may
explain the non-detection of RXJ0527.8 —6954 by the Einstein
observatory.

In tight binary systems such as Cal 83 and Cal 87 the envelope
of the accreting white dwarf cannot, however, expand without
bounds. As the size of the envelope grows beyond the Roche lobe,
it is likely to prevent further mass flow towards the white dwarf.
As a result, a limit cycle of the following nature will probably
develop.

As matter arrives at a rate M > Mgg on the white dwarf,
hydrogen burning is ignited and generates a luminosity as high as
Ly (ie. the horizontal line in Fig. 1). As the accumulated mass
increases, the accreting star would begin to grow in photospheric
radius, and its temperature would drop significantly (Nomoto
et al. 1979). Once the “giant” configuration fills its Roche lobe,
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any further matter transferred from the donor star would prob-
ably be ejected from the system, via the second Lagrangian point.
The donor star is at this stage surrounded by the outer parts of the
giant envelope. The mass (~ 10~ °>M ) and hence the density of
this envelope is so small that no spiral-in will occur before the
available nuclear fuel on the white dwarf has been exhausted in
~100 yr [see Eq. (10) of Nomoto 1982]. The hydrogen shell
burning will then stop, and cause the envelope to collapse. This
would allow mass flow to the white dwarf to recommence and the
cycle to begin again.

The radius Rg of the developing giant in the phase of
expansion can be shown to behave as log RgocAM, where AM
= MAt is the amount of accumulated fuel (Nomoto et al. 1979).
Thus, the radius as a function of time after the cycle starts is given
simply by

Rg= ROCMAt/AMO (1)

where R, is the original white dwarf radius and AM, is the
accumulated envelope mass required for an e-fold increase in
radius. For a fixed luminosity generated by hydrogen shell
burning, the temperature T scales as R~ !/2, and its time behavi-
our can therefore be written as

T= Tmaxe_MAt/ZAMO. 2)

This expression shows that the time spent by the star at
0.8T oy < T< Tpax is ~10% that at 0.17,,, < T <0.8T,,,, sugges-
ting that the source would be “on” in soft X-rays for at least 10%
of the time.

We note that the dynamics of mass being transferred into the
envelope of a giant and the subsequent temporal evolution of the
expanding envelope need to be computed quantitatively before
the details of a possible limit-cycle behaviour scenario can be
understood.

The existence of an emission nebula around Cal 83 indicates
that considerable mass loss from the system has taken place in the
past. This would fit with the mass-loss episodes from the system
expected from a limit-cycle behaviour as described above.

4. Companion masses required for the accreting
white dwarf models

Mass transfer rates in the range (1-4)10""Mgyr™?, as are
required for transforming accreting white dwarfs into near-
Eddington-limited supersoft X-ray sources, can be obtained in
short-period binaries (P < 1—2% by Roche-Lobe overflow mass
transfer from a companion that is more massive than the white
dwarf (Paczynski 1971; Savonije 1983). In such a case, the mass
transfer is secularly unstable (since the system shrinks as mass is
being transferred) and takes place on a timescale of order of the
thermal timescale of the donor star. Evolution of similar systems
have been computed in detail by Pylyser & Savonije (1988, 1989).
Their results show that M just in the above range occur in systems
with donor masses between 1.5M  and 2M 5. According to these
calculations, the resulting mass-transfer rates depend mainly on
the mass and the evolutionary state of the donor, and only slightly
on the mass of the accreting star (for accretors in the mass range
0.7M, to 1.3M ). Figure 2 represents the mass accretion rates,
M,, as a function of the mass M, of the donor, for donors on the

zero-age main sequence (ZAMS) and near core-hydrogen ex-
haustion (“turn-off”). For the few systems calculated with post-
main sequence donors, the M values were close to the values for
“turn-off” donors.

Therefore, one expects the mass transfer rates M, as a
function of M, to be located in the hatched band in Fig. 2.

The figure shows that, if one assumes the masses of the white
dwarfs to be 20.7M, stable hydrogen burning can be achieved
only for M,21.45M . On the other hand, for M, in the range
2.0-2.2M , the accretion rate exceeds the one required to power
an Eddington-limited source with a 1.2M ;, white dwarf. Since no
white dwarfs more massive than this value are known, the
required companion masses should not exceed 2.2M .

It thus appears that companion stars in the mass range 1.4M
to 22M, are the ones required for turning white dwarfs with
masses between 0.7M and 1.2M in short-period binaries
(P <1-2 days) into near-Eddington limited supersoft X-ray sour-
ces.

Such companion masses appear to be just the ones that
excellently fit the observed optical characteristics of the well
studied systems Cal 87 and Cal 83, as we shall now show.

5. The optical light and radial velocity curves of CAL 87
and CAL 83, and the accreting white dwarf model

5.1. Introduction

CAL 87 was optically identified with a 1879 star in the LMC by
Pakull et al. (1988). It shows the very blue continuum and He 11
4686 emission line characteristic of low-mass X-ray binaries, in
which the dominant light source is an accretion disk (see e.g.
Bradt & McClintock 1983; van Paradijs 1983). The same holds
for CAL 83, which was identified with a 16.96 magnitude star in
the LMC by Smale et al. (1988). As in other low-mass X-ray
binaries in the LMC, the Bowen-excited N 111/C 111 complex near
/4640 in both systems is much weaker than in galactic low-mass
X-ray binaries, presumably due to the low heavy-element abun-
dance of the LMC.

Both systems were found to be binaries though, at first glance,
with very different optical lightcurves, as schematically depicted
in Fig. 3. The orbital period of 10.6" of CAL 87 was discovered by
Naylor et al. (1989; see Callanan et al. 1989) and confirmed by
Cowley et al. (1990). The optical photometric period of 1.04 days
of CAL 83 was discovered by Smale et al. (1988), as a result of a
world-wide observing campaign in 1983-1985.

The fact that in both systems the He line is in emission (see e.g.
Pakull et al. 1988) shows that the mass-donor star in both systems
is hydrogen rich.

In view of the apparently very different optical lightcurves of
the two systems, we will now discuss each system separately, but
later on will proceed to show that the systems are, in fact quite
similar — differing only in orbital inclination and (slightly) in
companion mass.

5.2: The CAL 87 system
5.2.1. Constraints imposed by the light curve

The optical lightcurve of the system (Fig. 3a) looks reminiscent of
a classical eclipsing binary, showing one deep (primary) minimum
(1™2) at phase 0.0, lasting about 0.45 in phase from ingress to
egress, and a shallow (0™2 on average, but sometimes up to 074)
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Fig. 3. Schematic light curves of CAL 83 (top) and CAL 87 (bottom)
plotted on the same scale for comparison. The two different curves near
the secondary eclipse of CAL 87 correspond to the range of variations
observed in this region of the light curve (see Cowley et al. 1990)

secondary minimum, slightly displaced with respect to phase 0.5
(Cowley et al. 1990) and lasting ~0.20 in phase. We note,
however, that the primary eclipse is too wide to be explained by
two mutually occulting objects contained within their respective
Roche lobes. In fact, the maximum eclipse duration for two
Roche-lobe-filling objects (with mass ratio less extreme than
10:1) viewed in the orbital plane should be ~0.28 in orbital phase
(ie. ~100°).

At primary minimum the visual magnitude is V'=~2071, and
the system is about 0.15 magnitudes redder in B— ¥ than at other
phases. Only during primary minimum (phases 0.9 to 0.1) does the
spectrum of a star, of spectral type between F5 and early G,
become detectable (Cowley et al. 1990). At other phases the
spectrum is completely dominated by a strong blue continuum
plus the few strong emission lines characteristic of an accretion
disk. Since part of the latter light is also still present during the
primary minimum, the spectral type of the companion is not well
determined (Cowley et al. 1990). (We caution, however, that there
is a small but non-negligible probability that the F or G star may
simply be a chance superposition with the CAL 87 system.) The
fact that the primary minimum has no flat bottom indicates that
the primary eclipse is not total, i.e. that part of the light of the disk
is still present during this phase.

The model that emerges from the above summary of the
photometric and spectroscopic behavior of the system is that of
an X-ray illuminated region (including an accretion disk and the
heated surface of the secondary) whose reprocessed light accounts
for ~80% of the light of the system, together with a normal F or
early G-type main-sequence star whose unheated (intrinsic) lumi-
nosity provides the remaining portion (<20%) of the system’s
light. During the primary minimum most of the X-ray illuminated
region is eclipsed by the (relatively dark) secondary; during the
secondary minimum the accretion disk eclipses a part of the
companion star.

The observed orbital period of 10.6 h for this system imposes a
constraint on the mass, M ,, and radius, R,, of the secondary such
that (R/R5)*(M /M) < 1.39 in order that the secondary fit within
its Roche lobe. This condition is satisfied for main-sequence stars
that are later than spectral type F3 for which M, ~1.5M and

101

R,~1.3R. This is indeed consistent with the range of spectral
types suggested by Cowley et al. (1990).

We estimate from the light curve that at maximum brightness
the apparent visual magnitude is V'~ 18.8. If we use the known
distance modulus for the LMC of ~ 1874, and adopt a typical
value of Ay~074 for the visual extinction, we find that at
maximum brightness, the system has My ~0.0. In this case, an
unheated F3 main-sequence star is expected to contribute no
more than ~5% of the light during the bright portions of the
light curve and, therefore, even a complete eclipse of such a star by
the accretion disk should be no deeper than ~0™05. Moreover, if
2/3 of the reprocessed light of the system is eclipsed during the
primary minimum (to explain the depth 1™2) the intrinsic light of
an F3 star is only very marginally sufficient (~15% of the total
light) to be detectable at primary minimum.

In summary, there are two principal difficulties with the
interpretation of the observed light curve in terms of a primary
minimum due to the partial eclipse of the accretion disk by the
companion star and a secondary minimum due to the eclipse of
an unheated F or G-type companion star by the accretion disk.
These are (1) the extremely large width of the primary eclipse and
(2) the large and variable depth of the secondary minimum. The
depth of the secondary minimum can easily be enhanced by
invoking X-ray heating of the companion star but then, as noted
by Cowley et al. (1990), the shape of the lightcurve just before and
after this minimum should be considerably more rounded (e.g.
4U2129+47; McClintock et al. 1981) than is observed. This
problem may be alleviated to some degree by assuming that the
companion star is not corotating with the orbit and may therefore
experience X-ray heating more uniformly around its equator.
Moreover, since the variable depth of the secondary eclipse is
apparently not accompanied by corresponding changes in the
brightness during the flat portion of the lightcurve preceeding
and following the secondary minimum, this implies that it is the
size and/or projected shape of the occulting portion of the
accretion disk that is variable. The solution to the problematic
wide primary eclipse may be found by invoking a strong stellar
wind emanating from the companion star due to the X-ray
heating. Such a wind would have to be optically thick to light out
to a distance from the center of the companion star equal to
~1.4R, on the ingress side of eclipse and ~1.2R, on the egress
side (to match the asymmetric shape of the primary eclipse). The
sense of this asymmetry is consistent with the expected flow
pattern of a stellar wind which is strongly influenced by coriolis
forces.

Our current understanding of the physical conditions in the
Cal 87 system are insufficient to allow detailed modelling of the
optical lightcurve at the present time. We see nothing, however, in
the lightcurve to favor its interpretation in terms of a massive
black hole as the accreting object. In particular, such an
assumption does not help to explain the very wide primary
minimum. For example, in a system with a 20M black hole
accretor, a 1.5M ; companion star can be in position to occult
some portion of the accretion disk for no more than ~0.29 in
orbital phase.

Finally, in this regard, we note that only a modest amount of
X-ray heating is required to explain either the depth of the
secondary minimum or the brightness of the inferred accretion
disk. We estimate that all the light at maximum brightness
amounts to an optical luminosity of <1036 ergs™! (for an
assumed bolometric correction of <0™4). Even if all of this light
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has an origin in X-ray illuminated matter, this requires an X-ray
luminosity of <1038 ergs™! for a conversion efficiency (from X-
radiation to optical) of 1%. If CAL 87 is detected as an ultrasoft
X-ray source by ROSAT, it will be interesting, therefore, to see if
super-Eddington luminosities are inferred, as is the case for CAL
83 and RX J0527.8—6954 (Greiner et al. 1991).

5.2.2. Radial velocity curve and variability of the He 11 4686 line

Cowley et al. (1990) find that the He 11 4686 line has a full-width at
half maximum of 16 A, corresponding to 1050 kms™!. At zero
intensity (continuum level) its width is 2100 kms ™.

In view of this width Cowley et al. (1990) notice that accurate
radial velocities are difficult to determine. The “radial velocities”
obtained by line-fitting appear to vary roughly with an amplitude
K ~40 kms™ !, though with much scatter. The phase of the radial-
velocity curve relative to the eclipsing binary lightcurve is con-
sistent with that of the orbital motion of the accretion disk of the
compact star. Or, more generally, it is consistent with the orbital
motion of a point on the line connecting the compact star and the
center of mass of the system.

Cowley et al. (1990) argue that the radial velocity of the He 11
4686 line represents the radial velocity of the compact star. If one
makes this assumption and uses the fact that the system is seen
almost edge-on, it turns out that with a mass of the F-star of ~ 1.0
to 1.5M , the mass of the compact star works out to be >6M,.
These authors therefore conclude that the compact object in the
system is, in all likelihood, a black hole.

However, there are clear arguments against such an inter-
pretation, as follows.

If the He 11 4686 line indeed arises in the disk, as Cowley et al.
assume, then its strength should go down during the primary
eclipse (when the disk is eclipsed). However, according to Cowley
et al’s (1990) measurements (their table), the equivalent width W,
of the line goes up by a factor 2 to 3 during primary eclipse
(W,~10-17 A during primary eclipse, compared to 6-8 A out-
side eclipse). Since W, is defined with respect to the height of the
continuum, this means that while the continuum of the disk goes
down by more than a factor 2 to 3 during primary eclipse (when
the disk is maximally eclipsed) the flux of the He 11 4686 line
received on Earth hardly changes, i.e. the real strength of the line
does not change.

This can only imply that the line-emitting region is hardly
eclipsed when the disk is almost completely eclipsed.

The He 11 4686 line must therefore be formed in a region that
extends far outside the limits of the disk. In Of-stars and
Wolf-Rayet stars this line typically arises in a wind, and the large
observed width represents the outflow velocity of the wind.

The large extent of the line-emitting region in CAL 87 makes
it likely that also here this line arises in an extended wind or
corona.

In view of the proximity of the strong X-ray source to the
stellar surface, the side of the star facing the source will be strongly
heated [arguments given under (c)]. This heating is also likely to
drive a wind from the heated side of the star [e.g. see Tavani et al.
(1989)].

The part of the He 11 4686 line arising in the wind from this
heated side will certainly not produce a radial velocity represent-
ative of the compact star.

One therefore expects the mean radial velocity measured for
the He 114686 line to be some weighted mean of the radial velocity

of the winds from the heated side of the companion and of the
disk. As long as this “weighted mean” velocity resulting in this
way mimics the velocity of a point situated between the center of
mass of the system and the compact star, the He 11 4686-line
“radial velocity curve” will show the correct phase relation with
respect to the photometric curve (i.e. maximum radial velocity at
phase 0.75) as is observed.

However, the velocity amplitude K in that case will by no
means be that of the compact star. It will correspond to the
above-mentioned unknown “weighted mean” point in the system.

In view of the above, the radial velocity amplitude of the He 11
4686 line is not expected to yield useful information about the
mass function of the system, nor about the masses of the
components. This makes the evidence for a black hole in the
system no longer compelling.

Moreover, the X-ray spectrum of the source in no way
resembles that of the known X-ray binary black hole candidates.
Although the X-ray spectra of these sources are somewhat softer
than those of accreting neutron stars, the black hole sources still
emit the bulk of their X-ray flux in the spectral range 0.5-20 keV
(cf. McClintock 1979), where the soft sources CAL 83 and 87 emit
hardly anything at all.

No theoretical model of an accreting black hole is known that
can produce an X-ray source spectrum that peaks in the range
30-50 eV and has the observed X-ray luminosity in the range
1037-1038 ergs 1.

5.2.3. Summary

(a) The eclipsing binary lightcurve of the CAL 87 system indi-
cates that it consists of a bright accretion disk and a much fainter
normal F-G star with a mass ~1.4-1.5M,.

(b) The companion shows a large heating effect, as evidenced by
the depth of the secondary eclipse; the X-ray heated side is at least
some 3 times brighter than the non-heated side of the star.

(c) The He 114686 line arises in a region much larger than the disk
and its radial velocity amplitude yields no useful information on
the mass of the compact component of the system.

5.3. The CAL 83 system

The optical and X-ray brightness of this system are considerably
larger than those of CAL 87 and its optical lightcurve is totally
different from that of the latter system. The lightcurve has a sine-
wave shape with an amplitude of only 0.11™ in V. The mean
magnitude observed in December 1984 is 16.86, making Cal 83
optically some 271 brighter than CAL 87 at maximum brightness
(Smale et al. 1988). The orbital period is 1¢0436 +0¢0044. With
this period the companion is either an (evolved) main-sequence
star of mass 22M, or a post-main-sequence (subgiant) star of
lower mass. A 1M subgiant would only be able to drive mass
transfer on a nuclear time scale, at a rate not exceeding
~107°M g yr ! (Pylyser & Savonije 1988, 1989). This is insuffi-
cient by a factor 100 to power an accreting white dwarf that is
burning hydrogen to an integrated X-ray luminosity of
21038 ergs™!. For a neutron star it is insufficient by a factor 10.
On the other hand, if one assumes the companion to be the more
massive star in the system, it will transfer mass on its (much
shorter) thermal timescale. A star of mass 2 1.5M will in this
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way drive a mass-transfer rate 2107 "M, yr ™!, sufficient to turn
a white dwarf into an 241037 ergs ™! X-ray source.

One expects the accretion disk in the system to be an
important light source, as is the case for the CAL 87 system.

Since no eclipses are observed, the disk in CAL 83 is expected
to be seen much more nearly “face-on” than the disk in CAL 87
(which is seen almost edge-on). The large observed disk area will
then contribute to a larger optical luminosity from the disk in
CAL 83. Assuming that CAL 87 has cosi<0.2, since deep eclipses
are observed, and that for CAL 83 cosi>0.45 (since no eclipses
are observed and the ratio of the Roche lobe radius of the
companion star to the orbital radius R, /a~0.45, see below), the
disk in CAL 83 will have ~7 times larger projected area than the
disk in CAL 87 (a factor 2.2 due to the different inclination and a
factor 3.2 due to the larger dimensions of the CAL 83 system).
Assuming both disks to have roughly the same average surface
brightness, one would expect the disk in CAL 83 to be some 7
times (=2.1 mag) brighter than the one in CAL 87.

This would already account for the entire magnitude differ-
ence between the Cal 83 and CAL 87 systems (16™86 and 18.9™,
respectively). The sinusoidal lightcurve of the system is just what
one expects in the case of one-sided X-ray heating of the stellar
surface in a system seen at low inclination, such that no eclipses
occur.

In such a system the disk will always be visible, and will be a
(strong) constant lightsource next to the star.

It is easy to show that in the case of one-sided heating which
produces a surface brightness f; on the heated side, while the
undisturbed surface brightness of the dark side of the star is f;,, the
lightcurve of the star viewed at an orbital inclination i will have
the shape

F=[(fi+fo)+(fi—fo)sini cos wt]/2 €)

where w=2mn/P, and P is the orbital period. Expressing the
optical luminosity L, of the disk in terms of the mean observed
luminosity [(f; +/,)/2fo] L, of the companion star yields:

al f1 +
LMt

2fo

where L, is the luminosity of the unheated star. Then the total
optical luminosity of the system can be written as

fithe fi—fo
1 ANEL)
[( +a) + 2

@

sini cos 2wt ] L,. (5)
2fo
Therefore, the 0.11™ sinusoidal modulation in the brightness of
CAL 83 yields

(fi—fo)sini
(I+o) (fi+fo)

(since 0711 corresponds to ~11%). The absence of eclipses
indicates that cosi>0.45 or sini <0.9. We shall attempt below to
estimate o and f,/f, from the observed characteristics of the
system. We will assume, for the sake of argument, that the factor
of ~4 difference in X-ray luminosity between Cal 83 and Cal 87 is
real and not influenced by observational uncertainties.

Such a ~4 times larger observed X-ray luminosity of CAL 83
with respect to CAL 87 may be due to:
() a more evolved companion [since at the same companion
mass, M is about 1.5 times larger for a companion at turn-off than
on the zero-age main sequence (see Fig. 2)];

=0.11 6)
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(i) a more massive companion;
(iii) a different orbital inclination (at a high inclination, such as
that of CAL 87, the X-ray source may be partly obscured).

We expect that the third mentioned effect does not play a
major role here, since the X-ray luminosity observed for CAL 87 is
~410%7 ergs™1, which fits very well with the mass-transfer rate
expected from its 1.4 to 1.5M , companion (see Fig. 2).

Assuming that the more evolved status (because of the wider
orbit) of the companion of Cal 83 may contribute a factor 1.5 to
its larger mass-transfer rate, we conclude that the remaining
factor of 2.7 could imply a companion mass that is 1.4 times larger
than in the case of Cal 83 (i.e. 1.9 to 2.0M ). At the distance of the
LMC the intrinsic (unheated-side) magnitude of such a star is
V' ~20™, which is negligible with respect to the 16786 of the
accretion disk. Only the heated side may possibly contribute to
the total system luminosity. Assuming the same heating efficiency
as in CAL 87, one expects the heated side of the companion to
CAL 83 to be some 3 times brighter than the heated side of CAL
87’s companion (due to the 3 times larger surface area; the X-ray
flux at the surface of the companion is about the same in both
systems), corresponding to an apparent magnitude in the LMC of
V'=1874 (we assume that the heated side of the donor contri-
butes less than half the total system luminosity in CAL 87), i.e. at
least some 4 times fainter than the accretion disk of CAL 83. So,
the disk provides 80 percent or more of the optical luminosity of
the system. With Eqs. (4) and (6) this yields «>2.3 and f; >2.5f,,
implying indeed a considerable heating effect [sini<0.9 was used
in Eq. (6)]. In turn, this large heating effect on the companion of
Cal 83 makes it plausible that also the companion of Cal 87 shows
a large heating effect, i.c. that the secondary eclipse in that system
is primarily due to the eclipse of the heated side of the companion.

6. The expected formation rate and incidence
of supersoft binary X-ray sources in the Galaxy

Systems of this type are expected to be the outcome of common-
envelope (CE) evolution of initially fairly wide binaries consisting
of a red giant with a degenerate core of mass 0.7 to 1.2M, and a
main-sequence star of mass 1.5-2.0M (cf. Paczynski 1976;
Meyer & Meyer-Hofmeister 1979; Webbink 1984; Iben &
Tutukov 1984; Taam & Bodenheimer 1989). During the CE phase
the main-sequence star spirals down into the envelope of the red
giant, causing the latter to be ejected. In the end a short-period
system results, consisting of the massive white dwarf and the
main-sequence star. In view of the short duration of the spiral-in
process the latter star will not have accreted a significant amount
of mass during this phase.

From the initial-mass—final-mass relation derived by
Weidemann (1987) we find that in order to produce a 0.7M o
white dwarf the initial stellar mass must be 4M o, a 0.8M ;, white
dwarf requires an initial mass of 6M , and a 1.2M ;, white dwarf
needs an initial mass of 8M . The number of systems that go
through this evolution and produce binaries with P~ 8" to 1 day
of the type required here can be estimated as follows.

The fraction f of all systems in a certain mass range of the
primary stars that go through this evolution is:

q

G(g)dq

q1

f= fﬂz F(loga)dloga J

ai

™

where F(loga) is the distribution function of the logarithm of
orbital radii a of unevolved binaries; G(q) is the distribution of
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mass ratios of unevolved binaries (9= M ,/M,, M, being the less
massive component of the original binary); (a,, a,) is the range of
initial orbital radii that is required to produce post-spiral-in
systems with P~8"-24% and (q,, q,) is the required range of
initial mass ratios of secondary and primary in pre-spiral-in
systems.

The required intervals in these parameters and their distribu-
tion functions will now be discussed.

6.1. Orbital radii (semi-major axes) a

We will assume circular orbits.

The range in required post-spiral-in orbital radii is about a
factor of two (corresponding an interval in the orbital period
8h-24h). Spiral-in calculations (Webbink 1984) show that for a
given initial primary mass M, and a mass ratio g, the ratio of
initial and final orbital radii is a fixed quantity. This implies that
also the range in the initial orbital radii was a factor of two,
corresponding to a range of 0.3 in log a.

Since F (log a) is approximately constant for a between 102
and 10* AU (Kraicheva et al. 1978), one has that initial log a
values in a range 0.3 make up a fraction 0.3/6 of all binaries, i.e.
{2 F (loga) d log a=0.05.

6.2. The initial mass-ratio distribution of unevolved binaries

This distribution is not very well established, especially for low
values of q. However, there is general agreement (see e.g. Hal-
bwachs 1987; Hogeveen 1990) that the distribution increases
towards lower g values, although the slope of G(g) is not yet well
established. As a conservative assumption we will adopt a flat
distribution: G(q)=1 for 0<g<1. We will adopt an average
initial primary mass M =6M o which, with M, =1.5 to 2.0M,
yields an initial g-range of g, =0.25 to g, =0.33, yielding

q2
J G(q)dq=0.08.
q1

Furthermore, for the fraction of stars that are in binaries, B, we
(conservatively) assume B=0.5 (see e.g. Abt 1983). Combining the
above quantities we obtain in Eq. (7):

N G(g) dg=0.002. @®)

q1

Bf=BJ F (loga)d loga J
Taking Miller & Scalo’s (1979) initial mass function (M) one
finds that the stellar birth rate in the galactic disk for masses in the
M -range 4M  to 8M, is 3.64 10~ 2 yr ! while that for masses in
the range 6M g to 8M g is 1.1107 2 yr ™1,

The galactic formation rate of close binaries consisting of a
massive white dwarf and a 1.5-2.0M , main-sequence star, origin-
ating from the appropriate intervals of initial primary masses, are
listed in Table 1. The table also lists the expected numbers of
ultrasoft binary X-ray sources resulting from these initial primary
masses intervals, for the Galaxy as well as the LMC.

An average accretion lifetime t, of ~510° yr was adopted,
since after accretion of ~0.7M  (about half of the envelope of the
1.5-2.0M, star) the white dwarf will either have undergone a
carbon-deflagration or have collapsed to a neutron star.

In view of the uncertainties in the IMF, the expected X-ray
lifetimes, etc. the uncertainties in the numbers in the table are at
least a factor of two.

Table 1. The formation rate of close binaries consisting of a
massive white dwarf and a 1.5-2.0M ; main-sequence star, and
the expected Galactic and LMC numbers of accreting white
dwarf systems. The uncertainties in the numbers are at least a
factor two. The numbers for the LMC are obtained by assuming
the mass of LMC to be 1/5th that of the Galaxy

M1=4“8Mo M1=6—8MO
(M, 4 =07-12My) (M, 4=08-1.2M)
Galactic 721073 yr~1 221075 yr~t
formation
rate
Expected 360 110
Galactic
number
(t,=510° yr)
Expected LMC 72 22

number (idem)

Comparison with the observations is only possible for the
LMC: here two ultrasoft sources were detected when less than
twenty percent of the LMC was deeply surveyed. Therefore, there
may well be about a dozen such sources in the LMC. Such a
number would, according to Table 1, fit well with an origin from
systems with primary stars in the mass range 6-8M , (white dwarf
masses 0.8-1.2M ), but possibly not with an origin from systems
with primary stars in the 4-6M, range. This finding seems to
imply that a white dwarf mass of at least 0.8 M ;, may be required
to produce an ultrasoft X-ray source.

We thus conclude — adopting the accreting white dwarf model
—that the incidence of ultrasoft sources in the LMC indicates that
the progenitors of the white dwarfs were stars in the mass range
6-8M . From this we estimate that some 110 such sources are
expected to be present in the Galactic disk. Adopting a disk
radius of 13 kpc, the nearest such source is expected to be situated
at a distance ~2 kpc from us. Therefore, if these sources are
located in the galactic plane, almost all of their soft X-ray flux
would be absorbed in the interstellar medium, and they would not
be detectable.

6.3. Comparison: the expected incidence of Her X-1
and post Her X-1 binaries in the Galaxy

Such systems are expected to have resulted from a spiral-in
scenario similar to the one described above, but with more
massive red giants in the mass range 8-15M; (Sutantyo 1975;
Verbunt et al. 1990), such that after spiral-in the remnant core of
the red giant was massive enough to collapse to a neutron star. In
this case one will have to add in Eq. (7) the survival probability P
of the systems after the supernova explosion.

Carrying out a similar calculation as above, we obtain a
formation rate of Her X-1 like systems of

R~221075Pyr~ 1.

Adopting a survival probability of 0.3 (see e.g. Sutantyo 1991) one
expects a galactic formation rate of 0.7107% yr~ L.

The duration of the X-ray phase in Her X-1 like systems (with
stable mass transfer) is relatively short, of order (1-5)10° yr
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(Savonije 1983), resulting in an expected galactic number of Her
X-1 like systems of between 0.7 and 3.5, i.e. 2+ 1.5 at any time.

Although this expected incidence is low, it fits well with the
observed rareness of Her X-1 like binaries. The low incidence is, of
course, due to the very short duration of the X-ray binary phase in
these systems, some 102103 times shorter than in the “standard”
low-mass X-ray binaries.

Similar to the white-dwarf systems, the Her X-1 like systems
must also go through a longer-lasting (~ 107 yr) phase with a
large mass-transfer rate, of order 107 "M g yr~!. From the above
formation rate one would expect some 70 systems of this type in
the Galaxy. It is at present totally unclear what such systems —
which should be at relatively large distances from the galactic
plane in view of the large kick velocity received during their
supernova event — will look like. In any case, it seems highly
unlikely that they would resemble the ultrasoft ROSAT sources,
since at these high Z-values these sources would most probably
already have been found in earlier X-ray surveys.

7. Conclusions

(a) For a limited range of mass transfer rates, between ~ 1077
and 4107 "M g yr ~*, massive (0.7-1.2M ) white dwarfs will be in
a phase of stable hydrogen burning without a substantial increase
in radius.

(b) Such white dwarfs are expected to appear as near-Eddington
limited (0.4 to 1.0Lg44) ultra-soft X-ray sources, with peak energy
fluxes 30-50 eV — as observed for the ultrasoft ROSAT LMC
sources CAL 83 and RXJ0527.8 —6954.

(c) The required mass accretion rates can, in short period
(< 1-29) binaries, only be supplied by companion stars in the
mass-range 1.4-2.2M,.

(d) An analysis of the optical and X-ray characteristics of the
systems of CAL 87 and CAL 83 shows that these characteristics
are consistent with the presence in these systems of companions
just in the required mass range having masses of 1.4-1.5M  and
1.9-2.1M , respectively.

(e) The observed incidence of ultrasoft sources in the LMC,
together with their calculated birthrate suggests that the pro-
genitor stars of their white dwarfs were stars in the mass range
6-8M . The number of sources expected in the galaxy from
binary evolution with primary stars in this mass range is ~ 130.
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