J. Astrophys. Astr. (1992) 13, 3–52

Evolution of Massive Binary Stars in the LMC and its Implications for
Radio Pulsar Population
N. Rathnasree & A. Ray

Theoretical Astrophysics Group, Tata Institute of Fundamental

Research, Bombay 400005
Received 1991 May 28; accepted 1992 January 13

Abstract. The Hertzsprung-Russell diagram of the Large Magellanic
Cloud compiled recently by Fitzpatrick & Garmany (1990) shows that
there are a number of supergiant stars immediately redward of the main
sequence although theoretical models of massive stars with normal
hydrogen abundance predict that the region 4.5 logTeff 4.3 should be
un-populated ("gap"). Supergiants having surface enrichment of helium
acquired for example from a previous phase of accretion from a binary
companion, however, evolve in a way so that the evolved models and
observed data are consistent – an observation first made by Tuchman &
Wheeler (1990). We compare the available optical data on OB supergiants
with computed evolutionary tracks of massive stars of metallicity relevant
to the LMC with and without helium-enriched envelopes and conclude
that a large fraction (≈ 60 per cent) of supergiant stars may occur in binaries.
As these less evolved binaries will later evolve into massive X-ray binaries,
the observed number and orbital period distribution of the latter can constrain
the evolutionary scenarios of the supergiant binaries. The distributions of post
main sequence binaries and closely related systems like WR + O stars are
bimodal–consisting of close and wide binaries in which the latter type is
numerically dominating. When the primary star explodes as a supernova
leaving behind a neutron star, the system receives a kick and in some
cases can lead to runaway O-stars. We calculate the expected space velocity
distribution for these systems. After the second supernova explosion, the
binaries in most cases, will be disrupted leading to two runaway neutron
stars. In between the two explosions, the first born neutron star's spin
evolution will be affected by accretion of mass from the companion star.
We determine the steady-state spin and radio luminosity distributions of
single pulsars born from the massive stars under some simple assumptions.
Due to their great distance, only the brightest radio pulsars may be
detected in a flux-limited survey of the LMC. A small but significant
number of observable single radio pulsars arising out of the disrupted
massive binaries may appear in the short spin period range. Most
pulsars will have a low velocity of ejection and therefore may cluster around
the OB associations in the LMC.
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1. Introduction

A luminosity limited complete survey of supergiant stars can provide important
observational tests of the theory of evolution of massive stars. Stars in the Large
Magellanic Cloud (LMC) are all essentially at the same distance from us. Their
relatively well known distance and reddening corrections make this stellar population
homogeneous and ideal for comparison with theoretical computations of massive
stellar evolution. A recent survey of the LMC supergiants by Fitzpatrick & Garmany
(1990) (hereafter FG) has shown a number of features in the Colour-Magnitude
(Hertzsprung-Russell) diagram that were not discernible among the galactic supergiants. Notable among these is that the region immediately redwards of the main
sequence in the H-R diagram is well-populated by supergiants although theoretical
models of massive stars with a canonical hydrogen abundance, X ~ 0.7, predict that
the region (4.5
log Teff
4.3) should be un-populated. 'Standard' theory therefore
leads to a predicted 'gap' in this region (Tuchman & Wheeler 1990, hereafter TW).
Tuchman and Wheeler, however, suggested that these stars are or were members
of binary systems which acquired an outer helium-enriched layer through accretion
that substantially increased the probability of finding these stars in the "gap". The
hypothesis of duplicity of supergiant stars is compatible with the observations of five
blue LMC stars by Kudritzki et al. (1989) where the use of non-LTE model
atmosphere analysis indicates that all five are helium enriched (Ys
0.5). All these
blue stars appear in the temperature range mentioned above. In addition, there are
indications of helium and barium enrichment in the envelope of SN1987A (Arnett
et al. 1989). This is again consistent with the hypothesis that the progenitor Sanduleak
– 69°202 may have been left in a helium-enriched stage.
Helium-enriched massive stars in binaries may also be candidate progenitor systems
for supernovae of Type Ib. These SNe show no evidence of hydrogen but have strong
helium lines near the maximum of the light curve (see e.g. Filippenko 1991). When
the original primary explodes as a hydrogen-stripped core (resulting in the Type Ib
SN), in most cases the collapsed core (e.g. a neutron star) is retained in the binary
orbit. Depending upon the initial orbital separation, some of these systems could be
X-ray active objects when the helium-enriched secondary evolves and expands. Hence
some of the massive X-ray binaries in the LMC have companions that can show
evidence of helium enrichment. Likewise some of the seemingly single Blue Supergiant
Stars (BSG) in this region of the HR-diagram of the LMC could show weak X-ray
activity. TW have suggested that the peculiar Blue Supergiants could be yet another
clue that SN Ib events occur in binary systems (Wheeler & Levreault 1985). Alternatively,
immediately before the supernova explosion of the primary, the binary may in many
cases reveal itself as a Wolf-Rayet (WR + O) system since the exposed core of the
primary star would be like a WR star. Observational data· about such systems in
LMC also exist (Moffat 1989; Moffat, Niemela & Marraco 1990) and can be useful
towards constraining the results derived from the binary hypothesis.
The first supernova explosion (whether a Type II or Type Ib) is expected to leave
behind a neutron star which at a later stage may be detectable as a radio pulsar. The
binary is disrupted if more than half the total mass of the system immediately prior
to the explosion is ejected (Boersma 1961). Blaauw (1961) has suggested that the origin
of "run-away" OB stars in our Galaxy was in supernova exlosions in binaries where
the secondary (OB star) was released and got a high velocity kick (v
50 km/s) due
֓
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to the primary's explosion. If the binary survives the first supernova, then the second
supernova explosion of the erstwhile secondary will unbind the system if the mass of
the companion of the neutron star exceeds M2
16M (van der Heuvel 1987). Under
most circumstances, the second explosion will lead to two runaway neutron stars one
of which will have a spin-up history. The peculiar velocities of these pulsars and their
spin distribution can then reveal substantial information about their progenitor
systems. The characteristics of the progenitor systems in the LMC, a sub-class of
which are the massive X-ray binaries can in turn reveal information about the heliumenriched massive stars in binaries we referred to earlier. A luminosity-limited survey
of radio pulsars in the LMC will also be free of the many distance-related selection
effects that affect the study of Galactic pulsars and can therefore shed some light on
the evolution of pulsars and their progenitor population.
In this paper we first report in Section 2 the calculation of the steady state population
of such stars in the immediate Blue Supergiant region. We compute models of massive
stars with a metallicity relevant to LMC with a stellar evolution code. We compare
the observed distribution of stars in the H-R diagram (FG) with an ensemble of two
sets of stellar models in which one set has helium-enriched outer layers while the other
has a normal helium and hydrogen abundance (Xs = 0.75, YS = 0.24). This comparison
indicates that approximately 60 per cent of the supergiant stars are likely to have
their surface enriched by helium and that at least this fraction of the massive stars
probably occur in binary systems. We then make an overall study of the production
of evolved high mass binaries from the population of un-evolved massive binaries in
the LMC. In this context in Section 3, we consider the orbital evolution of massive
binaries taking the effects of mass exchange and mass loss (where relevant) into
account. We use the observational data available so far on the LMC massive X-ray
binaries and Wolf-Rayet + O star binaries to characterize the orbital period and
mass-ratio distribution of the BSG binaries. The former may have progeny/progenitor
relationships with the peculiar BSG binaries hypothesized by TW. In Section 4 we
investigate the properties of single pulsars released after the second supernova
explosion disrupts the binary. We make predictions about the pulsar velocities and
spatial distribution, and give the expected spin and radio luminosity distributions.
These can be compared with future flux-limited radio surveys of the LMC. Our
analysis is carried out for a particular mass ratio in the peculiar BSG – neutron star
binary stage primarily because we are interested in progenitor · systems of single pulsars
in the LMC and also because the relevant data from the H-R diagram is most easily
compared for this case. Finally discussion and conclusions form Section 5. Preliminary
results from Sections 2 and 3 have been reported elsewhere (Ray & Rathnasree 1991).
֒

2. Evolution of massive stars with helium enrichment and their
implied duplicity fraction
Compared to the sample of stars in our own galaxy where the uncertainties in the
distance and reddening of individual stars lead to a scatter in the colour-magnitude
diagram, the homogeneous sample of stars in the Large Magellanic Cloud (LMC)
can induce mostly an overall shift in the distribution in the Hertzsprung-Russell
diagram due to the common uncertainty in the distance to LMC. Thus the comparison
of the observed colour-magnitude diagram to their theoretical or numerical counter-
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part becomes more meaningful. In this section we report computed stellar models
incorporating surface enrichment of helium and obtain a theoretically determined
distribution of stars in the BSG region using a combination of stellar models with
and without helium-enriched envelopes. These we compare with the colour-magnitude
diagram of FG and derive the implied fraction of enriched stars among massive post
main sequence stars. For a population of stars in a steady state the distribution in a
given surface temperature and magnitude bin is proportional to the time that stars
in an appropriate main sequence mass range spend in that bin. We have obtained
evolutionary models for a 20 M star incorporating helium enrichment in varying
amounts of envelope mass to determine the evolutionary timescales in various surface
temperature bins. The number counts of stars in the BSG region of the HR-diagram
of FG have been obtained from the region –8
Mv
– 7 – the region populated by
Blue Supergiants with main sequence masses in the range 15 M
MZAMS
25M.
We used a stellar evolution code originally written by Icko Iben that was subsequently
modified by us. Updated nuclear reaction rates (Caughlan & Fowler 1988) and
stellar mass loss rates, according to de Jager, Nieuwenhuijzen & van der Hucht (1988)
have been incorporated in the code. In the present work, we use a mass loss rate
three times that of the de Jager, Nieuwenhuijzen & van der Hucht (1988) formula.
This is consistent with the estimated mass loss rate for the BSG progenitor of SN
1987A by Trumper et al. (1991) based on ROSAT observations. These observations
֓
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Figure 1. L–Teff diagrams for helium enriched stars (marked p) with Ys = 0.5 down to
1.4 M below the surface and with normal hydrogen abundance (X = 0.7) marked o. The
reported curves are for a 20 M star with Z=Z/2 incorporation the relative abundances of
elements from Dufour (1984). Mass loss rate used in these figures is a factor 3 times that given
by de Jager et al.
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indicate a mass loss rate approximately 3 to 6 times larger than the Galactic value
for stars in the LMC in the direction of SN1987A from the derived upper limit on
..
the density of the circumstellar material in that region (Trumper et al. 1991).
Fig. 1 shows the theoretically determined HR-diagram for two models one of which
is evolved with an ordinary hydrogen-rich envelope while the other is evolved with
a helium-enriched envelope. A metallicity of Z = 0.01 has been used in obtaining
these models. The model marked 'p' is evolved close to the end of the main sequence
with an ordinary hydrogen rich envelope similar to the model marked 'o'. At this
point, the outer 1.4 Mof the envelope is enriched to a helium abundance Y = 0.5.
This has the effect of increasing the surface temperature and the luminosity of this
model compared to model 'o'. In the following sub-section we will discuss a
quantitative measure of the evolutionary rates in the post main-sequence region
introduced by TW and discuss the implications for the stellar models with helium
enrichment vis-a-vis the observations.
2.1 Relative Populations of Supergiants in Different Regions of the H-R Diagram
Tuchman & Wheeler (1990) have defined a normalized 'duration function' as,
(1)
where tbr is the total time spent by a star, in crossing the HR-diagram from blue to
red in the post main-sequence region for a given luminosity interval. This function
has been plotted in Fig. 1 of Ray & Rathnasree (1991) where tbr used was as defined
by Tuchman & Wheeler (1990) i.e.
(2)

In the present work the duration functions (shown in Figs 2 and 3) have been
determined using the calculated value of tbr for the corresponding models i.e.
(3)
The duration function calculated from the equilibrium stellar envelope model for a
20 M star with normal helium abundance is neglible in the immediate post main
sequence region (TW 1990). Here, however, the observed stellar density function is
high. The latter is defined as:
(4)
This discrepancy has led to a hypothesis by TW that stars seen in the post main
sequence region are primarily those having anomalously helium-enriched envelopes
(Ys ~ 0.5). We have calculated the duration functions from numerically evolved
models of 20 M stars with metallicity appropriate to LMC (Z = 0.01) with (a) an
envelope of ordinary helium abundance (Ys = 0.24) and (b) with an envelope of
enriched helium abundance (with the outer 1.4 M of the envelope enriched to

8

N. Rathnasree & A. Ray

Figure 2. Duration function D(L, Teff) for the stellar models ‘p’ and ‘o’ for the same set of
parameters as in Fig. 1.

Ys = 0.5). These are plotted in Figs 2 and 3 where the cases (a) and (b) are marked
'o' and 'p' respectively. Fig. 2 is constructed from evolutionary runs where individual
heavy element abundances are simply scaled (by a factor 0.5) with respect to the solar
values. In Fig. 3 we use models having relative abundances determined from
observations of LMC (Dufour 1989).
The post main sequence peak in the computed duration functions for the models
having normal surface helium abundance occurs redwards of log Teff = 20,000°K,
whereas the peak moves into the "gap" region for models with enriched surface helium.
The first peak in the duration function near log Teff = 4.45 for models with normal
surface helium abundance occurs on account of the fact that in these models this point
is reached immediately after the hydrogen shell ignition whereas in the enriched models the
shell ignition occurs at higher Teff. Therefore, populating the post main sequence
region of the HR-diagram with a mixed ensemble of stars with and without helium
enriched envelopes narrows considerably the log Teff region where a gap in the stellar
density is expected but does not entirely bridge this gap. Nevertheless, the number
count of stars in the post main sequence region given the quoted uncertainties (of Mv
and Teff) in FG and the theoretical calculations agree if there exist a substantial
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Figure 3.
Duration functions calculated for stellar models incorporating the relative abundance
of heavy elements in the LMC according to Dufour (1984) and for the same set of parameters
as in Fig. 1.

fraction of helium-enriched stars among the Blue Supergiants in the LMC. Several
evolutionary runs were completed for Ys= 0.5 and Ms=0.5, 0.75, 1.0 and 1.4M.
The effect of helium enrichment is to shift the post main sequence peak in the duration
function bluewards with the magnitude of the shift increasing with the value of Ms.
The model with Ys = 0.5 for Ms = 1.4 M illustrated in Figs 2 and 3 has the maximum
shift of the peak towards higher temperature. Work is under progress to calculate a
number of stellar models with different extents of helium enrichment, mass loss rates,
different relative ratios of individual heavy elements at constant Z etc to match not
only the immediate post main sequence behaviour but also to reproduce the many
qualitative features of stellar evolution seen in the data of Fitzpatrick & Garmany
(1990).

2.2 Calculation of the Duplicity Fraction
Since the helium-enriched stars in binaries and the single stars traverse the post main
sequence regions with different speeds the observed numbers can be used to calculate
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the fraction of binaries. If N is the total number of BSG stars in the temperature
interval 4.5
log Teff
3.7 and the relevant magnitude interval and f is the fraction
of helium-enriched stars among them, then the number of stars Ni observed in the
i-th temperature bin is:
֒

֒

(5)
tot
Here, tp(o)
is the total time that a He-enriched (or normal) star spends in the BSG
region. The number counts of stars (from FG) in the two bins i (4.5
log Teff
4.4)
and j(4.4
log Teff
4.3) in the magnitude interval –8
Mv > –7 and the corresponding pair of Equations (5) give a solution for f = 0.6 when the computed timescales
for a 20M.O star are used. That is 60 per cent of all stars traversing this post main
sequence region (i.e. OB Supergiants) have to be helium enriched. This number should
be considered a lower limit on the actual duplicity fraction since this, is the required
fraction of stars which should have been processed in binaries. The other 40 per cent
could be either single stars or members of binary systems which have not undergone
helium enrichment. The same fraction/is obtained if the number counts of BSG stars
up to the blue boundary of the Hertzsprung gap (log Teff = 3.7) in eight bins (of 0.1
dex width in log Teff) are used for a least square fit to the theoretically determined
steady-state population of normal and helium-enriched stars determined from
Equation (5). Here, the total number of stars and the duplicity factor are used as
constraints. Even though the binary fraction in the post main sequence band seems
quite substantial, it is not excessive when such fractions are considered in the context
of WR + OB (Moffat 1989) or O-stars (van den Heuvel 1984). Thus from a number
count of stars reported in the bins i and j one expects approximately 90 stars in these
bins currently observable as parts of binaries as a consequence of Tuchman and
Wheeler's hypothesis.
The occurrence of such a large number of stars in binary systems may have
evolutionary consequences and observational implications which we shall now
investigate. In particular if a large number of stars in the BSG region are present in
close binary systems with compact companions, then the presence of a large number
of high luminosity X-ray sources corresponding to later evolutionary stages of these
stars is also implied. The presence of a substantial fraction of WR stars in short
orbital period systems which could be easily detected is also expected. Existing
observations of massive X-ray binaries and WR + OB systems thus constrains the
relative fractions of the binary systems in the short and wide orbital period ranges.
We investigate the implications of these observations for the distributions in orbital
periods of the initial binary systems in the following section.

֒

֒

֒

֒
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3. Evolution of binary supergiants and their relation to observed
MXRBs and WR + binaries in the LMC
3.1 Classification of Massive Binary Stars and their Response to Mass Transfer
The initially more massive companions (the primaries) of the peculiar BSG stars
would transfer mass either by Roche-lobe overflow (RLO) or through a stellar wind.
In close binary systems, the stages of tidal mass exchange are defined by the phase
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of nuclear evolution of the Roche-lobe filling component. Given a mass ratio this
also defines the initial orbital period of the binary (see for example, Webbink 1979).
Following Webbink (1979), mass transfer from the primary to the secondary during
shell hydrogen burning of the former is denoted Case B1 (the superscript 1 referring
to the first stage mass transfer from the primary). A second letter, e.g. B or C with
superscript 2 following the first denotes the second stage when the secondary transfers
mass to the compact remnant of the exploded primary. Similary, mass transfer during
shell helium burning of the primary is called here to be Case C1 although Webbink
uses a more general definition in calling both core and shell helium burning as Case C.
We use an additional notation Case D1 in which the orbit is so wide that a primary
of a given mass and an initial mass-ratio is unable to fill the Roche-lobe even in its
most extended state during nuclear evolution. The ranges of the radii of the primary
star at the start of the mass transfer for the above cases, i.e., at the shell hydrogen
burning stage (BSG), the shell helium burning stage (RSG) and at the carbon ignition
stage (tip of the RSG branch) have all been obtained as a function of the ZAMS
mass of the primary star by extrapolating from the evolutionary models of Brunish &
Truran (1982) for main sequence masses 15, 30 and 40 Mwith Z = 0.01. These
models ignite helium at the centre shortly following the shell hydrogen ignition. Thus,
the start of Case B1 mass transfer here has been assumed to occur close to central helium
ignition when log Teff ≈ 4.3 for all the models under consideration. Case C1 mass
transfer is assumed to start when log Teff ≈ 3.6 i.e., when the stellar model just
reaches equilibrium on the Hayashi track following shell helium ignition. These ranges
of radii are given below.
Case A

Case B

Case C
(6)
The masses of the primary in the above relations correspond to the ZAMS masses.
Fig. 4 shows the mass radius diagram illustrating the regions occupied by binary
systems undergoing these cases of mass transfer.
An equivalent classification scheme which relates the nuclear burning stage and
the structure of the primary together with the mass ratio of the binary at the start
of mass transfer to the characteristics of the mass transfer process has been discussed
by Webbink (1979). Binary systems undergoing Case B1 mass transfer and with widely
disparate mass ratio soon evolve into a contact configuration and undergo Mode I
interaction outlined by Webbink. This tendency to evolve into contact increases
markedly for extreme mass ratios, both because of the greater orbital shrinkage during
mass reversal (in conservative mass transfer), and because of the great difference in
thermal time scales between components. Case B1 systems with nearly equal mass
components undergo Mode II interaction with the Roche-lobe filling component
having a radiative envelope. The primary star in this case is able to pass through the
mass-ratio reversal phase without greatly exceeding its tidal radius at any time because
of its ability to contract sufficiently rapidly in response to mass loss to accommodate
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Figure 4. The ranges of radii for a given mass corresponding to the different cases
of mass transfer obtained from the evolutionary models of Brunish & Truran (1982)
(see text).

its shrinking tidal limit. The underlying reason for this is the star's stability against
convection. These stars, however, develop convective envelopes as they evolve towards
central helium exhaustion. Thus Case C1 systems with the primary having a convective
envelope, in general undergo Mode III interaction. This mass transfer is unstable and
leads towards a common envelope situation in Case C1 systems which have widely
disparate component masses. On the other hand, in Case C1 systems with nearly
equal component masses the runaway mass transfer is avoided with the onset of mass
reversal, beyond which mass transfer leads to a stable orbit expansion. The two
classification schemes outlined above for the evolution of binary systems with mass
transfer are equivalent and for notational convenience we will use the former
classification henceforth.
3.2 The Dividing Line in Mass Ratio and Channels of Evolution
The evolutionary path taken by a binary depends on the initial separation and the
initial mass ratio qi = M2/M1 and is also affected by the envelope structure of the
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mass losing star as discussed above. The discussion following in this and the next
subsection (3.3) illustrates how and under what conditions a given primordial binary
evolves through any particular channel. The relevant formulae for the calculation of
conservative evolution of orbits for systems (qi
0.4) are given in Appendix A whereas
those for orbit evolution for systems with qi < 0.4 are given in Appendix B. We focus
attention on those systems where the secondary star has a mass of 20 M as
mentioned earlier so that the mass ranges and the orbital period ranges quoted below
are only for such systems. Much of the discussion in the text of these two sub-sections
is to be considered along with Figs 5–12.
Case B1B2: In systems with qin 0.4 where the primary star has undergone a
Case B1 mass transfer there is a continued orbit shrinkage on account of conservative
mass transfer from a more massive primary star to a relatively low mass secondary
(Appendix A). The mass transfer related swelling of the secondary in turn soon brings
it into Roche-lobe contact leading to a common envelope situation. The evolution
during this stage is calculated under the assumption that total energy of the binary
system is conserved during the common envelope evolution (Appendix B). The
Roche-lobe overflow of the secondary following mass transfer is certainly true for
close binary systems where the radius of the primary star is close to the lower limit
required for Case B1 mass transfer. However, for substantially wider systems
undergoing Case B1 mass transfer the secondary star while still burning hydrogen in
its core at the time when mass ratio reversal takes place (the "reflection point") may
still not fill its Roche-lobe. This is possible even though the secondary may have
swollen up beyond its main sequence radius due to accretion of mass from the primary
(e.g, Mode I of Webbink's classification). We therefore place an upper limit on the
initial orbital separation of binary systems evolving in this channel from the
requirement that the radius of the secondary expands by a factor of two over its
thermal equilibrium radius at the 'reflection point' as it accretes matter from the
primary over timescales shorter than its thermal timescale. This has been shown to
be the case in mass accreting stars by Shu & Lubow (1981). The calculation of the
subsequent orbit evolution and the limits on the primary masses arising from the
requirement of having a secondary at 20 M following the mass transfer are
summarized in Appendix B. The required range of masses for the primary star in
this case are M1i ≈ 28 — 36 M (see Appendix BIII). Following the explosion of the
primary star, a binary system with a neutron star and a post main sequence star with
M ≈ 20 Mthat is in Roche-lobe contact results. The secondary star, thus would also
undergo a Case B2 mass transfer. Mass transfer timescales for a RLO secondary in
a post main-sequence stage are expected to be short and the envelope of the secondary
would be lost from the system over ≈ 104 years. The X-ray luminosity of these systems
at this stage is expected to be substantial and close to the Eddington luminosity and
should thus be easily detected. The X-ray active lifetimes of the binary systems depend
on the evolutionary timescales for the secondary star in the post main sequence region
and are summarized in Appendix D for systems evolving in this evolutionary channel
as well as for the other evolutionary channels to be described below. Case B1B2
binaries are so close that the mass transfer from the secondary is expected to continue
even after the loss of its hydrogen envelope and might perhaps lead to a complete
merger of the two binary components. This is because the orbital separation after
spiral-in and loss of hydrogen envelope is so small that the helium core of the primary
star at the He main sequence stage is expected to overflow its Roche-lobe.
֒

֓

14

N. Rathnasree & A. Ray

Case B1 S2: In systems with qi > 0.4, i.e. with M1i ≈ 12 – 18M where the primary
undergoes a Case B1 mass transfer, the secondary star will not fill its Roche lobe at
the time of the explosion of the primary but will do so at a later stage of evolution.
The upper limit on the orbital period for given component masses of the binary
system is thus obtained from the requirement that the secondary star should fill its
Roche lobe as it evolves to the maximum possible radius for its mass (after accreting
mass from the primary). The orbit evolution is conservative during mass transfer
from the primary, and is described in Appendix A. The primary mass can be
determined for a given qi from the assumption of conservative mass transfer as
described in Appendix A. These systems should be visible for ≈ 3 × 105 years as
(high luminosity) transient X-ray sources driven by the stellar wind from the secondary
(see Appendix D). They will appear like Be star X-ray binaries. The X-ray luminosity
driven by wind-fed mass transfer from the secondary to the compact remnant of
the primary is determined by the evolutionary stage of the secondary as well as the
orbital dimensions at this stage (see Appendix C). The post RLO mass transfer from
the secondary is assumed to lead to a common envelope and consequent spiral-in of
the components on account of the disparate component masses at this stage. For
some of the close systems evolving in this channel, this spiral-in is expected to continue
after the loss of the hydrogen envelope of the secondary. For somewhat wider systems
this situation and the subsequent merger of the binary components is avoided if after
spiral-in following mass transfer from the secondary the helium core of the secondary
underfills its Roche-lobe. To calculate the boundary of the complete spiral-in for
this channel in the qi – Pi plane, we have used the He-core radius by extrapolating
to the relevant mass the models computed by Habets (1985) of He main sequence
stars. The helium core radius-mass relation can be obtained by fitting with the models
of Habets as,
(7)
Case C1B2: In systems with qi
0.4 and M1i
50M, where the primary
1
undergoes a Case C mass transfer, there is a runaway mass transfer immediately
following the Roche lobe overflow of the primary star and the secondary star spirals
in through the envelope of the primary which is lost in this process. The orbit of the
system shrinks considerably so that the secondary star, when it evolves, undergoes
a Case B2 mass transfer. These systems should be high luminosity X-ray sources for
≈ 104 years (see Appendix D). The secondary star receives negligible amount of mass
during the evolution of the primary and thus its initial mass is assumed ≈ 20M.
The primary mass is thus determined for a given qi which is less than 0.4. The orbit
evolution is assumed non-conservative during the spiral-in process (Appendix B).
Since the primary star in this evolutionary channel is quite massive, it would lose a
considerable amount of matter even while on the main sequence. To account for
this, we have obtained the mass of the primary star at the Terminal Age Main-Sequence
as a function of its ZAMS mass by extrapolating from our evolutionary models of
masses 10, 15, 20 and 25 M with Z = 0.01 computed with a mass loss rate three
times that of the de Jager formula. In addition, the massive WR star which is left
after the loss of the hydrogen envelope of the primary in turn is expected to lose
some mass in a strong stellar wind. The amount of mass lost during this stage has
been obtained by assuming a mass loss rate for the WR star as a function of its mass from
Langer (1989) and assuming a WR lifetime of ~105 years. As the secondary star
֒
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fills its Roche-lobe following the first supernova explosion in these binary systems,
a rapid shrinking of the orbit due to the formation of a common envelope is expected
to occur. As in the case of systems in the B1 S2 channel, the shorter orbital period
systems are assumed to lead to mergers, while the wider systems would lead to two
runaway neutron stars following the explosion of the secondary. Again the merger vs
non-merger boundary is calculated by the condition that at the end of the second stage
spiral-in the helium core of the secondary (WR) star does or does not fill its
Roche-lobe.
Case C1D2: In systems with q i
0.4 i.e. with M1i ≈ 12 – 18M (see Appendix A,
part II), where the primary star undergoes a Case C1 mass transfer, the secondary
star does not fill its Roche lobe at any stage of its evolution. The orbit evolution
during mass transfer from the primary is assumed conservative (Appendix A)
while the orbit evolution during the mass transfer from the secondary in the
form of a stellar wind is calculated as in Appendix B (Subsection 3). These systems
should be then visible for ≈ 3 × 105 years as low luminosity transient X-ray sources
(Lx ≈ 1033 – ergs–1) driven by the stellar wind from the primary (Appendices C
and D).
Case D1 D2: In systems where the primary does not fill its Roche lobe at any stage
of its evolution the secondary star with an initial mass less than the primary mass
would not fill its Roche lobe at any stage of its evolution. These systems are not
X-ray active for a majority of their lifetime but may show some X-ray activity
powered by stellar wind if and when the secondary star evolves to the RSG stage.
The terminal masses of the primary after its main sequence and WR phase have been
calculated in the same away as in the C1 B2 channel.
We now describe the various stages in the evolution of the binary systems
belonging to each of these evolutionary channels in detail in the following subsection.
֒

3.3 Evolution of Binary Supergiants and their Relation to MXRBs
We identify the stages through which the binary evolves and denote them by upper
case letters for the ease of later discussion. For example the various evolutionary
stages with masses of the components and orbital separation are shown in Fig. 9 for
the evolutionary channel B1 B2 where the initial masses of the components are 28.6 M
and 11.4M.
The stage at which the primary begins to transfer mass to the companion either
by Roche-lobe overflow (or by strong stellar wind from a wide orbit) is denoted as
stage I. Fig. 5 shows the positions of binary systems belonging to various evolutionary
channels in the qi –Pi plane at this stage. The un-populated regions in this figure
are occupied either by binary systems in which the primary undergoes a Case A1
mass transfer, or by systems where the mass of the secondary after accreting matter
from the primary is different from 20 M. The lower and upper boundaries of regions
populated by binaries in the different evolutionary channels have been obtained from
considerations of the evolutionary state of the primary at the start of mass transfer
and that of the secondary following mass accretion, as discussed in the earlier
subsection. The narrow hatched regions in Figs 5–8 show the orbital period and
initial mass ratio ranges in the evolutionary channels C1B2 and B1S2 which are
expected to evolve towards merger of the two components following the mass transfer
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Figure 5. Populated regions in the initial orbital period Pi and qi plane at stage I
shown for binary systems evolving through various evolutionary channels. The widely
hatched regions indicate the range in qi where following the SN explosion of the primary the
binary would be disrupted. The narrowly hatched regions are populated by binary systems
which undergo complete merger following mass transfer from the secondary. In addition all
the systems in the B1B2 channel undergo complete merger after Stage SN1. Note that both
sets of hatched regions where there is overlap between C1B2 and B1B2 are relevant for systems
in C1B2 channel only.

from the secondary. In addition all the binary systems in the evolutionary channel
B1B2 are expected to lead to mergers. The wide hatched regions in Figs 5 and 6
shows the regions populated by systems in the C1B2 and D1D2 evolutionary channels
where the first supernova explosion is expected to disrupt the binary system, if the
massive primary were to leave a neutron star remnant of 1.4M.
By the time primary has transferred (or lost) the entire envelope and is left with
(1)
its helium core MHe
, the binary is in stage WR1. The system may be observable as
a WR + O system at this stage since the exposed helium core of the primary may
appear as a WR star. Fig. 6 shows the regions in the initial mass ratio and the orbital
period (at stage WR1) plane populated by binary systems. The binaries starting out
from the various regions in Fig. 5 migrate to the corresponding regions in Fig. 6
following the mass transfer from the primary. Binary systems in the B1B2 and C1B2
evolutionary channels evolve towards considerably shorter orbital periods due to
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Figure 6. Populated regions for binary systems at stage WR1 in the qi–PWr1 plane.
The hatched regions have the same significance as in Fig. 3. The numbers by the side
of the regions shown give the predicted number of systems and the numbers inside
brackets give the actual number of systems interpreted from observations of the LMC
that have these orbital characteristics. The numbers quoted below B1B2 pertain to a sum of
the B1B2 and the C1B2 channels.

spiral-in in a common envelope following mass transfer while the systems in the other
evolutionary channels evolve to slightly wider orbits from stage I to stage WR1. The
numbers placed near the shorter and the intermediate orbital period systems in Fig. 6
show the expected number of such WR + OB systems obtained from a consideration
of the orbital period distribution of MXRBs in the LMC as well as the timescales of
evolution of the binary systems in the relevant evolutionary stages. The analysis
leading to this distribution is explained in Subsection 3.4. The numbers in brackets
in Fig. 6 show the number of actually observed WR + O systems in the LMC for
the corresponding orbital period ranges.
When the helium star explodes in a supernova explosion the binary will not
be disrupted if the mass lost is less than half the total mass of the system before
explosion. The system after explosion would, however, be somewhat wider than the
pre-supernova binary due to sudden mass loss; this post explosion stage is denoted
stage SN 1. It is at this stage that the secondary star (which does not yet fill the

18

N. Rathnasree & A. Ray

Roche lobe) may appear and linger in the post main sequence colour temperature
region 4.48
log Teff
4.3 provided that it has accreted enough nuclear processed
helium enriched material from the erstwhile primary. For all our calculations in this
paper we take the mass of the secondary at this stage to be 20M so that the star would
appear in the magnitude interval – 8 Mv
– 7 in the H-R diagram. In the next
stage when the secondary evolves to fill its Roche lobe (for relatively close binaries)
and transfers matter onto the neutron star, the system should appear as a higher
luminosity X-ray source. It would be a weaker X-ray source if the neutron star is
powered by wind from the secondary star. This stage now is called stage X. In some
of the shorter orbital period binary systems (i.e. systems evolving through the evolutionary
channels B1 B2, and B1 S2 and C1 B2) the binary would be significantly X-ray active
even during stage SN1. Some relatively wide B1S2 and C1B2 systems may stop
terminal orbital decay after the hydrogen envelopes of the secondary are lost through
common envelope if their helium core does not fill the corresponding Roche-lobes
at the time of complete envelope ejection. Fig. 7 shows the corresponding orbital
period ranges of the binary systems at this stage. The numbers in brackets show the
observed number of MXRBs in these orbital ranges (discussed in Subsection 3.4).
֓

֒

֓

֒

Figure 7. Shown are the orbital period ranges at stage X for systems in different evolutionary
channels for given qi. The mass of the compact star is 1.4M. The narrow hatched regions
have the same significance as in Figs 5 and 6. The numbers shown give the observed number
of X-ray sources (possibly) associated with these orbital period ranges.
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Figure 8. Same as in Fig. 7 for binary systems in stage WR2. The B1B2 systems at
this stage have become so compact that their orbital periods are less than the lowest
shown ordinate.
(2)
Finally when the extended star is left behind with its helium rich core of mass M He
denuded of the envelope (lost from the system) we have a second stage WR star: a
WR(2) orbiting the neutron star. We call this stage WR2. Fig. 8 shows the orbital
period ranges for the binary systems at this stage. By this stage a distinct gap in the
orbital distribution becomes apparent. This arises due to the fact that systems in the
C1D2 and D1 D2 evolutionary channels evolve towards longer orbital periods during
mass transfer from the primary as well as the secondary, while the binary systems
in the other evolutionary channels go through a common envelope evolution at least
once during their lifetimes and hence evolve towards considerably shorter orbital
periods. In some channels of evolution (in rather close binaries) this and the
subsequent stage may be absent altogether as a spiral-in all the way towards the
centre of the extended star's core by the neutron star may lead to a complete merger
(see Thorne & Zytkow 1977) in such cases. Nevertheless, if stage WR2 exists as a
stable intermediate stage then subsequently two (runaway) neutron stars will result
when the helium core explodes in a second supernova. Appendices A and B describe
in detail the evolution of the binary systems in different evolutionary channels through
the various stages of evolution discussed above.
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Figure 9. Orbit evolution from stage I to stage WR2 for a system evolving in the
B1 B2 channel with initial masses of the binary components 28.6 M and 11.4M. The
approximate age of the system at each evolutionary stage and the orbital period ranges
corresponding to the lower and upper boundaries (see Figs 5-8) in this evolutionary channel
(for qi = 0.4 systems) are indicated on two sides of the figure. (Note in stage WR1 even in the
wider system at Porb = 0.82d the secondary on its main sequence does not quite fit inside its
Roche-lobe and therefore could lead to a spiral-in from this stage until the stage when the
helium star explodes).

Figs 9–12 describe the binary evolution for some of the evolutionary channels
mentioned in the previous subsection. These figures show the orbital dimensions
and the Roche-lobe configuration of these binary systems at the different evolutionary
stages. Fig. 9 for example, shows the orbital periods at different evolutionary stages
for binary systems with qt = 0.4 in the B1B2 evolutionary channel. The orbital periods
shown on the left in this figure correspond to those for binary systems starting out
at the lower boundary of the qi – Pi region occupied by B1B2 systems in Fig. 5 while
those shown on the right correspond to the systems on the upper boundary of this
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region. This convention is followed in all of the Figs 9-12. Between the evolutionary
stages I and WR1 discussed earlier, an additional stage is shown in this figure which
has been labeled 't'. Prior to this stage the mass transfer is conservative and results
in a shrinkage of the orbit and an increase in the secondary star's mass till the masses
become equal. If conservative mass transfer proceeds beyond this stage, an expansion
of the orbit would occur since the secondary is the more massive star beyond this
point (Appendix A). However, this is avoided in the case of these systems since the
secondary star is in Roche-lobe contact by this stage, resulting in a common envelope.
The subsequent spiral-in and non-conservative evolution is likely to lead to a merged
system in a short time for the closer systems shown on the left, whereas the merger
is delayed till after the secondary evolves away from the main sequence for the wider
systems shown on the right.

Figure 10. Orbit evolution for stages I to WR2 for the B1S2 channel with initial masses of
the binary components 18.2 M and 7.3 M. Note that in the last stage (WR2) the non-merger
system (at Porb = 7.1d) is not drawn on the same scale as the rest of the diagram. This system
should be relatively far more compact than shown.
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Figs 10 and 11 show the evolution and the orbital ranges for binary systems with
qi=0.4 in the B1S2 and C1B2 evolutionary channels respectively. The evolution
between stage I and WR1 is completely conservative in Fig. 10 (B1S2 channel) while
it is completely non-conservative leading to a spiral-in of the components in Fig.11
(C1B2 channel). An additional stage 10 is shown in Fig. 11 corresponding to the
main sequence stage of the 50M primary star when it underfills its Roche-lobe.
Following the explosion of the primary, the secondary star underfills its Roche-lobe
while on the main sequence but comes into Roche-lobe contact at later evolutionary
stages. Some amount of mass is lost while on the main sequence by the 20 M 
secondary star, which has been obtained from our evolutionary models. The shorter
orbital period systems lead to mergers following the RLO of the secondary while the
wider systems shown on the right evolve into highly compact binary systems contaning

Figure 11. Orbit evolution for the C1 B2 channel with the component masses 50 M and
20 M. At stage 1, the mass of the primary is reduced to 36.8 M due to stellar wind. Again
the system shown in stage WR2 is not drawn to the same relative scale.
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Orbit evolution for the C1 D2 channel with the component masses 18.2 M  and

a neutron star and the helium core of the secondary. Ultimately these binaries disrupt
upon the second supernova explosion, giving two high velocity runaway pulsars.
Fig. 12 shows the evolution of qi=0.4 systems in the C1D2 evolutionary channel.
There is no qualitative difference in the evolution of binary systems at the two
boundaries of this evolutionary channel. The secondary star underfills its Roche-lobe
throughout its lifetime and the binary ultimately is disrupted giving rise to low velocity
runaway pulsars as will be discussed in Section 4.
In Section 3.5 we compare the orbital periods of the observed MXRBs and WR + O
systems in the LMC and compare with the orbital period ranges obtained for binary
systems in each of the evolutionary channels when they pass through Stages WR1,
SN1 and X. We summarize the available observational data on the massive X-ray
Binaries in the LMC through the Einstein survey and also the characteristics of
the WR + O binary systems in the LMC observed via optical searches.
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3.4 Observational Results on Binary Systems in the LMC

3.4.1 Observed massive X-ray binaries
Soft X-ray survey (Long, Helfand & Grabelsky 1981; Cowley et al. 1984) of the
LMC and a comprehensive re-analysis of the Einstein X-ray data (Wang et al. 1990)
confirm the presence of five massive (Population I) X-ray binaries in the LMC. Two
of the sources (CAL 8 and CAL 37) in the earlier survey do not appear in the
re-analysis of Wang et al. due to "higher criteria for source acceptance and more
strictly selected data base". Long Helfand & Grabelsky conclude that out of the 49
or so unidentified sources, there are some 10 sources which are LMC members. The
data of Wang et al. indicate the presence of 35 unidentified point sources. From an
analysis of the expected integral flux distribution for these sources which lies well
within the expected distribution for background sources they conclude that most of
the unidentified X-ray sources in their catalogue are background objects. In the
present analysis we have assumed the number of less luminous point sources associated
with the LMC to be 10. Among the low luminosity point objects, these are relatively
strong sources.
The orbital parameters and the X-ray luminosities for the five confirmed MXRBs
in the LMC are shown in Table 1. The last entry in this table indicates the possible
evolutionary classification through which these systems could have evolved as explained
in Section 3.3. Of the four confirmed massive X-ray binary sources two have O or
OB companions (LMC X-4: O7III-V; LMC X-l: OB). The former has an orbital
period 1.4d and a companion mass between 11.5–18.5 M (Nagase 1989) whereas
LMC X-l has an orbital period in the range 3.9 to 4.2d with a 14 M companion. In
addition, X 0538–668 is a high luminosity transient source (≈ 1.2 × 1039s–1) with a
wide Porb = 16.7d and a companion mass in the range of 7–11M, and is possibly similar
to a Be-star binary in a wide, elliptical orbit. CAL 9 which is most likely to be associated
with the LMC appears in the region of OB stars with broad variable He II line
emission and has a periodicity of 6.9 days. The two systems LMC X-l and LMC X-4
have orbital periods consistent with evolutionary channel B1B2 while the transient
source is consistent with the B1S2 channel. The ten less luminous point X-rays sources
(between 1035 to l036 ergs–1) (Long., Helfand & Grabelsky (1981) referred to above

Table 1. Massive X-ray binaries in the LMC.

1) Ilovaisky (1983) and references therein.
2) Tutukov & Cherepaschuk (1985) and references therein.
3) Nagase (1989).
a 1 2
C B (m) refers to systems in C1B2 channel which undergo eventual mergers.
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are consistent with wind-fed wide binaries containing compact objects. One of the
five confirmed massive X-ray binaries in the LMC X-3 has a relatively low mass
companion (5–8 Mand of a spectral type B III-IV). This system has been excluded
from the data set considered here as it is unlikely that the optical companion would
have traversed the HR diagram in the region – 8
Mv
– 7. The orbital elements
of the other confirmed MXRBs in LMC have been used in the present analysis, to
determine the parameters of the evolutionary scenarios as explained in Section 3.3.
֓

֓

3.4.2 Observed WR + O systems
Just prior to the first SN explosion the exposed core of the primary will appear like
a WR star with an O or an early B-type companion. These are close cousins of the
binary systems postulated to have undergone surface helium enrichment and can
therefore have a related distribution of orbital periods. The observed data on the
WR + O binaries (Moffat et al. 1989; Moffat, Niemela & Marraco 1990) are
summarized in Table 2.
The binary search among WR stars in the LMC has so far been sensitive to
shorter orbital periods. The binary frequency among WNL stars (which constitute
25 per cent of the total WR population in LMC) is likely to be representative of the
entire WR population as all massive WR stars probably pass through the WNL stage.
Of the 25 WNL stars, 75 per cent are WN6,7 types amongst which the binary frequency
is ~~ 56 per cent. The total number of WR stars in the LMC being approximately
100 (Breysacher 1981, 1986), the expected number of binaries based on the binary
frequency among WNL stars is approximately 42.
Table 2 shows 10 systems of which one (R140a of spectral type WC5 + WN6)
strictly speaking, is not a WR + O binary system although it is quite probably a
multiple system with companions of other spectral types as in HD36402. All the other
systems shown have companions with spectral type earlier than Bl. It is thus likely
that the main sequence mass of these stars was larger than 15 Mand they could
hence have evolved through the H-R diagram in the region – 8
Mv – 7.
֓

1 Moffat et al. 1986.
2 Moffat 1989.
3 Moffat, Niemela & Marraco 1990.
a 1 2
C B (m) refers to systems in C1B2 channel which undergo eventual mergers.

֓

Table 2. Observed WR + O systems in the LMC.
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3.5 Comparison of Observational Data with Predicted Distribution of
Evolved Massive Binaries

3.5.1 MXRBs in LMC
In Section 2 we argued on the basis of the H-R diagram that currently there are
some 90 helium enriched stars (which are secondaries in binary systems) in the post
main sequence BSG region of the relevant magnitude interval. These binaries could
be of varying orbital separations and could have arisen out of the different channels
of evolution referred to above. A priori, the distribution of the total number of post
main sequence binaries (in bins i and j) in the different evolutionary channels is
unknown. But from the observed data (see Section 3.4.1) on the orbital period
distribution of MXRBs in the LMC and their X-ray luminosities, the different sources
can be classified in generic evolutionary sequences and limits can be placed on the
approximate number of the very wide binary systems. The expected fraction of binary
systems evolving through each of the channels determined through the initial orbit
separation and mass ratio is then calculated from a comparison of the observed
number of X-ray sources in these channels.
Figs 5–12 showing the evolution of binary systems in the different evolutionary
channels indicate that the systems of B1B2, B1S2 and C1B2 evolutionary channels
go through a high X-ray luminosity phase when the secondary star evolves through
the BSG stage. Since the total number of such luminous massive X-ray binaries in
the LMC is small, we expect the contribution to the BSG region from stars which
belong to these evolutionary channels to be also small. From the orbital period
calculations outlined in Appendices A and B we obtain the orbital ranges during
the X-ray active stage for systems in all the evolutionary channels. Thus, systems in
B1B2 and C1B2 channels could have orbital periods ranging from
1 day to few tens
of days depending on whether the primary star undergoes an early Case B (or Case C)
or a late Case B type of mass transfer. Similarly early Case B mass transfer systems
in B1S2 channel could have orbital periods as low as ≈ 15 days while the maximum
orbital period achievable with, late Case B mass transfer in this evolutionary channel
is ≈ 10 years during Stage X. Orbital periods of ≈ 10–100 years are obtained during
Stage X for systems evolving through C1D2 channel while for D1D2 systems the
orbital periods during this stage are > 100 years. Thus the strong X-ray sources like
LMC-X1 etc having orbital periods close to 1 day could have evolved through either
B1B2 or the C1C2 channels, while the wide Be X-ray binary with orbital period of
16.5 days could have been a late Case B1B2 or an early Case B1S2 type of a system.
The total number of systems in the close orbital period ranges (i.e., of orbital periods
less than a few tens of days) cannot, however, be greater than the total number of
observed luminous MXRBs in the LMC.
Let us define by fB1B2, fB1S2, fC1 B2, f C1B2, and f D1D2, the fraction of binary systems
which have evolved through the corresponding channel and let Ntot to their total
number in the entire post main sequence region (4.48 log Teff 3.7). If tx is the relevant
X-ray lifetime for a given channel, then out of a total number of systems Ntot fc only
a fraction(tx /ttot) will be visible in the relevant part of the q-P diagram at any given
time. For each of the evolutionary channels the number Ntot fc(tx/ttot) of binary
systems with their secondary star in the BSG region cannot be greater than the
observed X-ray sources which have orbital periods and luminosities in the range
֓

֓

֓

Evolution of massive binary stars in LMC

27

predicted for these systems. For example, the observed number of high luminosity
steady X-ray sources in the LMC (LMC X-l, LMC X-4, CAL 9; ignoring for the
moment LMC X-3 which is most likely an accreting black hole binary) implies that:
(8)
The timescale of this mass transfer is determined by the rate of mass loss during RLO
(Savonije 1983) and is approximately 1.2 × 104 years. The X-ray active life time in
the channel B1 S2, tx_tr ~ 3.3 × 105 yr from evolutionary calculations (see Appendix D).
The number of B1B2 systems (at least those where the primary undergoes an early
Case B mass transfer) appearing in the BSG region is again limited by the observed
number of luminous X-ray sources at intermediate orbital periods. Hence,
(9)
In addition, taking the upper limit of the number of weak X-ray sources (expected
to be powered by wind from secondaries) to be 10 (see Wang et al. 1990, Long
et al. 1983) we obtain:
(10)
Since the orbital period distribution for B1S2 and C1D2 is continuous (as can be
seen from Figs 5 and 6) we have taken B1S2 systems as those which have high X-ray
luminosity (Lx 1035 ergss–1) through wind type mass transfer from the secondary
star while the C1D2 systems have low X-ray luminosity (Lx ≈ 1033 – 1035ergss–1)
when the secondary star is in the BSG stage. Finally since we have
֓

(11)
the calculated values of these fractions from the above four equations turn out to be:
(12)
The ratios of timescales for the different channels are calculated in Appendix D. The
normalization to 90 binary systems expected to be present in the post main sequence
region as a consequence of the hypothesis of Tuchman and Wheeler requires that a
large number of binary systems be present in the wide binary channel. These would
not show appreciable X-ray activity for most of their lifetimes.
3.5.2 WR + 0 systems in the LMC
An observational signature of the presence of the large number of binaries with the
secondary star in the post main sequence region would be the existence of
WR + O systems which are precursors to such post main sequence binary systems.
The expected number of such systems can be obtained from the relevant lifetimes in
the main-sequence and the post main sequence stages and the number of BSG binaries
in the post main sequence region. Observation of WR + O systems and X-ray
binaries in the LMC can be used to constrain the possible evolutionary scenarios for
the post main sequence binary systems. The expected distribution of these systems

28

N. Rathnasree & A. Ray

in orbital period and the mass ratio is shown in Fig. 5 by the numbers in brackets
shown by the side of the populated regions. We use the WolfRayet lifetime ( ≈ 105
years) of the primary star from the calculation of Maeder (1981) in calculating these
expected values. The orbital periods and spectral types of the WR + O systems
observed so far in the LMC are given in Table 2.
The predicted number of short period WR + O binaries evolving through the
channels B1B2 and C1B2 is ≈ 23. This is obtained by the method mentioned above.
The number of observed WR + O binaries so far is 10 (the binary search among WR
stars in the LMC is not complete). As argued in Section 3.2 the expected WR + O
binaries is ~ 42. Thus the predicted number (23) of short orbital period WR + O
binaries in which the secondary star later evolves through the magnitude and surface
temperature bin being considered here, gives the maximum contribution to the total
expected number of WR + O binaries in the LMC. However according to Abbot &
Conti (1987), a helium star becomes a WR star only if its mass is larger than 8–10 M.
The existence of such a lower limit implies that WR + OB binaries are only a
subsection of the population of helium star + OB binaries. If the MHe mass limit is
as high as this, then only some of the He star + O star binaries (e.g. in B1B2 or C1B2
channels) may ultimately show up as WR + OB binaries. Therefore it may not be
surprising that the observed number of WR + OB binaries in the LMC is lower than
the numbers predicted here for He star + OB binaries.
The contribution to the expected sample of WR + O binaries from those systems
where the secondary star does not evolve through the magnitude and surface
temperature band being considered here can be argued to be small. This contribution
would come from (1) those systems where the secondary star has a mass larger than
25 M8 The number of high mass systems would be small due to the steep IMF
(α1 = 1.5 according to Humphreys & Blaha 1989) and (2) those systems where the
secondary star has a mass less than 15M. The spectral type of the companion star
in the latter systems would be later than Bl in the post main sequence region as can
be seen from the evolutionary models of Maeder (1990). These systems can thus be
eliminated from the observed sample by restricting to those systems which have
optical companions of spectral type earlier than Bl. In fact the observed sample
contains no system with an optical companion of spectral type later than Bl.
3.6 Runaway OB Stars and Possible Neutron Star Companions in Evolved Binaries
In the Milky Way galaxy the fraction of high velocity objects among early type stars
is substantial (~ 20–30 per cent among O-stars; ~ 2 per cent among early B-stars;
Stone 1979). These runaway stars were suggested to originate in binaries where a
supernova explosion occurred giving the remnant system (or the companion) a
systemic high velocity (Zwicky 1957; Blaauw 1961). By the same argument massive
X-ray binaries could also acquire runaway characteristics under some circumstances
(Sutantyo 1982; van den Heuvel 1985). Van den Heuvel (1985) has argued that the
MXRBs as a group belong to the runaway OB stars rather than to the group of OB
stars with low peculiar velocities by comparing the |z| distribution of galactic MXRBs
and runaway stars as well as due to the general lack of association of the MXRBs
within the boundaries of known OB associations (see also van Oijen 1989).
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Furthermore, on the basis of evolutionary considerations it is expected that most
of the Galactic post supernova binary systems have low amplitude of radial velocity
variation of the O-star ( 13km/s) and hence the binary nature of these would be
undetectable even in most complete surveys of radial-velocity variations (van den
Heuvel 1985). This is because of the considerable line-widths and large, erratic velocity
variations observed in many O-type stars which mask the low-amplitude radial
velocity variation due to binary nature. For example, only 2 out of 14 post-SN O-type
binaries in the sample taken by van den Heuvel (1985) would have expected radial
velocity variation in excess of 20km/s. The standard MXRBs (which are a highly
selected sample among OB-star binaries with neutron star companions, in terms of
short orbital periods that favour high X-ray luminosity and radial velocity variation)
thus turn out to be the tip of an iceberg of binaries, making up no more than ~ 14
per cent of the total.
We have calculated both radial velocity amplitude as well as centre of mass velocity
after the first SN explosion immediately after stage SN1. The latter is given by (Stone
1982):
֓

(13)

From these calculations it emerges that ~
~ 2 per cent of the binary systems would
have runaway velocities in the range 50-700 km/s, ≈ 0.5 per cent of systems have
velocities in the range 10–40 km/s while a vast majority of systems receive smaller
than 10 km/s velocity from the first explosion in the binary system. Thus only the
systems evolving through the B1B2, C1B2 and some of those from B1S2 will have
considerable peculiar space velocities and be classified as "runaway" stars. Even in
the Galactic case, however, runaway OB stars are far from the majority. As in the
case of our Galaxy where it is difficult to detect spectroscopically most of the O-star
binaries with neutron star companions (since only the short Porb standard MXRBs
would be normally detectable because of favourable selection effects) this is more so
in the case of the LMC as the predicted number of short Porb systems are even smaller.
Some of the wide binary systems which form the majority may be like the ζ-Aurigae
type binaries which will produce smaller runaway velocities (of their early type
components) when the more massive (red giant) primaries in them explode in an
SN.
We have discussed in the current Section 3 the implications of the presence, in the
BSG region of the HR-diagram of the LMC, of a large number of stars which are
the secondaries in binary systems. We have so far confined ourselves to the stages in
the evolution of the binary systems prior to the SN-explosion of the secondary star.
Following this second explosion the binary in most cases would be disrupted. This
is certainly true for massive binary systems with secondary mass in the range
15–25 M. Two runaway neutron stars appear following the disruption of the binary
system. The first born neutron star among these would have gone through a prior
mass accretion and the consequent spin evolution phase before the disruption of the
binary. We discuss in the following section, the expected distribution of the spin
period, pulsed radio luminosity and the space velocities of pulsars which could arise
from the binary secnarios presented in this section.

30

N. Rathnasree & A. Ray
4. Statistics of pulsars arising from binary systems

Comparison of the results of pulsar satistics in the LMC obtained from given
evolutionary models with a complete sample of detectable pulsars would offer a better
testing ground for ideas about pulsar evolution and their origin, e.g. their evolution
from binary systems. This is because a flux-limited sample of pulsars -from the LMC
would not suffer from the distance-related selection effects which a Galactic pulsar
sample is plagued with. However, the total number of pulsars which is detected at a
given flux level is smaller compared to the Galaxy. There are essentially two analytical
approaches of treating pulsar spin statistics. Phinney & Blandford (1981) used the
pulsar continuity equation,
(14)
.
where S(P,P) is the source function of the observable pulsars, i.e.. the difference
between the number becoming newly observable
. and . the number becoming unobservable per unit time in a given bin of P and P. f (P, P) is the observed distribution
function
of pulsars and is related to the observed number of pulsars of given P and
.
P at a particular time. One can also start with an a priori initial birth rate in terms
of number density in spin period Po and the initial magnetic field Bo for a sample of
pulsars. Using a model of pulsar spin and magnetic field evolution it is possible to
obtain the number distribution of pulsars in terms of the desired pulsar property (i.e.
spin period, characteristic age etc.). This approach has been used by several authors
notably Narayan & Ostriker (1990), Chevalier & Emmering (1986, 1989), Sang &
Chanmugam (1990). These two approaches are in fact equivalent. In Section 4.1 we
calculate the pulsar spin period distribution expected in LMC when the single pulsar
population arises from two classes of pulsars, viz those which have been processed in
binary systems due to accretion (considered in the earlier sections) and those which
are remnants of single or the younger remnants of the disrupting binary. This approach
has also been used to determine the expected pulsar radio luminosity distribution.
We summarize the observational situation regarding LMC pulsars in Section 4.3 and
in Section 4.4 we discuss the expected distribution of pulsar space velocities resulting
from the disrupting binaries.
Given the intrinsic source function D(P0, B0) in the initial spin period P0 and the
initial magnetic field B0, we have
(15)
as the probability that a pulsar was born with a period in the range P0 to P0+ dP0,
an initial magnetic field in the range B0 to B0 + dB0, and that it has an age in the
range τ to τ + dτ (Chevalier & Emmering 1986). We assume that pulsars slow down
due to magnetic dipole radiation and that the magnetic field of the neutron star decays
exponentially with a time constant τB (see however a discussion at the end of Section
4.2 for situations with no field decay). The pulsar spin period at any time τ is then
given by,
(16)
.
Here P(t) P(t) CB(t)2 = CB2o exp(2–2t/tB ) and C = 9.84 × 10 - 4 0 assuming the
moment of inertia and radius of the neutron star to be 10 45 g cm 2 and 10 6 cm
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respectively. Integrating the probability distribution of Equation (15) one obtains,
(17)
as the probability of observing a pulsar with spin period less than a given period P,
if the integral is performed over all possible combinations of the initial spin period,
field strength and current age which give a pulsar with spin period less than P. This
constraint can be imposed by choosing the upper-limit of the initial spin period such
that,
(18)
The upper limit tD in expression (16) is the age of pulsars at which they become so
faint (due to spin and/or field decay) that they become unobservable. The distribution
of pulsar spin period can then be obtained by suitably differentiating Equation (17).
In the following subsection we use this approach to obtain the spin period and the
pulsed luminosity distribution of radio pulsars in the LMC.
4.1 Pulsar Spin and Luminosity Distribution
In determining the spin period distribution for the Galactic pulsars, it is usual to
define the probability distribution function not only in terms of the period, period
derivative and age of the pulsar but also in terms of its galactic co-ordinates. This
probability function is then integrated over these co-ordinates within a limiting
distance rL where a pulsar with radio luminosity LR is visible only out to a limiting
distance rL = (LR /4πFL)1/2 (Chevalier & Emmering 1986). This is necessary for the
determination of the Galactic pulsar statistics to account for the distance-related
selection effects which arise in the observed sample of pulsars but is not needed for
the LMC sample of pulsars since all these pulsars can be assumed to be virtually at
the same distance. However, while obtaining the number distribution of pulsars one
has to remove all those pulsars from the sample which will not be detectable here
due to the flux limitations of a given survey. This is achieved by placing a lower limit
on the field strength of sample pulsars such that the pulsar luminosity is above the
limit required for detectability from the LMC. This point will be discussed in detail
later in this section. The number of pulsars observable with periods between P and
P + dP is then:
(19)
where u = exp(τ/τB) and G is an undetermined constant which is determined by an
overall normalization to a given number of observable pulsars. D(P, B, u) is the intrinsic
.
source function D(P0 ,B0) redefined in terms of the current variables P, P and the
age τ. Thus given a source function and suitable limits Bmax and Bmin (later determined
from radio flux limits), one can obtain the present spin period distribution of pulsars.
In integrating Equation (19) the choice of uD is dictated by the requirement that
for all P, B and u, the following condition is met:
(20)
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Figure 13(a). Shown are the regions of integration (of Equation 19 in the text) in the u-log
B plane for the normal and the reprocessed pulsars at spin periods of 3 and 10 ms. The region
of integration for the reprocessed pulsars are only the dark regions while that for the normal
pulsars shown by the hatched area also extends fully into the dark regions to the left.

Figure 13(b). Same as Fig. 13(a) for pulsar spin periods of 0.1 and 0.2 s. The reprocessed
pulsars are not visible at these periods due to flux limitations (see text) and hence are not
shown here.
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Here P0min is the minimum possible period a pulsar could be born with (taken to be
≈ 1 millisec). For a given spin period and field strength of a radio pulsar, the above
condition gives the maximum possible age which is considerably larger for pulsars
with small P and B as opposed to that for the pulsars with long P–B. This can be
seen clearly from Figs 13 (a) and (b), showing the region of integration of Equation (19)
in the u — B plane at different pulsar periods for the normal and reprocessed pulsars.
For example τmax ≈ 7 × 107 years for a pulsar with P = 3ms and B = 108G while
τmax ≈ 9.6 × 106 years for a pulsar with P = 1 s and B = 1012 G.
To calculate properties of single pulsar distribution we take a source function
D(P0 , B0) that has contributions from a mixed sample of pulsars consisting of (a)
those which are born from the first SN explosion in binaries whose initial spins are
determined by mass accretion and (b) those pulsars which are born in single SN
explosions or in the second SN explosion that disrupts the binary. The source function
for the former class of pulsars has been assumed to be of the form
(21)
i.e. these pulsars are assumed to be "born" (the birth referring to the disruption of
the binary system with the second supernova explosion) with a spin period Ps = ABΓ
on the equilibrium spin-up line. For the standard neutron star parameters the
Eddington rate of accretion gives A = 4.4 × 10–11 and Γ = 6/7. The power law
dependence of the intrinsic source function on the initial magnetic field of neutron
star arises from the assumption of the exponential field decay and the assumption
that the number of binary stars in the LMC should scale with the secondary star
mass as M –α1
where α1 is the IMF index. This is also the number of systems where
2
the neutron star born from the explosion of the primary star would have a magnetic
field αB0exp (— T(M2)/τB) where B0 is the initial field strength and T(M2) is the total
lifetime of the secondary star after the explosion of the primary. In the case of
substantial difference in the initial masses of the two components of the binary system,
T(M2) is nearly the total lifetime of the secondary. The value of the index δ is related
to the lifetimes for two stellar models evolved with helium enrichment (which in the
presentcase we havetaken to be 10 and 20M), and the IMF index for the LMC.
The parameter δ can then be obtained as,
(22)
where the masses M and the lifetimes T refer to the two stellar models mentioned
above. If one takes the evolutionary model of pulsar magnetic fields that allow no
decay for magnetic fields, then d has to be treated as an independent parameter. For
the parameters we have chosen (discussed towards the end of this subsection) we
obtain δ = – 1.2.
The source function D2 (P0,B0 ) for the second class of pulsars, i.e. those born in
single SN explosions or in the second SN disrupting the binary is assumed to have
an equal probability for all bins in Po and Bo within the limits P0min P0max and B0mix,
B0max. The value of Bminis chosen such that any pulsar with amagnetic field strength
below Bmin = Bmin(P) falls below the detectability limit for a given survey with a flux
limit FL at a particular radio frequency. This is done by assuming that the pulsar
luminosity can be obtained as a function of the spin period and its derivative as given
by Proszynski & Przybycien (1984):
(23)
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Thus the requirement that all the pulsars in the sample being presented here have a
luminosity greater than FLd2 in mJy kpc2 where FL is the flux limit at 400 MHz for
a given survey and d is the distance to the LMC gives,

(24)
which is the same for the two classes of pulsars. The upper limit on the observed
field strength for the pulsars of class (a) is determined by the equilibrium spin-up line,
since no reprocessed pulsar can be found above this line in the pulsar P–B diagram
i.e. Bmax= [P/A]1/Γ while the maximum possible observed field strength in the case
of pulsars in category (b) is assumed to be independent of P. The resulting expressions
for the spin period distributions for the two classes of pulsars are,

(25)
and

(26)
where N1(P) and N2 (P) are the distribution functions for the pulsars in classes (a)
and (b) respectively, for P1 P
P2. The fraction of pulsars from category (a) in the
intrinsic sample of pulsars in the LMC is taken to be half the fraction of binaries
determined in section 2, since only one of the components of the binary is reprocessed.
As will be discussed later, the observable fraction of the reprocessed pulsars is different
from this fraction (half) due to the differences in the maximum possible life-times for
the normal and the reprocessed pulsars as well as due to the fact that the reprocessed
pulsars appearing within certain region of P and B in general are selected against
due to their low radio luminosity. Given the total number of pulsars currently present
in the LMC the constants G1 and G2 can be determined. McConnell et al. (1991)
have estimated the number of pulsars in the LMC to be ≈ 9500. This estimate is
based on the number of pulsars in the solar neighbourhood (of area 1 kpc2 of the
Galactic plane) containing some 70 pulsars and the ratio of the LMC and the solar
neighbourhood masses. It also accounts for the fact that the number of massive stars
per unit total mass in the LMC is about twice that of the solar neighbourhood. While
obtaining the values of the constants G1 and G2 using the above number of total
pulsars in the LMC, Equation (19) is integrated over all possible values of the magnetic
fields of pulsars. After determining these constants, the actual distributions are
obtained by restricting the region of integration of Equation (19) to the magnetic fields
lying above Bmin as explained earlier so that the pulsars which could not be detectable
from the LMC in a survey with a given flux limit are eliminated from the sample
being presented.
In Figs 14(a) and (b) we have shown the predicted spin period distribution from
the two classes of pulsars for the following choice of parameters: (i) the IMF index
֓

֓
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for the LMC α1 = 1.5 (Humphreys & Blaha 1989), (ii) a binary fraction of 0.6 in the
Blue Supergiant region of the HR-diagram of the LMC, (iii) the timescale for the
decay of the magnetic field of the pulsars τB = 2 × 107 years (Narayan & Ostriker
1990), (iv) the maximum possiblefieldstrengthfor the class (b)pulsars – Bmax = 1013 G
and (v) the constants of the radio luminosity model as α = – 1.04, ß = 0.35 and
a = 107.52 (e.g Chevalier & Emmering 1989; Prozynski & Przybycien 1984). Fig. 14(a)
assumes that all radio pulsars down to 1 mJy level at 400 MHz will be detectable
while Fig. 14b is for a flux limit of 0.5 mJy.
The above procedure can also be used in obtaining the expected distribution of
the pulsed luminosity from the sample of pulsars in the LMC, in various bins of the
spin period. The resulting distribution of the pulsed radio luminosity with respect to
the spin period is shown in Figs 15 (a) and (b) which have been obtained for an
identical set of parameters as in Fig. 14.
4.2 The Distribution of Pulsar Spin in a FluxLimited Survey
A distinct feature of the pulsar spin period and the pulsed luminosity distributions
is their bimodality. In these distributions the peaks at short periods arise from the
reprocessed pulsars. It can be seen from Figs 14(a) and (b) that the observable
reprocessed pulsars are a very small fraction of the total number of observable pulsars
from the LMC. This fraction f'b which is 0.15 in Fig. 14(a) and is 0.18 in Fig. 14(b)
is different from the fraction of first born pulsars fb = f/2 (where f = 0.6 is the duplicity
fraction discussed in Section 3). This is due to the fact that a larger fraction of the
reprocessed pulsars are below the detection limit for a survey of a given flux limit
since they are generally less luminous than the normal pulsars. In fact, the region in
the P–B plane where reprocessed pulsars from the LMC are detectable is highly
restricted as can be seen from Fig. 17. This region in the P–B plane is shown by the
hatched area in Fig. 17 which lies between the two lines defined by the equilibrium
spinup line and the line below which any pulsar in the LMC would not be detectable
at a given flux level and for a luminosity model assumed in Equation (23). This line
is parallel to (and displaced to the left of) the Taylor & Stinebring (1976) "death-line"
defined for the Galactic pulsars, to the right of which the pulsars intrinsically turn
off. On the shorter period side this region is restricted by the minimum possible field
strength that these pulsars could be born with. The minimum possible initial field
strength for the normal pulsars along with the maximum possible lifetime of the
secondary star (sufficiently massive to disrupt the binary during its SN explosion)
defines the corresponding lower limit of the initial field strength for the reprocessed
pulsars, i.e.,
(27)
Here M2 = 15M. Thus the region populated by observable pulsars in the Pspin – B
diagram is more restricted in the case of the LMC pulsars than in the case of the
Galactic pulsars since the former have to be intrinsically more luminous at a given
flux level due to the larger distance. The extent of this region depends also on the
range of initial field strength that the class (a) pulsars are born with. The distribution
functions shown in Figs 14 and 15 are for an initial strength range B0min = 1 × 109
to B0max = 4 × 1013 and initial spin period range P0min = 1 ms to P0max = 4s.
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The relative height of the peak arising from the reprocessed pulsars in Figs 14 and
15 in comparison to the peak at longer period is sensitive to the chosen value of the
field decay timescale τB. The figures shown are calculated for τB = 2× 107 years.
Choosing a value of τB = 5 × 106 makes this peak quite small. This arises from a
linear dependence of δ on τB, The larger the value of τB, more negative is δ . This
makes the probability of class (b) pulsars large at lower P0 because of the equilibrium
spin period relationship, thus making the peak at lower periods more prominent.
There is, however, some evidence from the data on Galactic pulsars that τB is longer
than 5 x 106 years and close to 2 × 107 years (Narayan & Ostriker 1990). But
arguments against field decay in single pulsars also exist in the literature (Sang &
Chanmugam 1990), although some field decay induced by accretion for neutron stars
in binary systems is considered possible. Our results for the spin period and the pulsed
luminosity distributions shown in Figs 14 and 15 would be qualitatively unchanged
even if the magnetic fields of single pulsars do not decay. (In this case, however, we
have to take the index δ appearing in Equation (21) as a parameter).
4.3 LMC Pulsar Observations
Very recently a search for radio pulsars in the LMC and SMC has been completed
at 610 MHz using the 64-m Parkes radio telescope (McConnel et al. 1991). The
sensitivity limit of this survey is equivalent to a limit S400 ≈ 1.4 mJy for a search
conducted at 400 MHz. This has discovered two pulsars 0529–669 and 0456–698
with dispersion measures that suggest that they lie in the LMC. Of these, the first was
reported earlier (McCulloch et al 1983). A third pulsar 0502–665 was found in the
direction of the LMC but is probably not associated with it and may be a foreground
object belonging to the Galactic pulsar population because of its relatively similar
DM sin |b| (b is the galactic latitude). Another pulsar 0540–69 with 50ms period was
detected in the LMC at X-rays by the Einstein Observatory (Seward, Harnden &
Helfand 1984) and at optical wavelengths (Middleditch & Pennypacker 1985). Recently
radio pulsations with high DM ( ≈ 140 pccm–3) and low flux density has also been
reported from 0540–693 (Manchester 1991). First and second derivatives of the pulse
frequency for this pulsar have also been measured (Nagase et al 1990) which inidicate
that the pulsar has a large spin-down rate (and a correspondingly large magnetic
dipole field or momemt). The pulse period, its derivatives as well as the detection of
an optical synchroton nebula surrounding the pulsar (Chanan, Helfand & Reynolds
1984) makes the PSR 0540–69 and its SN remnant very similar to the Crab pulsar
and SNR. The two LMC pulsars' spins (and magnetic fields) are plotted in Fig. 17.
The radio pulsars 0529–669 and 0456–698 have periods of 0.976 and 0.320 seconds
with mean fluxes of 1.8 and 1.0 mJy at 645 MHz respectively. All three pulsars have
positions that fall within identified regions of Supergiant shells and close to regions
of high UV flux (McConnell et al. 1991) which are associated with hot, massive O
and B stars.

4.4 Velocity Distribution of Pulsars
A closer connection between the evolution of binary supergiants and single pulsars
can be discerned by looking at the velocity distribution of pulsars if a substantial
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Figure 17. Regions (shaded) in the log B-log Pspin plane where reprocessed pulsars would be
bright enough to be detectable in a radio pulsar survey of the LMC at limiting fluxes of 0.5 mly
and 1.0 may (at 400 MHz). Three pulsars detected so far in the LMC are indicated.

fraction of these are born from binary systems. The determination of the velocity
distribution of single pulsars from the LMC is not likely in the near future with the
current detection techniques. A global distribution of pulsars in the LMC and their
relative separation from the regions of their birth-sites could, however, give some
indication of the actual velocity distribution. We use the orbital period distribution
of binary systems prior to the explosion of the secondary star obtained in Section 3
to determine the expected distribution of pulsar velocities in the LMC.
When the secondary (which in our calculation was assumed to have a mass of
20 M at the post main sequence phase) ultimately explodes, the binary is disrupted
leading to two run-away neutron stars. We have calculated the expected distribution
of the space velocities of pulsars whose progenitors have evolved through the
evolutionary channels B1S2, C1B2, C1D2 and DlD2 under the assumption that these
systems had circular orbits prior to the explosion of the secondary star. It has been
assumed that these runaway velocities are solely due to the orbital velocities of the
two binary components and the effects of either asymmetric supernova explosions or
the impact of the supernova ejecta from the explosion of the secondary star on the
compact companion are negligble.
In the present calculation the pulsars which might arise from the binary systems
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in the B1 B2 channel have been ignored since in this case the final evolution resulting
in a common envelope configuration seems to lead to a merger of the two binary
components. The final outcome of such an evolution is uncertain. Likewise we have
excluded the shorter period systems from the B1B2 and ClB2 channels which are
likely to be merger systems following mass transfer from the secondary star in these
systems i.e., all the systems falling within the hatched areas marked as mergers are
excluded from the pulsar velocity calculations. For some of these excluded systems
it is possible to have very high velocity pulsars if the second supernova in the binary
systems occurs before the complete merger of the binary components (e.g. before even
the carbon core starts filling its Roche-lobe after the helium envelope is ejected). We
have, however, ignored this possibility in view of the uncertainties involved in the
final evolution of such systems.
Tracing the orbital evolution from this stage back to the stage at the start of mass
transfer from the primary star according to the evolutionary paths for each of the
channels as mentioned in Appendices A and B (see also Figs 5–12) one can determine
the space velocities of the two pulsars released from the second supernova explosion
in a binary system as a function of the initial mass of the primary star and the initial
orbital separation. The space velocity V2 for the pulsar (in km/s) born from the SN
explosion of the secondary i.e. the younger pulsar released from the binary system
can be expressed (for the three evolutionary channels mentioned above) as,

(28)

(

(29)
(

(30)
(

and
(31)
(3
Here the subscripts on the masses refer to the various stages of evolution as
mentioned in 3.1 and Mn= M sn1 refers to the mass of the neutron star born from
the upernova explosion of the primary star and is equal to 1.4 M. The masses and
the separation ai in the above expression are in solar units. The velocity of the first
born pulsar following the second explosion is then given by,
(32)
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where χ is the fraction of the total mass of the binary which is lost in the second
explosion, and V1 and V2 are the velocities of the first born and second born pulsars
respectively. (Equations (28–31) give the V2 for the different channels).
Figs 16(a) and (b) show the expected pulsar velocities for the first born and the
second born pulsars as a function of the initial separation. The ranges of orbital
separation corresponding to the different evolutionary channels and the velocities of
the two runaway pulsars are shown in these figures. Also shown enclosed in square
brackets are the relative percentages of pulsars in each of the evolutionary channels.
Thus, although the velocity distribution of the released pulsars is expected to be
bimodal with peaks at large and small velocities, the former type of pulsars is very
small in number compared to the low velocity pulsars. The velocities of the first and
second born pulsars also differ considerably, which is expected for symmetric explosion
and when the amount of mass ejected during the SN explosion of the primary star
is large as can be seen from the Equation (32) above. However, this difference is less
marked for the pulsars arising from binary systems in the evolutionary channels B1B2
and C1B2. The secondary star in these systems loses most of its envelope mass at
some stage of its evolution through RLO (which is lost from the system) and is thus
less massive prior to its explosion as compared to the secondary star in the wider
systems of C1D2 and D1D2 evolutionary channels. For pulsar ages ≈ 107 years and
with the expected low velocity of ejection from the binary system, the majority of
pulsars would be found clustered around their birth-places i.e. the OB-associations
in the LMC. Also a majority of the intermediate velocity pulsars (V ≈ 10 – 30 km/s)
will be the first born pulsars and therefore of a spun-up variety i.e., with short spin
periods.
5. Discussion and conclusions
As already mentioned, a number of stars in the LMC have photospheres enriched
with helium. Such stars have properties that reconcile the theoretically computed
evolution of massive stars with the observed population of Blue Supergiant stars in the
LMC. As the primordial helium abundance (Y5 = 0.24) is considerably less than what
is expected or indicated for the surface of the helium enriched stars (Y5 > 0.5) it has
been suggested that the helium enriched layers have been acquired by accretion from
an evolved binary companion. Therefore these stars which appear as peculiar BSG
stars should be examined for evidence of duplicity. While some of the close binaries
may reveal themselves as double-lined spectroscopic binaries, the results of Section 3
suggest that their number is likely to be small and for most of these the evidence has
to be indirect.
Study of helium-enriched massive stars may also be of interest in relation to Type Ib
supernovae in the LMC. Uomoto (1986) suggested that SN Ib might be more massive
cousins of observed hydrogen-deficient binaries in which a helium supergiant is
dumping matter on to a hot main sequence companion (Drilling 1986). This model
is particularly attractive because helium is seen in abundance in this type of SNe
although potential problems of this model may exist in terms of the distance of the
SN Ib from the HIT regions and the relative rarity of the hydrogen-deficient binaries
in our Galaxy (see Filippenko 1991 and references therein.) The lifetime and number
estimates of the progenitor systems (see Section 3.5) would together imply a Type
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Ib SN rate in LMC of approximately 1 per thousand years. As indirect evidence of
the binary nature of the peculiar BSG stars possibly bound to neutron stars,
spectroscopic evidence of their surface enrichment with intermediate mass and iron
group element resulting from Type Ib SNe may be sought.
The observed number count of stars in the post main sequence region of the H–R
diagram of the LMC, together with computed duration functions, implies that at least
≈ 60 per cent of the Blue Supergiants are likely to be parts of binary systems. This
binary fraction among the BSGs is not excessive when compared with the binary
fraction among the WR + O systems (Moffat 1989), and Galactic O-stars. Furthermore,
if consistency with observed X-ray binary systems with known orbital period is
imposed, a large fraction of these supergiant binaries is required to be in wide binary
systems. Recently the Hubble Space Telescope has discovered a large number of
massive stars in the 30 Doradus region of the LMC, all of which are confined within
a linear dimension of roughly one parsec. This region was previously suspected to
contain a single star. Many of these newly discovered stars could be dynamically
bound to each other. Our prediction of a large number of wide binary progenitor
systems based on an independent line of argument is consistent with this discovery.
The presence of a large fraction of wide binary systems is also consistent with the
analysis of Bailes (1989) who concludes that a large fraction of the Galactic pulsars
should arise from wide (with orbital periods > 100 days) binary systems to obtain
consistency with the Galactic pulsar velocity distribution.
The bimodal nature of the orbital period distribution of the relatively unevolved
binaries, together with the relatively few systems in the short orbital period ranges
imply that the relative number of high velocity runaway O-stars (with unseen neutron
star companions) compared to the total sample of O-stars is quite small in the LMC.
In addition, following Blaauw's (1985) study in the context of local Galactic birthrates
of pulsars and local rate of formation/death of massive stars, similar estimates for
the LMC may also be useful to constrain the mass range of pulsar progenitors. In
the Galaxy there are binary pulsars like PSR 1913 + 16, 1534+12, 1820 – 11 and
2303 + 46 which have massive companions (e.g. neutron stars) and are likely to have
evolved from massive close binary stars. Only in very rare cases like these would the
progenitor systems remain bound after the second supernova explosion in which
the younger neutron star is born. In most cases the binary would disrupt leading to
two runaway stars. Thus the velocity distribution of the pulsars born from binaries
in the LMC would trace out the orbital distribution of the progenitor systems. In
this paper we have determined the general nature of this distribution.
The requirement of placing the secondary star in the magnitude band being
considered here restricts its mass close to 20 M8. in our analysis. Therefore, when the
secondary star evolves and explodes as a supernova, since more than half the total
mass of the systems is likely to be lost in the explosion, the binary would give rise
to two runaway pulsars. The distribution of pulsars in their space velocities is shown
in Figs 16(a) and (b), and it can be seen that the bimodal distribution in orbital
periods of the progenitor systems is reflected in the bimodal distribution in space
velocities of the resulting pulsars. The high velocities are ≈ 150–500 km/sec and the
low velocity peak is at ≈ 1–30 km/sec. The larger peak occurs at lower velocities.
With velocities of this order, in their entire lifetime ( ≈ 107–108 years) the pulsars
would travel ≈ 100–900pc from the site of their birth. These are the massive star
formation regions associated with O–B star clusters that are largely localized and
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contiguous and have dimensions of the order of ≈ 1kpc. Thus most of the pulsars
born out of binary systems evolving through the magnitude and surface temperature
bin considered above are expected to be localized in narrow regions in the LMC. In
fact the pulsars discovered in the most recent radio survey of LMC (McConnell et al.
1991) all have these characteristics. In this context it is of interest to note the situation
regarding the binary origin of pulsar velocities in the Milky-Way galaxy. Blaauw
(1985) has pointed out that among the early B-type stars in the nearest O–B
associations, only 18 per cent are well established single line spectroscopic binaries
with determined orbits. The semi-amplitudes of the velocity variations of their
primaries are in the range in the 14 to 131 km/s with a median value of 50 km/s. For
the remaining 82 per cent, there are limits on the semi-amplitudes of the primary
velocities which are successively smaller. Thus, Blaauw concludes that only a small
fraction of binaries are close enough to give high velocity pulsars ( 100 km/s) after
the explosion of either of the two components.
The spin of the first born neutron star at the time of disruption will be affected by
mass transfer from the companion before the latter explodes in the second SN. Given
a birthrate of the reprocessed pulsars (interpreted from IMF considerations of the
secondary) we have estimated the steady-state spin and pulsed radio luminosity
distributions in the LMC. Since only the brightest radio pulsars will be seen in the
LMC, the observable reprocessed pulsars (the first born neutron stars) would be
restricted to short spin periods. Since most neutron stars will be released as single
pulsars in the second SN explosion of the massive binary, this class of binaries could
be an important source of observable single short period pulsars in the LMC, especially
because the companions in low mass binary pulsars can be gotten rid of only under
rather specialised circumstances (Kluzniak et al. 1988).
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Appendix A
1. Binary evolution under conservative mass transfer: Systems with qi> 0.4.
First we consider the evolution under mass transfer from the more massive primary
star. Systems with qi> 0.4 having Case B1 as well as Case C1 type of mass transfer
are stable and assumed to be completely conservative at this stage (i.e., during the
stage of mass transfer from the primary to the secondary star – stage I to stage WR1).
The orbit evolution during this state is governed by (Savonije 1983),
(A1)

Evolution of massive binary stars in LMC

45

Here a is the orbital separation, M1 the mass of the (mass transferring) primary
and M2 is the mass of the secondary. The orbital separation at stage WR1 can be
obtained as a function of the orbital separation at stage I by integrating the above
equation. The final orbital period Pwrl after conservative mass exchange where the
entire envelope of the primary is transferred to the secondary is related to the initial
period Pi by (Paczynski 1971)

Here f = M1iHe/M1i. The initial separation ai determines whether the system
undergoes a Case B1 or Case C1 type of mass transfer. The ranges of the radii of the
primary star at the start of the mass transfer for the different cases of evolution have
been obtained as a function of the ZAMS mass of the primary star by extrapolating
from the evolutionary models of Brunish & Truran (1982) for main sequence masses
15, 30 and 40 M and with Z = 0.01 and are quoted in the beginning of Section 3.1.
The Roche-lobe radius R1c of the primary is related to the initial separation ai at the
start of the mass transfer by the equation (see e.g. Savonije 1983):
(A2)
The orbit evolution from stage WR1 to SN1 is governed by the amount of mass
lost during the supernova explosion of the primary star. For a symmetric explosion
and neglecting the impact of the supernova ejecta on the secondary star, the equations
governing the orbit evolution are (Flannery & van den Heuvel 1975),
(A3)
where,
(A4)
The conservative orbit evolution in such systems is identical up to this stage (stage
SN1), for both Case B1 as well as Case C1. The Roche-lobe radius of the secondary
at stage SN1 can then be obtained from asnl. The initial orbital separation ai, can
be related to the initial radius of the primary and hence to its mass as argued earlier.
Next we consider the orbit evolution during mass transfer from the secondary. For
given masses M1i and M2snl and for a given qi > 0.4 the Roche-lobe radius of the
secondary at a stage after the SN explosion of the primary star can be determined
and the stage of evolution (if any) when the secondary star will fill its Roche lobe
can be determined. In the case of systems (with qi > 0.4) undergoing Case B1 type of
mass transfer, it turns out that, the secondary star would fill its Roche lobe at some
later stage in its evolution whereas for systems in Case C1 channels the secondary
star does not fill its Roche lobe at any stage of its evolution. The orbit evolution
from this stage onwards is hence different for the two systems. Systems in the B1S2
channel go through a common envelope evolution arising out of (RLO) mass transfer
from a massive supergiant component to a neutron star. There is a rapid shrinking
of the orbit due to the large disparity in the masses of the two components and the
neutron star is soon engulfed by the envelope of the secondary star, which is
subsequently ejected. The evolution of the orbit during this stage is similar to the
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common envelope evolution of the close systems with qi < 0.4 as described in
Appendix B (see also Equations B1 and B2). Systems falling in the evolutionary
channel C1D2 are evolved with mass loss from the system during mass transfer from
the secondary. Up till the stage just prior to the SN explosion of the secondary star
they are governed by Equation (B3), (in Appendix B) just as in the case of wind-fed
(non-conservative) mass transfer from the primary star.
2. Calculation of the allowed mass ranges.
We make the following assumptions regarding the mass transfer process and the
resultant masses of the binary components at various stages in order to track the
binary evolution during different stages of evolution:
(1) At stage WR1 the primary is left with the helium core. This would be the mass
of the WR star evolved from the primary star. The mass of the helium core can be
related to the initial mass of the primary star from a least-square fit of the helium
core masses of 15, 30 and 40 M stars (Brunisli & Truran, 1982). From this fit,
M 1wr1 =f(M 1i) = cM 1i where c= 0.25 for Case B and c = 0.3 for Case C. In our
calculation we take this factor c to be 0.3 uniformly. Here M li and M lwrl are the
main sequence mass and the mass of the helium core left after the loss of the envelope.
(2) M1sn1–the mass of the neutron star left after the explosion of the WR star is
taken to be 1.4M.
(3) In the conservative case since all the mass leaving the primary is accreted by
the secondary,
(A5)
assuming the secondary mass remains unchanged during the primary explosion phase.
From the assumption of conservative evolution in Case B and C and the
assumptions (1)–(3) mentioned above, the allowed ranges of initial masses for the
primary star can be constrained for a given mass of the secondary star at a stage
after the explosion of the primary. Starting with initial masses M1i and M2i for
the two stars, the masses after the end of the first stage of mass transfer are,
cM1i and (M2i + (1 – c)M1i) respectively, where c is as defined in assumption. (1)
above. Assuming that the secondary star mass remains unchanged during the
supernova explosion of the primary star,
(A6)
Thus for a given qi one can determine the required initial mass for the primary as,
(A7)
The upper limit on Mli comes by putting qi= 0.4 (since for values of qi below this,
we assume that conservative evolution does not take place) and the lower limit, by
having the initial secondary mass comparable to the primary mass. This one obtains,
(A8)
In all the calculations of Section 3, M2sn1 was taken to be 20 M.
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Appendix B
1. Orbit evolution with mass loss from the system.
First we consider the evolution of close systems with qi < 0.4. Close binary systems
with qi < 0.4 where the primary star fills its Roche-lobe in either a Case B1 or a Case
C1 type of contact evolve via RLO of the primary in such a way that at some stage
of mass transfer there is a common envelope formation and subsequent spiraling in
of the two components. The envelope of the mass losing star is ejected during this
spiral-in phase. The orbit evolution during the spiral-in is assumed here to be governed
by the requirement that the final energy in the orbit equals the difference between
the initial energy of the orbit and the binding energy of the envelope of the mass
losing star:
(Bl)
For Case C1 systems with qi < 0.4 the orbit shrinks during the mass transfer and
there is an increase in the radius of the secondary star due to mass accretion. Soon
the system comes into a contact configuration which leads to the common envelope
situation. For Case B1 systems with qi < 0.4, however, this is somewhat delayed and
the mass transfer is completely stable and conservative till the stage of contact (stage
't') is achieved. The orbit evolution during this phase is thus governed by Equation Al, as
in the case of systems with qi > 0.4. This leads to the orbital separation at the end of
spiral-in (Webbink 1984)
(B2)
Here awrl refers to the orbital separation after the loss of the envelope mass at the
start of mass transfer and rL(qt) is the ratio of the Roche-lobe radius of the primary
to the orbital separation at the pre-contact stage. In principle, the final orbit dimension
should also be determined by the effects due to the structure of the common envelope
(and its effect on the binding energy of the envelope). In addition, the spiral-in may
stop at an intermediate point and may not lead to a complete ejection of the envelope.
However, due to the uncertain physics involved, we ignore these effects and use the
form of Equation (B2) as stated.
For primary star undergoing a Case C1 evolution a common envelope evolution
arises in systems with qi < 0.4 immediately following the RLO of the primary star
owing to the convective envelope of the primary star. In such situations there is no
prior stage of stable mass transfer and the orbit evolution is just governed by
Equation (B2) with the subscript 't' replaced by ‘i’, since the spiral-in starts during
stage ‘i’ itself.
The calculated orbital parameters for the two classes of systems discussed above
(i.e. systems evolving through channels B1B2 and C1B2) indicate that these systems
evolve into close binary systems where the secondary star would undergo a Case B2
type of mass transfer. The subsequent orbital evolution of these systems is analogous
to the evolution of systems in the B1S2 evolutionary channel beyond this point and
is governed by Equation (Bl) etc.
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2. Orbit evolution for wide systems without Roche-lobe overflow.
In very wide binary systems where the primary star does not fill its Roche-lobe at
any stage of its evolution, as far as the orbit evolution is concerned it is assumed to
be completely non-conservative, i.e. with small amount of mass lost by the primary
being accreted by the secondary star. In this case the orbit evolution is governed by
(Savonije 1983):
(B3)
where as before M1 is the mass losing star. The orbit evolution from stage I to stage
WR 1, i.e. the stage just before the SN explosion of the primary star can be determined
by integrating the above equation. The orbit evolution during the explosion of the
primary star is determined, as in the case of all other systems from Equation (A3).
The Roche-lobe radius of the secondary star determined at a stage after the SN
explosion of the primary star indicates that in such systems the secondary star too
does not fill its Roche-lobe at any stage of its evolution. The orbit evolution during
the stage of mass transfer from the secondary star is thus also governed by
Equation (33)
3. Allowed mass ranges for the primary star.
For systems evolving through the B1 B2 channel, for a given qi, restrictions can be
placed on the masses of the two stars at various stages of evolution such that the orbit
evolution is completely determined. Under the assumptions that (1) the masses of the
two stars are equal at the stage of contact and are equal to 20 M and (2) the mass
transfer is completely conservative before the system comes into contact, the primary
mass M1at the initial stage is related to qi as,
(B4)
For systems evolving through the evolutionary channels C1B2 and D1D2 since the
mass is lost from the system from the outset, the secondary star would have to start
out with a ZAMS mass of roughly 20M and, to be observed in the given region of
interest in the LMC HR-diagram, have a thin layer of helium-enriched matter accreted
from the primary's wind. Thus for a given the corresponding ZAMS mass of the
primary star is determined in all the cases and the orbit evolution can be uniquely
specified within the assumptions stated above.
Appendix C
1. X-ray luminosity through wind-fed mass transfer.
The secondary star in binary systems evolving through all the channels mentioned
in Section 3 is out of Roche lobe contact immediately following the supernova
explosion of the primary. The X-ray luminosity of the system powered by wind from
the secondary star to the neutron star is:
(C1)
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.
where Mx is the mass accretion rate onto the neutron star. This is related to the
stellar wind loss rate of the secondary star by (Henrichs 1983):
(C2)
where vorb is the orbital velocity of the binary system at this stage and vw is the velocity
of the stellar wind ejected from the secondary star and ψ is a parameter of the order
of unity or less. A value of 2–3 × 103 km/s (White 1984) for the wind velocity of the
secondary star in the immediate post main sequence region results in negligible X-ray
luminosity from the system for any but the closest binary systems (with orbital periods
less than a few tens of days). However, White argues that the wind velocities of OB
stars in binary systems are likely to be smaller compared to the, corresponding wind
velocities from single stars, based on the observations of some Galactic massive X-ray
binaries (4U1538–52, Cen X-3 and GX301–2) where the massive star is underfilling
its Roche lobe. Smaller wind velocities for the OB-star companions in these systems
are required to obtain a better correspondence with their observed X-ray luminosities.
In addition, the massive X-ray binary GX301–2 having observed outbursts with a
period of 41.5 days and a given ratio of the maximum to minimum X-ray flux during
this cycle also require a low wind velocity powering the X-ray emission. The wind
velocities in binary systems could be lower either due to the disruption of the wind
as the OB star comes close to its critical Roche-lobe, or, due to the ionization of
the elements whose line transitions are responsible for the acceleration of the wind
by the X-rays. In addition the wind velocities in supergiant stars decrease as the
star evolves further into the BSG stage (Kudritzki et al. 1988). Thus a value
of ≈ 100–300 km/sec used for the wind velocity from the secondary star as it
evolves further into the BSG stage, consistent with the stellar wind velocities observed
in late B type supergiants (Kudritzki et al. 1989) results in weak X-ray emission
(Lx ≈ 1033 – 1035) ergss–1 from binary systems with orbital periods of few years. In
such a case, the observed 10 less luminous point sources in the LMC could possibly
be systems evolving through the evolutionary channel C1D2.

Appendix D
1. Evolutionary timescales during different evolutionary stages.
To determine the fraction of binary systems evolving through the various evolutionary
channels, a knowledge of the fraction of the total Blue-Supergiant (3.7 log Teff 4.5)
lifetime that is spent in the immediate post main sequence region (4.3 log Teff 4.5)
as well as the X-ray lifetime of the binary systems in the corresponding evolutionary
channels are required. The nuclear lifetimes of a 20 M star are obtained from the
evolutionary models incorporating surface helium enrichment. In the case of close
binary systems evolving in the evolutionary channels B1 B2, C1 B2 and B1 S2 the actual
lifetime in these stages is less than that of nuclear evolution. This is because the
secondary fills its Roche-lobe at some stage while it evolves through this region.
Immediately following the Roche-lobe contact of the secondary star, there is a rapid
loss of its envelope in a common envelope.
For systems in evolutionary channels B1 B2 and C1 B2, the secondary star while
still on the main sequence would underfill its Roche-lobe following the SN explosion
of the primary star. The secondary star fills its Roche-lobe as soon as it evolves away
֓
֓

֓
֓
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from the main sequence (into the "gap" region). During this stage it appears as a high
luminosity X-ray source in the BSG region. Thus,
(Dl)
For systems in the evolutionary channel Bl S2 the orbit following the supernova
explosion of the primary star is relatively wide and the secondary star does not fill
its Roche-lobe at this stage or during the immediate post main sequence stage. Its
lifetime in the "gap" region is hence dictated by the nuclear timescale of the enriched
model and is ≈ 3.2 × 105 years. During this stage, however, the system would appear
as a fairly high luminosity transient X-ray source driven by the stellar wind of the
supergiant secondary. From the orbital separation at this stage it can be seen that
the secondary star 'is likely to fill its Roche-lobe with further nuclear evolution in the
BSG stage. Following this there is again a common envelope evolution and rapid
loss of the secondary's envelope terminating the BSG phase. Its BSG lifetime is a
sum of nuclear evolution timescale in the "gap" region and the shorter lifetime in the
mass transfer stage (≈ 1.2 × 104 years). At the end of this phase, the secondary will
no longer appear as a blue supergiant. Thus,
(D2)
For wider binary systems evolving through channels ClD2 and D1D2 the secondary
star does not fill its Roche-lobe at any stage of its evolution and hence its lifetime in
the "gap" region as well as in the entire BSG region is governed by the nuclear
evolution timescales. Systems evolving through the C1D2 channel are weakly X-ray
active when the secondary star is evolving through the post main sequence region
with Lx ≈ 1033 – 1035 ergs/s. The X-ray lifetime during this stage is ≈ 3.2 × 105 years,
dictated by the nuclear evolution timescales through this region. As the secondary
star evolves further into the BSG region, it loses some mass in the form of a stellar
wind and the system expands. The X-ray luminosity at this stage then goes below the
detection limits of the Long, Helfand & Grabelsky (1981) survey and is thus not
considered X-ray active during this stage lasting ≈ 5.95 × 105 years. Thus,
(D3)
By using the fractional lifetimes in various regions of the HR-diagram and the X-ray
stages as obtained above into the Equations (8–10) from Section 3.5.1 the relative
fractions of binary systems evolving through the various channels have been obtained.
In the above analysis, the BSG lifetimes are different for the different channels since
we assume that the BSG phase for the secondary is terminated when its entire envelope
is lost, which happens at different phases of evolution in the different channels.
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