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0. INTRODUCTION AND SUMMARY

All stars in the galaxy probably emit X-rays1. The nearest star, for example, our sun, is
the apparently brightest X-ray source in the sky2.

In most of these ~ 10*° sources, the X-ray emission comprises only a «rtnute fraction of
the total energy output, which is mainly in the optical region. Large X-ray fluxes must be
generated in the high-temperature interiors cf the stars, where the nuclear burning takes
place. The thick layers of plasma surrounding the stellar core, however, do not allow any of
these X-rays to escape from the stellar surface. Only by secondary processes, l ike the
formation of a hot corona, do stars manage to emit X-roys at a l l .

The X-ray sources which I wish to discuss here are many orders of magnitude more luminous
than normal stars are in the X-ray band. As we wil l see, they usually act as signposts
indicating small, very energetic objects, which are totally unlike normal stars.

1. Galactic X-ray sources

The history of X-ray observations now extends over more than 20 years, from the f i r s t
observation of an X-ray source outside the solar system3 via the epochal Uhuru survey1* in
1972-'73 to the recent HEAO 2 experiment5.

These observations have provided us with a sample of X-ray sources which is approximately
complete from the brightest steady sources, typically ~ 103 pjy, down to X-ray intensities of
~ 2 μJy in the 2-10 keV band1*'6. Excluding those which are probably extragalactic objects,
there are roughly 200-300 of these sources in the sky. Their sky distribution peaks strongly
at the galactic plane, which shows that the great majority of them belongs to our galaxy
(about 10 such sources have been detected in the Magellanic Clouds).

The X-ray flux we receive from them, together with the fact that these sources form a
galactic population, imply that their X-ray luminosities are in the range 10 -103° erg s"1.
The observed X-ray spectra suggest in many cases, that the X-rays are produced in a hot
plasma, with a temperature of 10 to 10 K. Depending on the precise X-ray emission mechanism,
the emitting region can be quite small, of the order of a few kilometers. This implies non-
transient emissivities of more than 10 erg s c m , by far the highest we observe in
nature9. (By comparison, the most luminous normal stars (giants and supergiants of class
I—II I) emit as much energy in the'optical region as these sources do in the X-ray band, but
their radius is closer to 107 km. Even in their cores, these stars produce at most
106 erg s"1 cm"3.)

2. The Binary Model7'8

At an early stage in the study of X-ray sources, a model was proposed which involves the
transfer of matter in a binary system to a compact star (a white dwarf, a neutron star or a
black hole). In this model, matter is removed from the outer layers of the non-compact
component of the binary by the tidal forces exerted by the nearby compact star. This process
is called Roche-lobe overflow.

Because i t has considerable angular momentum with respect to the compact star
(originating in the binary orbital motion), the matter f i r s t settles In a disk around i t .
Spiralling down towards the compact star, the matter gets rid of its surplus angular momentum
by transporting i t to the outer edge of the disk by means of viscous forces. Finally, i t f a l l s
down the deep gravitational potential well of the compact star. In this accretion process,
large amounts of gravitational energy are released, a considerable part of which is emitted as
thermal X-rays.

A similar model, in which the mass transfer is not caused by Roche lobe overflow, but
Instead originates in a stellar wind emanating from a hot, massive star, was proposed at a
later time. In systems of this type, an accretion disk does not necessarily form.



3. Binaries emitting X-rays

The above-mentioned ideas have been confirmed by the observations. Of the 82 point-like
X-ray sources in the current sample of bright galactic sources, which have been identified
with an optical object, 74 are very probably binaries containing a compact star9. An
additional 30 bright sources, which have not been optically identified, are also believed to
be binaries. Many of these sources l ie in the region of the galactic bulge, within 40* of the
center of the galaxy, and their detection by optical means is probably prevented by obscuring
gas and dust between us and this region.

The low end of the X-ray luminosity distribution of these 74 sources 1s occupied by the
so-called cataclysmic variables (CV's), systems containing a white dwarf. Many CV's are known
as X-ray sources11, but probably only 6 of them belong to our sample of sources brighter than
2 tfy9.

The remaining 68 systems, which contain a neutron star, or, in rare cases, perhaps a
black hole, form the jjroup of the X-ray binaries. These systems are the most luminous X-ray
sources in the galaxy.

4. X-ray binaries

X-ray binaries1 2 '1 3 divide naturally into two two broad categories: massive X-ray
binaries, In which the mass of the non-compact companion to the X-ray source is typically more
than 10 Mg, and low-mass X-ray binaries, characterized by a companion with a mass below 1 MG.
There 1s only one intermediate case known: Hercules X - l , which contains a 2 Mo companion. I
will now discuss the main characteristics of these two classes of X-ray binaries in turn. At
the end of this section, I will describe the source Cygnus X-3, which is unlike any other
X-ray binary.

a) Massive X-ray binaries
Massive X-ray binaries contain hot, massive stars of spectral type 0 and B, which show

clear evidence in their optical and UV spectra of mass loss in a stellar wind. These early-
type stars have short lifetimes (< 10 y ) 1 2 , so we expect massive X-ray binaries to be young
systems. This is confirmed by their strong concentration towards the galactic plane, where
regions of star formation are also concentrated.

Two groups of massive X-ray binaries can be distinguished: 'close' systems, with orbital
periods typically less than 10 d, and the so-called Be transients, which have orbital periods
of more than - 15 d.

In the close systems, the orbit of the neutron star (which has a radius of ~ 10 km) is
not far above the surface of the companion (R = 1 to 2 10 km). The optical flux of the system
varies periodically as the tidally deformed optical star rotates. We often observe eclipses of
the X-ray source by the companion in these systems.

In a Be transient, the X-ray source follows an orbit which is wide relative to the
0.5 to 1 10 km radius of the companion. Strong X-rays are only produced when the Be companion
star undergoes an episode of rapid mass loss, which phenomenon Is known to occur In Be
stars11».

A characteristic of many massive X-ray binaries is the presence of regular pulsations of
the X-ray flux with periods15 ranging from ~ 0.1 to ~ 1000 s.

This phenomenon was f i rs t observed in 1971 with the Uhuru satel l i te. Shortly after, i t

Of the remaining identified sources, 2 are single young pulsars, 6 non-degenerate binaries9;
10 are not point-like and have been identified with supernova remnants. The unidentified
sources are weak or have poorly known positions, or both. I t has been argued10, tKat most of
these weak unidentified sources are low mass X-ray binaries with low rates of mass transfer.

** That they are much brighter than CV's is understandable. The radius of a neutron star 1s
~ 10 km, of a white dwarf ~ 10 km. Therefore, ~ 10° times more gravitational energy is
released by accretion of matter on a neutron star than on a white dwarf.



was interpreted in terms of the rotation of an accreting, highly magnetized, rapidly rotating
neutron star (see Ref. 7 and references therein).

According to this interpretation, the strong magnetic field (~ 1 0 " G) of the neutron
star forces the accreting plasma towards the magnetic poles. Small, hot, X-ray emitting
regions are formed. As the magnetic poles do not coincide with the rotation axis, the hot
spots on the surface of the neutron star are periodically obscured as a consequence of i ts
rotation, which causes the pulsation. Analysis of the shape of the X-ray pulses shows that the
emission of the hot spot is not isotropic, but rather occurs in a pencil- or fan-like beam".

Two types of variability are observed in the pulse periods: Doppler shifts due to orbital
motion, and intrinsic variations. From a careful analysis of these variations, two very
important results 1 5 can be obtained.

I • The Doppler shifts In the pulsation frequency make i t possible to trace the motion of the
1 X-ray source in i ts binary orbit. Optical spectroscopy provides data on the orbital velocity

of the companion star. From this information, i t is possible to determine the masses of the
two components of the binary. Up to now, this has been done for 6 systems. All measured
neutron-star masses are consistent with a value of 1.4 Ho.

• In several systems, the intrinsic pulse period shows a secular decrease at a constant
average rate. This 'spin-up' is a consequence of the angular momentum transported by the
accreting matter from the inner edge of the accretion disk to the neutron star. It provides
us with an estimate of the moment of inertia of the compact object. This is found to be
relatively small, and only consistent with the presence of a very small object like a
neutron star.

b) Low-mass X-ray binaries
The optical emission of the low-mass X-ray binaries13 is usually dominated by the flux

produced by the conversion of X-rays into optical radiation by the matter in the accretion
disk ('reprocessing'). The optical companion stars in these systems are generally very faint
and can not be observed directly. They are inferred to be of a variety of types, ranging from
a probable white dwarf to a red giant, but in all cases they are much older and, evidently,
less massive, than the companions which occur in massive systems. Those which have been

: observed confirm the low-mass character of these systems. The galactic distribution of the
lew-mass X-ray binaries is in accordance with the idea that they belong to an old stellar
population.

In addition to the difficulties connected with observing the companion, total X-ray
eclipses do not occur in the low-mass systems, and X-ray pulsations are very rare.
Consequently, the evidence for the binary nature of the low-mass X-ray binaries was originally
mainly circumstantial. Orbital motion has now been observed in several systems, however, and
in quite a few more orbital periods have been claimed on the basis of optical or X-ray flux
variations. The orbital periods of these systems range from 10 d down to 41 min.

An important subsampie of the low-mass systems shows X-ray bursts, short (10-100 s),
rapid increases of the X-ray luminosity. These have convincingly been shown to be caused by
thermonuclear explosions of accreted matter on the surface of a neutron star 1 7. This is the
main argument for the presence of neutron stars In the low-mass X-ray binaries.

c) Cygnus X-3
Cygnus X-3, the subject of Ch. 2, does not f i t In any of the two classes described above,

and requires a separate Introduction.
• i It is a bright X-ray source in the galactic plane, which shows a smooth X-ray modulation
1 ' with a period of 4.8 h. The source sometimes produces huge radio outbursts, which do not seem

to be correlated with the X-ray emission. The 4.8 h period has also b«en seen in the infrared
and, by atmospheric Cherenkov detection techniques, 1n the TeV range γ-ray region. The
distance of the source Is derived from HI 21 cm line measurements as > 11 kpc, Implying an
X-ray ray luminosity of > 10 3 8 erg s" 1 .

V The fact which has most limited our understanding of the source, is that i t cannot be
; observed in the optical region. The best estimate, from Infrared observations18, of the

extinction in the visual band, which is probably due to both Interstellar and drcumstellar



matter, is \ ~ 19 magnitudes.
The hard X-ray spectrum and the high X-ray luminosity make i t probable that a neutron

star, either accreting or emitting X-rays by the 'pulsar mechanism', like the Crab pulsar, i s
responsible for the X-ray emission. (An accreting black hole could also do the job; the
difference would probably be hard to notice.)

The 4.8 h period varies by only a few 10"6 y"1, and is very likely to be due to orbital
motion in a binary system. Several models19 have been proposed to explain the properties of
the 4.8 h modulation, all of which assume orbital motion as the underlying principle, and
involve scattering of the X-rays, which are assumed to be produced in a point-like source.

Because of the lack of information about the optical flux from this binary system, we do
not know the nature of the companion to the neutron star. The short orbital period shows that
the system must be small: for a wide range of system masses the binary separation would be
between 1 and 4 10* cm.

Two types of companion stars would f i t a binary of this size and st i l l be able to lose
enough matter, in principle, to power an accreting X-ray source. These are a main-sequence red
dwarf of < 0.5 M0, or a Wolf-Rayet star, a He-burning star with a typical mass of 4 to 8 Ma,
and a radius < 10 cm. For both types of systems evolutionary scenarios have been proposed20.
Mass transfer would, in the case of a Wolf-Rayet star companion, take place via the strong
stellar wind which is known to emanate from this type of star. The most straightforward mass-
transfer mechanism in the case of a red dwarf would be Roche lobe overflow, but this is
inconsistent with an observed gradual orbital slow-down (see Ch. Z.I), which implies an
expansion of the system and consequently of the Roche lobe of the red dwarf. It has been
proposed21, that the surface of a red dwarf companion could be heated sufficiently by the
near-by X-ray source to allow i t to start losing mass by an 'induced' stellar wind.

If the companion to the X-ray source were itself a collapsed star (white dwarf, neutron
star or black hole), no matter could be transferred. The X-ray emission should then be
generated without accretion, which would be conceivable if the X-ray source were a very rapid
pulsar.

5. Goals and means in the study of X-ray binaries

a) Compact objects
The existence of neutron stars and perhaps black holes provides us with a chance to study

the physics of space-time and matter under extreme conditions, which can not be found
elsewhere.

Three types of neutron stars are known, 'single' neutron stars in supernova remnants31,
radio pulsars, and accreting neutron stars in X-ray binaries. Study of the effects of the
accretion process and of the orbital motion of neutron stars in X-ray binaries can provide us
with unique information on the masses, moments of inertia, radii and magnetic fields of these
compact objects.

Only one X-ray binary, Cygnus X-l, is known to possibly contain a black hole. Apparently,
X-ray binaries in which the compact object is a black hole, if they exist at a l l , are rare, or
difficult to find. What we need in this respect, is clearly a bigger sample of X-ray binaries.
Tantalizingly, this sample is practically lying on our doorstep: the Andromeda nebula, M 31,
contains at least 90 bright galactic-type X-ray sources22.

The possibility to obtain information on ultrahigh-density relativistic objects like
neutron stars and black holes is one of the most exciting aspects of the study of X-ray
binaries.

bi Stellar evolution
X-ray binaries are the focal point of a number of fundamental problems of stellar

evolution12. These are not the subject of this thesis, and I wiU not go into details, but
just mention a few: (i) the final stages of evolution of massive stars, leading up to
supernova explosions, in which compact objects are probably formed. Hi) the evolution of
close binaries, involving the evolutionary consequences of mass loss and transfer, and of
tidal Interaction, (111) the problems of disruption and formation of close binary systems by
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supernova explosions or by stellar encounters and gravitational capture, (iv) the evolution of
the rotational frequency of neutron stars, and (v) the evolutionary connections between X-ray
binaries and radio pulsars.

Studies of X-ray binaries can help to throw some light on these kinds of problems. A
special place is taken 1n these studies by systems of which only one example is known, such as
Cygnus X-3 (Ch. 2), and, for example, SS 433, a system23 which emits precessing beams of
relativistic particles. Apart from selection effects, systems of this type must either be very
rarely produced in the course of stellar evolution, or represent a very short-lived
evolutionary stage, possibly forming the link between well-known classes of longer-lived
objects.

c) Other studies
To understand in detail how individual X-ray binaries work, i t is necessary in the first

place to investigate the geometry of the systems and the nature of the optical companion
stars. In addition to this, we have to study the properties and effects of the mass transfer
and accretion processes. These studies, interesting in themselves, can be considered as the
means by which to reach understanding of the more fundamental problems described above. They
include the study of such' topics as stellar winds, Roche-lobe overflow, accretion disks,
interaction of matter with X-rays and strong magnetic fields, and the properties of hot, dense
plasmas, but also a subject like celestial mechanics.

This thesis contains contributions to some of these studies, and to the work of the type
mentioned in a), which is aimed at the direct observational determination of neutron star
properties.

6. Summary, and guide to this thesis

The work described in this thesis can be categorized in several ways. The way in which I
have ordered the individual papers into chapters, by necessity reflects a personal choice. I
took into account both similarities in the subject matter and in the methods used for the
gathering, analysis and interpretation of the data.

The subject of Chapter 1 is theoretical. The other chapters, Ch. 2 to 6, contain original
observational data and efforts towards their interpretation. Of these, Ch. 3, 4 and 5 deal
with massive X-ray binaries, Ch. 6 with low-mass systems and Ch. 2 with Cygnus X-3, which
source we have not yet been able to assign to any of these two classes.

The X-ray observations described in Ch. 3,4 and 6 were all made with the COS-B
satel l i te 2 ".

The X-ray detector on board the COS-B satellite is small, which meant that we only could*
observe bright X-ray sources (> 20 iiJy). The strong point of these observations is their long
duration, typically 30-50 days. Being a γ-ray satell ite, COS-B routinely pointed to one target
during time intervals this long, in order to be able to collect a sufficient number of
γ-photons.

Work based on UV and optical observations is described in Ch. 5. The UV observations were
made with the IUE sate l l i te 2 5 , the optical observations at several ground-based observatories.

a) Neutron stars
The work described in Ch. 4 refers directly to the behaviour of neutron stars, namely, to

X-ray pulsations.
In paper 4.1, we study the correlation between the X-ray luminosity and the spin-up of

the neutron star In the massive X-ray binary Centaurus X-3. We find, that this correlation is
consistent with the standard assumptions of the theory of angular momentum transfer to a

The COS-B experiment was terminated by switching off the satel l ite, on April 26, 1982, after
a useful l i fe of 6 years and 8 months.
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neutron star by accreting matter. Under these assumptions, we derive a constraint on the
parameters of the neutron star. Together with the recent papers26 by Doty et a l . {1981) and
Howe et a l . (1982), these are the only studies of this kind. In the same paper we also show,
again by studying the X-ray pulsation, that a state of low X-ray emission which iccurred
during our observation probably corresponded to an episode of high accretion rate and high
intrinsic X-ray luminosity.

In paper 4.2, we derive information on possible changes of the orbit of a neutron star,
in the system Vela X-l, by an analysis of the Ooppler delays of the pulsation. Apart from
this, we find very rapid intrinsic variations in the pulsation period, which are not
correlated to the X-ray flux, and can not be explained by standard accretion models.

b) Basic properties of individual X-ray binaries
The papers collected in Chapters 2 and 6, and paper *.3 can be considered as

contributions to the determination of the basic properties which distinguish individual X-ray
binary systems, notably their geometry and the nature of their companion stars.

The subject of the papers in Ch. 2 is Cygnus X-3. New aspects of our X-ray observations
include changes in the shape of the X-ray modulation which persist over many cycles and the
possible detection of apsidal motion in this system.

In paper 2.1, we concentrate on the long-term slow-down of the orbital period and give a
f i r s t preliminary report of a persistent change in the shape of the 4.8 h modulation. A peak
1n the TeV range γ-ray emission has later been reported27 to correlate in epoch and binary
orbital phase to this change in shape of the X-ray light curve.

In paper 2.2 this change 1n shape is further studied and correlated to the intensity
changes of the source. The data are discussed in terms of a model involving an eclipsing
binary surrounded by scattering gas.

In the same paper, we show the possible existence of apsidal motion with a period of
~ 20 days in the Cygnus X-3 system. This effect, i f real, implies that the companion star is
red dwarf rather than a Wolf-Rayet star, as the radius of the latter is too small to explain
the strong tidal interaction implied by such a short apsidal-motion period. The combination of
an orbit of f in i te eccentricity, as implied by the apsidal motion, and strong tidal
interaction, would mean that one or more decircularizing events occurred in the system
recently.

In paper 2.3, we study the variability of the X-ray flux on time scales shorter than the
binary period. One of the new results is an unexplained occasional correlation of this
variability with orbital phase.

In paper 5.3, we show by means of optical observations, that the X-ray source H0544-665
is probably a Be transient.

The papers In Ch. 6 describe the analysis of X-ray observations of low-mass systems. We
perform period searches which tighten the upper limits to periodicities in these systems. The
new contribution of these papers consists mainly of the publication of well-covered X-ray
light curves with a duration of several tens of days. These allow a much better view of the
non-periodic variability of the X-ray flux than existed before.

c) Mass streams
Ch. 3 and papers 5.1 and 5.2 have as their main subject the mass streams and their

consequences as observed in massive systems.
The observations reported in Ch. 3 both catch a source during a so-called 'turn-on'

state, a transition between a state of low and one of high X-ray emission. For SMC X-l, this
Is the f i r s t observation of this kind. In the case of Cen X-3, the behaviour of the source
intensity after the completion of the turn-on, suggests that the accretion disk 'remembers'
the event for about 15 days.

The nature of the mass-transfer mechanism has been the subject of extensive discussion28.
The papers 1n Ch. 3 provide further evidence and arguments, that Roche-lobe overflow must
occur in SMC X-l and Cen X-3. He also show, in paper 3.1, that i f mass transfer were taking
place only by wind, under the standard assumptions of the wind accretion model an accretion

12



disk would s t i l l form in these systems. The validity of these standard assumptions has later
been questioned29 by Pringle and Davies (1980).

The UV observations of SMC X-l and LMC X-4 described in Ch. 5 give, at f i rst sight, a
much more global view of the systems concerned than X-ray observations, since the UV flux is
dominated by the emission of large-scale structures like the optical star and its stellar
wind. In LMC X-4, however, an analysis of the changes of the UV light curve combined with some
input from X-ray observations enables us to show that a precessing accretion disk (with a
radius of a few percent of the radius of the optical star) is probably present in this system.
These observations show that i t is possible by optical or UV means to measure directly some of
the properties of an accretion disk in a massive X-ray uirary.

A subject which comes up in many of the papers presented here (Ch. 2, 3, and 4 ) , is that
of changes of the orbital period. In Ch. 1 , I explore schematically what we know of the
effects of one evident cause for orbital period changes: the mass streams which occur in X-ray
binaries. Ch. 1 also contains a review of the observational data on orbital period changes in
X-ray binaries.

d) Low states
Another subject which recurs in several of the papers (and, which may be of similar

significance, is not mentioned in a few others) is that of X-ray low states, irregularly
occurring episodes of low X-ray intensity.

In papers 3.1 and 4.1 we show that in Cen X-3 most of these low states are probably
caused by 'smothering', i . e . , transfer of more mass to the neutron star than i t can accrete,
leading to strong absorption of the X-rays. This process might explain the low states in the
similar system of SMC X-l as well.

For the Be transient 0115+63 i t has been shown30 that its low states are due to a lack,
rather than an oversupply of accreting matter. In Vela X-l (paper 4 .2) , probably also a wind-
fed source, no low states occur. The same is true for the bright galactic bulge sources (paper
6.2) , which are very probably low-mass disk-fed sources.

I t looks like only massive stars overflowing their Roche lobes can in some cases provide
a stream of matter which is sufficiently unstable to allow the neutron star at one time to be
seen as an X-ray source and at another to be invisible due to absorption of the X-rays.
Further investigation is necessary, however. Why, for example, don't we observe aperiodic low
states in a massive system such as LMC X-4, which is also believed to be disk-fed?
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MASS-FLUX INDUCED ORBITAL-PERIOD CHANGES IN X-RAY BINARIES



1 . MASS-FLUX INDUCED ORBITAL-PERIOD CHANGES IN X-RAY BINARIES

I . Introduction

X-ray binaries are good candidates for the detection of orbital- period changes, for two
reasons. First of all, we know that mass transfer is taking place 1n these systems, and simple
theoretical considerations lead us to expect an influence on the orbital period from this.
Secondly, using the Doppler shifts of the pulsation which are often emitted by the accreting
component of the binary, the position of this component in its orbit can be measured
accurately enough to detect changes In the orbital period within a few years. In many cases,
eclipses give us another handle on tht orbital period.

The first report of a changing orbital period in an X-ray binary system, Cen X-3, was due
to Schreier (1973). His original claim has essentially been confirmed by further observations
(see papers 3.1 and 4.1 and Kelley et el. 1982).

Since, orbital period variations have been detected in a few other X-ray binaries:
Cyg X-3 (Manzo et al. 1978 and paper 2.1), Vela X-l (paper 4.2). A strict upper limit has been
obtained for Her X-l (Oeeter et al. 1981). The situation is still unclear for SMC X-l
(paper 3.2') and a number of other sources for which orbits have been determined more recently.
A more extensive review of the observational data is given in section IV of this paper.

Early theoretical work on the orbits of binaries with secularly changing component masses
was carried out by Stromgren (1903) and Jeans (1924). For a recent discussion, including the
effects of mass transfer, mass loss and asymmetric interaction between the stars and the pas
streaming in the system, and for further references, see Kruszewski (1986).

In principle, the rate of change of the orbital period contains information on the way
the mass fluxes occur in the system and on the magnitude of these fluxes. Apart from the mass
streams, however, there are several other ways in which an X-ray binary system can change its
orbital period. Gravitational radiation (Paczynski 1967) has to be considered only for very
compact systems (such as, for example, the 41 min. orbital-period system 4U 1526-67), and is
therefore negligible for the massive systems containing an X-ray pulsar considered here.
Apsidal motion can cause apparent changes in the period of the eclipses (Batten 1973, see
paper 2.2), but this does not influence the orbital period as measured from Doppler shifts
(Deeter et al. 1981, see paper 4.2).

Tidal interaction, finally, could in principle be important in each of the systems
mentioned. The time scale on which tidal interaction can change the orbital period, depends
very sensitively on factors such as the stellar radius, the internal structure of the star
(Zahn 1977, Savonije and Papaloizou 1982), and the Interplay between tidal synchronization and
circularization (see, e.g., Hut 1982). These factors cannot presently be determined with
sufficient accuracy from observations, or cannot even be observed at all. Therefore, the
effects of tidal interaction can in most systems not be predicted with much confidence.

For this reason, observed orbital parameter changes could in many cases in principle be
due to either tidal Interaction, or to mass streams in the system, or to a combination of
both . Because the mass fluxes are usually easier to estimate than the parameters determining
the tidal Interaction, the hopes are to obtain information on both mechanisms by a careful
study of the mass streams. If in a specific case it can be established that the mass streams
are not sufficient to explain an observed effect, the conclusion that tidal interaction must
be Important in this system will place strong constraints on the stellar parameters.

In the present paper, attention will be restricted exclusively to the effects of the mass
flows on the orbital period.

In section II, the basic equations are given which describe the changes of binary orbital
parameters, and the procedure is outlined by which these equations will be used to estimate

It 1s noted here, that also the position of the line of apsides can be Influenced by the
mass streams (Hadjimetriou 1967, Huang 1956): apsidal motion does not have to be exclusively
tidal In origin.
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the change of the orbital period.
Section III describes which changes in orbital period can be expected to occur for

various assumptions about the nature of the mass loss and the mass transfer. As a part of
this, in section III.3 a parametrized description is introduced of the changes of orbital
angular momentum which can be expected as a consequence of the mass streams. This
parametrization is meant to facilitate the evaluation of the effects of different mode!
assumptions. Physics is kept to the level of conservation laws; no attempts are made to apply
the perturbation techniques of celestial mechanics for specific mass-stream trajectories.

At the end of this paper, in section IV, the results of these considerations are compared
to the available observations.

For a discussion of the observational considerations pertinent to the measurement of
periods of binaries with eccentric orbits, the reader is referred to paper 4.2.

II. Theory

1. Basic equations

Consider a binary system consisting of two spherically symmetric stars with masses Hj and
Mg. The relation between the orbital period P and the semi-major axis a of the relative orbit
is given by Keplers third law as:

4
aJ GM

where H = M^ + M2 is the total mass of the system.
The orbital energy E and orbital angular momentum J (see, e.g., Kruszewski 1966) are:

GM. M,
1

^ ) 1 / 2 ,3)

with G the gravitational constant and e the orbital eccentricity.
The structure of these equations is such, that if for each of the two stars the rate of

change of the mass is known, the way in which perturbing forces, whatever their nature,
influence a, and thus P, is completely determined by their effect on the orbital energy E
only. The changes in both E and J have to be known, however, to make it possible to predict

: the effect on e. Note that, mathematically, e and 0 are inseparable.

2. Procedures to estimate P

Changes in the orbit due to interaction of the components of the binary system with the
mass streams can occur in many ways: by mass loss (not necessarily isotropic) and mass

JI transfer, both possibly variable over the orbit, and by various forms of friction.
'' Calculations for a few idealized cases can be found in, e.g., Huang (1956), Kiang (1961),
'''• Chevalier (1975). These authors assume some specific perturbing force, find its effect on E
• and J as a function of orbital phase, and calculate the time-averaged effect on the orbital
• motion by integration.
i In realistic cases, however, i t is di f f icult , In the presence of dissipative mechanisms,
'f to estimate directly the rate of change of the orbital energy É.

Another approach (Huang 1963, Plavec 1968, Paczynski 1971, van den Heuvel and De Loore
1973) has proven useful to estimate time scales for orbital-period variations. In this
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procedure, a direct estimate of Ê is avoided by estimating instead the change of the orbital
angular momentum j and of the eccentricity. J is easier to estimate than i, because, contrary
to energy, angular momentum cannot be dissipated or generated within the system. The problems
associated with estimating ë are discussed below.

It is this approach which I will adopt in this paper. Rewriting equations (l)-(3) (in
differential form) In a way adapted to the described procedure, we have the following general
relations between the changes of the masses, orbital elements and orbital energy and angular
momentum:

P _ , r Hl + M2 l + M + 3ee , , j m
3 1 * J + + + 3 (4)

2 P . 1 M

Note, that though É is not directly estimated in our procedure, its value follows from
the other estimates. Occasionally, it can be instructive, to check how a certain model
requires E to change.

a) Estimating è
The price we pay to avoid estimating È directly, is that in addition to j, we now have to

estimate the contribution of a term containing è. This task is alleviated by the fact, that ê
appears in the equations (see eq. (4)) multiplied by a factor e, which is itself in many cases
a small quantity.

If the orbit has a finite eccentricity, quite undetectable changes in c can already be
important for the overall picture: The typical order of magnitude of the mass-change terms in
massive X-ray binaries with mass loss in the form of a stellar wind is known from observations
to be ~ 10 y - For, say, e ~ 0.1 (as observed in Vela X-l, see paper 4.2), a change of e on
a time scale e/é ~ 10' y or less would already be sufficient to put the ee-term in eq. (4)
on the same order of magnitude level of ~ 10 y .

In practice, in an eccentric binary mass streams which can change the eccentricity, will
also affect the orbital angular momentum; it will depend on the details of the mechanisms
involved what will be the net effect of the last two terms in cq. (4) on the orbital period.
(The same is true for the effect of tidal circularization and decircularization.)

For some modes of mass loss and transfer, at least, it has been established theoretically
that e = 0. This is true for isotropic mass loss or accretion (Jeans 1924) and for ejection of
matter along the line joining the two stars (Huang 1956). For mass transfer which occurs
primarily at periastron, Piotrowski (1964) finds for e « 1 that è ~ -2M/M (Lea and Hargon
1973), which would make the eê-term in eq. (4) a factor ~ e smaller than the mass flux terms.

Observationally, for nearly circular orbits, it is possible by repeated orbital
determinations to set useful upper limits to the eè-term: Careful analysis of Doppler-delay
curves of X-ray pulsars can put upper limits to e of ~ 10"* (Deeter et al. 1981, Primini et
al. 1977). If such an observation is repeated after one year, we already have eê < ~10"° y .

Throughout most of this paper, I will assume the eê-term to be zero, but it Is good to
remember that it exists, and could play an important role in some cases.

b) Estimating j
If we consider only the effects of the mass streams, and neglect tidal effects, as I

intend to do in this paper for reasons stated in section I, the only way in which J can change
is by the ejection from the system of matter that carries off orbital angular momentum.

One of the main objectives of the different models discussed in the next section is to
provide a way to estimate the amount of orbital angular momentum taken away by the matter that
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is leaving the system. It will be shown that plausible assumptions about the loss of orbital
angular momentum usually imply j to be of order jM, where j is the specific orbital angular
momentum of the binary system, defined as J/M. This means that J/J will be of order M/H. It is
clear then from equation (4), that apart from the effect of eccentricity changes, the relative
changes in orbital period are in general expected to be of the order of the relative mass
changes.

III. Models for loss of mass and angular momentum from the binary system

In this section I first examine two simp1e models for the mass streams frequently found
in literature, and then proceed to rewrite equations (4)-(61 in a way designed to facilitate
investigation of the effects of different model assumptions.

Throughout this paper the index 1 will refer to the mass-losing, the index 2 to the mass-
gaining star, so that Mj < 0, M2 > °»

 and> 'in the absence of matter inflow into the system,
M < 0 . The two stars will be referred to as 'primary' and 'secondary', respectively,
regardless of their relative mass.

1. No mass loss from system

The model in which no mass loss from the system is allowed (Plavec 1968, Paczynski 1971),
i.e., M = 0 and j = 0 is sometimes referred to as the 'conservative' case, although the
orbital energy is in general not conserved in this model.

It is easily found, that

M2 3eê (7)

2 P
3P (8)

2eè

l-ez
P . eê

I? (9)

Assuming ee s 0, we have (remember that E < 0):

- P < O -

- P > O -
- E < O

- É > 0
(10)

By specifying ee, the effects of the mass transfer have become completely determined. For
Ml < H2> for exaropTe, the orbit will, in the absence of other mechanisms than mass transfer,
expand, and the orbital energy must Increase. Table 1 shows what conclusions can still be
drawn when the condition eè s 0 is relaxed.
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Table L Effects of mass transfer (eccentric orbit) .

Assumptions +
+

M 1 > H 2

Mj < Mj

P > 0

p < 0

e > 0 e < 0 P > 0 P < 0

c o n c l u s i o n s

* P,E < 0 e > 0 E < 0

P , É > 0 * E > 0 e < 0

* Mx < H2 -

È > 0

Hx > H2 *

Ê < 0

(a always has the same sign as P)

* Assumptions not su f f ic ien t to constrain other var iables:
no conclusion.

2. Mass loss in a stellar wind

Matter is leaving the system in this model at a rate M = Mj + l^. The effect on the orbit
depends on the amount of orbital angular momentum which this matter carries away. I will f i rs t
discuss the standard case of a high-velocity wind and then consider two modifications to this
model.

a) High-velocity wind
In this case, the matter lost by the primary is supposed to leave the system so quickly that
i t does not interact with the secondary. As i t is assumed to be ejected by the primary in an
isotropic way, the specific orbital angular momentum carried away is equal to that of the
primary: j = (M2/M^)j. For the present purpose, this mode of mass loss is equivalent to the
mass being annihilated in the star at a rate M, and i t was with this in mind that Jeans (1924)
f i rs t derived the mass-loss term below.
With j = i M, we find after some rearranging:

P . , M2 , M2 N . 3eê (11)

For Mj > Mg the mass-transfer term ( f i rs t right-hand side term) and the mass-loss term
(second) have opposite signs, and i t depends on the ratio of the accretion rate M-> and the net
mass-loss rate H how the period will change. Specifically, in this case, P > 0 implies
(for eè s 0) : |M2/M| < WiKW^/iW^-Vl^n, and vice versa.

In a typical massive X-ray binary powered by accretion from a stellar wind, the accretion
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efficiency |M2/M| is typically of the order of 10~3 to 10"5 (Davidson and Ostriker 1973, see
Ch. 3 ) , and MjMg/CM^-Mg2) ~ Mg/Mj ~ 0.05 to 0.10, so that we can expect P to be positive.

b) Low-velocity wind
I t can be expected, that due to the interaction of the outflowing matter with the

secondary in its orbit (orbital 'st irr ing' of the wind), the flow will be slightly disturbed.
The specific orbital angular momentum of the natter which finally leaves the system will thus
be somewhat larger than j . Assuming j = a j M, we have (for eê i O ) :

The contribution of the net mass loss to P, and hence, for Mj > ^ > the entire expression,
becomes negative only for a > 1+ (2/3)(Mj/H2), which in the case of a massive binary is an
appreciable factor. Consequently, some orbital 'st irr ing' is not likely to invert the
lengthening effect of the stellar wind on the orbital period.

c) Tidal coupling
The outflowing matter will in most cases also have some extra angular momentum which

originates in the rotation of the primary. This will only indirectly influence the orbit, by
means of tidal coupling.

An upper limit to the effect of this additional angular-momentum loss can be obtained by
assuming the tidal-synchronization time scale to be zero (Fabbiano and Schreier 1977). Let the
matter leaving the system carry a specific rotational angular momentum j r o t corresponding to a
point comoving with the stellar rotation at a distance r from the center of the primary, r can
be equal to the stellar radius, or i t can be larger, in the case that magnetic acceleration of
the outflowing matter takes place (Huang 1966, Verbunt and Zwaan 1981). Then j r ( j t = or2, where
a is the stellar angular velocity.
We find for a circular orbit the following expression for the maximum contribution to the
orbital period derivative of this indirect orbital angular momentum loss:

I rW • 3 © £1* i j j * !£ • *1 it (13)

where <•> = 2n/P, by assumption equal to Q.
I t can be seen that, i f the tidal-synchronization time scale is really very short, as

assumed, this mechanism could have a considerable shortening effect on the orbital period. As
noted in Section I , the actual time scale for the tidal interaction is dif f icult to estimate,
however.

3. General case: arbitrary mass-loss mechanism

Although the expression for the orbital-period change (4) does not distinguish between
the different possible ways in which the streams of matter can leave the system, 1t is
convenient for the sake of model discussions to split M into two components, Hj^ and M^ (both
< 0). Mjjj represents matter ejected from the system by direct loss from the primary (e .g . , in
a stellar wind) and carries a specific orbital angular momentum a j , where a is an
adjustable dimensionless parameter. M2jf 1s the mass lost from the system vfa the critical lobe

. of the accreting star (e .g . , ejected by an accretion disk or via L2 ) , and has a specific
orbital angular momentum a j , with j the specific orbital angular momentum of the secondary.

: 1 We thus have the situation, that a particle lost by the primary can end up in one of three
; 'output channels', M^, M2j(, or M2.
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This approach is similar to that of van den Heuvel and De Loore (1973), who, however,
assume a^ = a^ = 1 and neglect l^.

With

j . M2 M U Hl M2x

and

M =

we have

(15)

[3(arl)q - 2]
M

"1 -3q -2] -J^ (16)

M M

- # • ^q" 1 -2q -1] -| (17)

f = • [(3-2Ql)q + 2} ^ +3q «] \ (18)

where the mass ratio q s Mg/Mj, and again eè was assumed to be zero.

a) Effects of individual mass streams
From eq. (16), we are now able to answer the following questions:
- What is the total effect on the orbital period of matter ending up in one of the
three output channels, measured over its full trajectory starting with ejection by
the primary 1

- How much should the specific orbital angular momentum of this matter deviate from the
canonical (a= 1) value in order to change this effect by a certain amount, and, in
particular, to change its sign ?

In both cases, the answers will, in general, depend on the mass ratio q. Figure 1 (upper half)
shows in which regions 1n the a,q-plane the contributions of the three mass fluxes to the
orbital period derivative are positive (+) or negative (-). Table 2 lists the equations of the
curves of P = 0 (heavy curves In Figure 1), and the critical value of q at which p changes
sign if « = 1. It can be noted immediately, that (1) the effect of the accretion onto the
secondary only depends on the mass ratio and cannot be changed by changes in the specific
orbital angular momentum of the matter Involved, and (ii) mass loss in a stellar wind for
a1 < 1 always leads to a longer orbital period. Independent of the mass ratio.

By comparing equations (16) and (17) It is clear that there are narrow regions In the
a,q-plane where a < 0 and P > 0: the system is shrinking while at the same time the period is
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Table 2. Properties of individual mass streams.

Output
channel

«2

"u

«2*

Critical

1

o>

( I / J H / 1 0

value
= 1

-1) -

of

- 0

q

72

Curve of

q = 1

P = 0

Oq"1 + 1

(2/3)q

Physical
picture
(example)

accretion

wind mass loss

mass loss from
disk or through L-,

increasing. The curves of a = 0 are indicated in Figure 1 by the lightly drawn curves
alongside the heavy p = 0 curves.

The dotted line in the third frame 1n Figure 1 represents the a of a particle which
moves along with the external Lagrange point on the side of the accreting star, calculated
according to the tabulated values for the position of L2 in Kopal (1978). For q < 1 , this 'a2

of Lg! is given to within 3% by:

aL = [1 + 0.69(q1/3 + q)] 2 (19)

Clearly, from Figure 1, matter leaving the system with this orbital angular momentum will
always shrink the system and will decrease the orbital period. The same 1s true for matter
which has <*2

 = 1 (for example, natter spinning off a disk at high velocity in all directions)
in massive binaries. Only if q > 0.72 will the system slow down under these conditions, if
q > 0.78 it will also expand.

b) Effects of mass flux shifts
Another type of questions one frequently wants to answer in model discussions is:

- What would be the effect of shifting some of the mass flux from one output channel to
another ?

In answering questions of this type, one should be particularly careful to take Into account
the full effect of such a shift. For example, the.effect of losing more mass in M 2 t Instead of
accreting it (M 2), will for oj - 1 be an Increase of the orbital period, independent of the
mass ratio, despite the fact that the amount of angular momentum lost from the system
Increases considerably due to this mass flux shift: the reduction of the accretion rate
dominates the other effects (see below).

One of the ways to see the effects of this kind of mass flux shifts is to rewrite
eq. (16) in terms of Mj and two of the 'output' mass fluxes, using eq. (15):

[3(«rl)q - 2]
M M

-3q-1-2] / -|* (20a)

-3q -2] (20b)

As we are now only considering the effect of a shift in mass flux between two of the output
channels, the flux 1n the third channel and 1n M^ will be constant. The result we are looking
for can thus be obtained by considering the effect of a change in only one type of mass flux,
keeping H^ and one other output flux constant in the appropriate formula (20a or b). Just as
before, we can Investigate the effect of varying the a's on the value of P.
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A , •

+ -

2 q 3

F-igure 1.

q 2

The regions in the (a,q)-plane there P > 0 (+), < 0 (-) and = 0 (heavy curves), a, 0 ie the

ratio of the specific orbital angular momentum of the matter lost from the system to the

specific orbital angular momentum of star 1,2. The abaiesa, q, ie the irasB ratio Mg/M^. Upper

three frames: the individual effect of matter accreted (Ms>, lost from the primary (^j^) and

lost from the secondary ^zi}' ^oaer three frames: the effect of shifting mass flux from one

output channel to another (see text). Lightly dram curves correspond to the locus of a = 0.

Dashed curves indicate asymptotic values of P = 0 curves. Dotted curves represent the value of

Og for comoving matter in £,,. Arrows indicate the 'canonical' a = 1

Table 3. Properties of shifts between mass streams.

Mass flux
shift

^ u "• "2*

M U * M2

M2 * M2X

Critical value of q
i f Oj = o2 = 1

1

u/3) {/lo +n ~
1.39

0

Curve of P = 0

"2 = V 2

Oj = q"2 +(2/3)<T1

a = (2/3)q + 1

Physical picture
(example)

more mass captured
from wind but not
accreted and finally
lost from secondary
critical lobe

more mass captured
from wind and
accreted

same amount of mass
transferred to
secondary critical
lobe, but more of i t
is rejected and
finally lost from
lobe
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The results are listed in Table 3 and pictured in Figure 1 (lower hal f ) . For massive
binaries, the effect on P of a higher capture rate from a stellar wind is in general negative,
both i f the mass is f inally accreted and i f i t is ejected from the secondary crit ical lobe.
Rejection instead of accretion of mass at the secondary (Mg * M2J) will tend to increase P for
all mass ratio's i f og = 1 , but for massive binaries the specific angular momentum of the
matter lost from the secondary crit ical lobe needs to increase by only a small amount in order
to invert this effect; for q = 0 . 1 , <rg > 1.067 is sufficient to make the effect on P negative.
Hatter lost with an angular momentum corresponding to Lg (dotted curves) will in all cases
decrease the period.

IV. Comparison with the observations

The most promising systems in which to detect variations of the orbital period are those
containing an X-ray pulsar. The reason for this is that accurate orbital epoch determinations
are possible in these systems using the Doppler delays of the pulsation.

Table 4 l ists the information available on the orbital-period derivative of the X-ray
binaries of which the orbit is , with the exception of Cyg X-3, known from pulse timing. A few
sources (LMC X-4, 1538-52, 0115+63, GX301-2), of which the orbit has only been measured once
or twice, have been omitted from the table.

Table 4. Observational data on orbital period changes in X-ray binaries.

Source

Cyg X-3

Her X-1

Cen X-3

SMC X-1

Vela X-1
(0900-40)

P (days)

0.2

1.4

2.1

3.9

9.0

P/P (y"1)

(2.1 ± 0.3) 10"6

IP/PI < 2 10"8

(-2.8 ± 0.2) 10"6

(1.2 ± 1.5) 10"5*

(1.0 + 0.4) 10'4

References and remarks

Van der Klis and Bonnet-Bidaud
1981 (paper 2.1)

Deeter et a l . 1981

Kelley et a l . 1982

Few measurements. Primini et
a l . 1977, Davison 1977

Van der Klis and Bonnet-Bidaud
1983 (paper 4.2)

from optical, X-ray eclipse and pulsation measurements (Bonnet-
Bidaud and Van der Klis 1981).

In the X-ray binary Cygnus X-3, an orbital period variation has been detected without the
help of pulsations. The nature of the components of this system is unknown, so that i t is
impossible to compare the observed value of P with theoretical expectations. The reader is
referred to Chapter 2 for a discussion of the constraints placed on the nature of this system
by the observed period variations. The P of Cyg X-3 is consistent with mass loss from the
system at a rate of a few 10"6 Mo y"1 , depending on the component masses. This is in
accordance with the observation that the eclipses in the system are part ial , which is probably
due to scattering of the X-rays in circumstellar matter.

The tightest upper l imit has been put on the P of Hercules X-1. The component masses of
this system are Mj ~ 2.3 Mo and Mg ~ 1.4 Ho (Rappaport and Ooss 1983). The X-ray luminosity is
Lx < 1037 erg s"1 (Bradt and McClintock 1983), Impl
M2 < 2 10-9 % ƒ * .

Implying an accretion rate of



The orbital period derivative expected from this accretion is estimated from eq. (16) as
IP/Pi < 2 10"9 y"1 (with P < 0), well below the quoted upper limit. An upper limit of
4 10"8 H e y"

1 can be set on isotropic mass loss from the system, and with eq. (19) we find
that mass loss along L-> should be less than 5 10"9 MQ y~*. The two last-mentioned mass fluxes
have opposite effects on the orbital period, and if they occur simultaneously, their effects
could cancel.

The other systems listed in Table 4 are massive binaries, with H = 20 - 30 H 3 and
q = 0.05 - 0.10. The primaries in these systems lose mass in a stellar wind at a rate of
IO"5 Mo y"

1 at most (Conti 1978). In addition to this, some of these stars are believed to be
in a state of incipient or atmospheric Roche-lobe overflow (Savonije 1978, 1979).

Hith eq. (16) we find, that the effect of the stellar wind is expected to be
P/P = + 10 y"* or less. This clearly can not be the explanation of the negative P found in
Centaurus X-3.

The long-term average of the intrinsic X-ray luminosity of this system is difficult to
estimate because of the occurrence of low states probably caused by the absorption of the
X-ray flux, during which the luminosity can not be measured. It is probably of the order of
4 U r 7 erg s"1 (paper 4.1), which at Mj ~ 19 Mo, M2 ~ 1.1 Mo (Rappaport and Josb 1983) would
be consistent with an accretion rate corresponding to a P/P of only — 2 10"° y"1.

Tidal interaction has been proposed by several authors as en explanation of the observed
P (Wheeler et ai. 1974, Chevalier 1975, Fabbiano and Schreier 1977). However, the variations
which are seen in P itself are difficult to understand in the tidal picture (Kelley et al.
1982).

It is likely that during the low states more matter is transferred through L^ to the
neutron star's critical lobe than it can accrete (see papers 3.1 and 4.1). If this matter has
sufficient velocity, it could leave the system along L2- Loss of mass with an angular momentum
corresponding to L2, at an average rate of ~ 6 10~

7 H e y"
1, would be sufficient to explain the

observed effect in the orbital period. The observed changes in the orbital period derivative
would then be explained by the known irregularities in the occurrence of this mass loss and
the low states they cause.

The very high orbital-period increase observed during 5 years in Vela X-l is discussed at
length in paper 4.2. It probably is a non-secular effect. To explain the P in terms of the
mechanisms discussed in this paper, one would require large amounts of low-angular-momentum
mass to be ejected from the system.

The orbit of SMC X-l is one of the best known stellar orbits in astronomy. Surprisingly,
however, it has only been measured twice (see Table 4). No accurate P can therefore be
determined. The range quoted in Table 4 was derived from a combination of optical, X-ray
intensity and X-ray pulsation measurements. Its limits are one or two orders of magnitude
wider than the values expected from the accretion and the possible stellar wind mass loss
(paper 3.2 and Conti 1978). Judging from the accuracy of the orbital epoch quoted by Primini
et al. (1977), it would be possible to detect a P/P of the order of 10"6 y"1, as observed in
the similar system of Cen X-3, within 1 to 2 years.

In conclusion, in two systems, Cyg X-3 and Cen X-3, mass fluxes are a likely explanation
for the observed orbital period change, although in both cases the mass stream causing the P
has not been unambiguously observed. The orbital period change observed in Vela X-l is
difficult to explain on all accounts. The limits on P obtained for Her X-l and SMC X-l include
the values that would be expected from the known mass fluxes in these systems.

For SMC X-l it could prove possible to measure the orbital period derivative in the near
future. In several other systems the P is potentially detectable. These systems span a wide
range of orbital parameters and X-ray emission characteristics which will hopefully facilitate
interpretation of the observations.

Continued monitoring of the orbits of X-ray binaries by observation of the pulsations is
necessary to gain a better understanding of the effects of the mass fluxes, and thus, by
elimination, of the tidal interaction in these systems.
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SUMMARY: Cygnus X-3 was observed in Che 2-12 keV range
for 40 days in May-June 1980. The mean 4.8 h

light curve was seen Co change significantly in a way
suggestive of the existence of an underlying binary
with an eclipse duration of 40 % of the period.
The observed time of X-ray minimum was found to in-
crease Che level of confidence of a period derivative
when compared Co the earlier measurements.

Key words: X-ray sources - Cygnus X-3 - COS-B .

INTRODUCTION

Recent observations of Cygnus X-3 have led to an ephem-
eris with a significant period derivative (Manzo et al.
1978, Lamb et al. 1978, Eisner et al. 1980). Such a
result, however, is only marginally consistent with
the Copernicus phase determinations over four years
(Mason and Sandford 1979, Mason, private communication).
Ever since its discovery, the 4.8 h X-ray modulation
itself, apart from the intensity and amplitude varia-
tion, was reported to have a stable asymmetric shape
when averaged over many cycles (Mason et al. 1976b,
Holt et al. 1979, Eisner et al. 1980).
The results on period and light curve symmetry varia-
tions are both important to distinguish between the
various models proposed for Cygnus X-3 (see Eisner et
al. 1980). In this letter we report new results obtain-
ed during recent X-ray observations of Cygnus X-3 by
COS-B, which are relevant to the present discussion
about the period derivative and demonstrate the exis-
tence of a stable, more symmetric type of light curve.

OBSERVATIONS

The X-ray detector on board the ESA COS-B satellite is
an 80 cm^ proportional counter with a 2-J2 keV energy
range and a 10° FWHM field of view (see Boella et al.
1974). Data are recorded during a 25.4 s integration
time every 102.4 s over the full 24 h active part of
the 36 h satellite orbit, which therefore covers about
5 of the 4.8 h cycles of Cygnus X-3. Background sub-
straction is performed using correlation formulae de-
rived from pointings to empty fields (Sonnet-Bidaud
and van der Klis 1979) and is accurate to about 0.5
c/s.

The instrument was pointed to the Cygnus region for 40
days from May 14 to June 23, 1980. The pointing direc-
tion was a-309° and 6-40 .5, which kept Cygnus X-3 near
the maximum sensitivity of the detector. The counting
rate due to contaminating X-ray sources in the field
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of view, including Cygnus X-l, is estimated to less
than 1 c/s.
The observations cover about 110 cycles of the 4.8 h
modulation. Apart from the cycle to cycle variability,
the mean 2-12 keV flux and the amplitude of the modu-
lation increase respectively from 13 to 5! c/s and
3.5 to 20 c/s from f!ay 14 to June 19, and then start to
decrease (1 COS-B c/s - 2.9 10"'° erg cm"-'s"1 (2-12 keV)
for a Crab spectrum).
These values are similar to those obtained by other ob-
servers (Leach et al. 1972, Farsignault et al. 1977).
The time of maximum intensity is in general accordance
with long time periodicities as claimed by Holt et al.
(1979) and Molteni et al. (1980).

RESULTS

a) The 4.8 hour light curve.

To study the mean shape of the light curve, we folded
the data in one-week intervals modulo the period de-
rived from the quadratic ephemeris of Eisner et al.
(1980). In this way, the average light curves obtained
do not depend sensitively on the ephemeris used and the
cycle to cycle variability is adequately averaged out.
As the mean flux and amplitude of the modulation vary
considerably within our observation, the averaged cur-
ves were first fitted to a sine wave and then plotted
as directly comparable, zero mean, unity amplitude his-
tograms. The results for two different one-week inter-
vals are given in figure 1 together with the normaliza-
tion factors.

The first curve was obtained in the first week of the
observations, when the mean flux was 14.3±0.1 c/s. Its
shape is quite compatible with the asymmetric gradual-
rise, steep-decrease light curve observed before (Par-
signault et al. 1977, Mason et al. 1976b, Eisner et al.
1980). The second mean histogram, corresponding to a
mean source flux of 41.4±0.1 c/s, has clearly a much
more symmetric shape, in particular around maximum.
The lower part (phase 0.8-1.2) is similar in the two
curves.
We compared chese two curves to the best-resolved light
curve published previously on the basis of 1972-1974
Copernicus data (Mason et al. 1976a). The residual*; to
this curve were tested against a zero level using a X^-
test. The resulting x values for 98 degrees of freedom
are x*=0.96 (P=58%) and xJ=2-27 (P<10~3) respectively
for the first and the second lightcurve. For the second
curve, the deviation has a clear phase dependence, it
is appreciable only around maximum (4>=0.2-0.8).
It is noted that this mean shape change is correlated
to a nearly three-fold increase of mean flux and am-
plitude; also the ratio of the zero level and amplitude
of the best-fit sine wave, which is commonly observed
to be independent of the intensity (Farsignault et al.
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1977, Mason et al. 1976b), increases from 0.30+0.03 to

0.46+0.0!.

The other one-week foldings exhibit a similar behaviour,

the deviation from the 'standard' light curve being

generally larger as the mean flux, amplitude and their

ratio (modulation depth) increase.

10

05

1.4

Fisure 1 Two folded light curves of Cygnus X-3 plotted
on a normalized scale. Curve (a! was obtained between JD
2444373.9 and JD 2444380.5; aurve (b) between JD 2444
2444398.0 and JD 2444404.8.
Eaoh aurve is the avergage of 21 individual 4.8 h
cycles. Error bars were computed from the dispersion
in each phase bin.
Amplitude (A^) and mean flux (AJ of the best fit sine-
wave to the folded light curve before normalizing are
indicated.
Drawn line is representative of the light curve from

previous observations from Mason et al. (1976a). Notice

the symmetric top of the second curve and the stability

of the lower part.

b) The 4.8 hour period.

Due to the shape variability reported above we find that

a spurious phase shift of the time of X-ray minimum
T
min determined from a sine fit, can be induced. Phase

shifts of the order of -0.02 between the first, stan-

dard-shape, light curve and the later parts of our ob-

servation are found. Therefore we have used only the

first week of the data to derive an accurate T
m
£

n
 and

compare to other experiments.

To reduce the effect of intensity variations, we first

normalized the flux in each satellite orbit (~5 cycles)

by substracting the mean and dividing by the amplitude

of the signal. A function of the form A
o
 + A

f
 sin

(2i7 (t-T
D
i

n
)/P - n/2)with Ao , AJ, T

m
i

n
 and P as free

parameters, was then fitted to the data between JD

2444373.9 and JD 2444380.5.

The best fitting values were T
n
- = JD 2444377.4906+0.

0009 and P«0.199903+0.OOOOlOd, with x*=1.7
 £ o r 3 0 8 6

degrees of freedom. The errors were computed at a Iα

level according to the number of free parameters (Lamp-

ton et al. 1976). T
m
j

n
 values were corrected to refer

to the barycenter of the solar system; the same is

assumed for the published determinations quoted below.

As the interval was rather short to determine the mean

period, we have also used a fixed value for the period

of 0.199679±O.000003 d, determined from a 4 parameter

fit to the full observation. The new value for T_j

was JD 2444377.49O7±O.0007 showing that this parameter

is insensitive to the exact value of P in this case.

We compiled the data gathered by Eisner et al. (I980)

from several satellite experiments and the Copernicus

results published by Mason and Sandford (1979). These

measurements all refer to, or were corrected by the

authors to refer to, the T • of the best fit sine wave

to the full light curve.

While Eisner et al. (1980) conclude to a P of (1.78+

.40) IO~
9
, and Mason and Sandford (1979) find a 3o

upper limit of 1.92 10"' (the number quoted in their

letter should be increased by a factor of five, Mason,

private communication),a parabolic fit of the form

• = (
c
-

T
min)/

p
o - <(

t
-

T
min)/

p
o)

2
-i'/Z through all the

compiled T
m
i

n
 determinations leads to a value of p =

(I.50+.O.22) IO~
9
. The associated xj is 1.37 at 56 de-

grees of freedom, while a constant period hypothesis

gives a minimum x^ of 1.46 at v=57. Applying the F-test

to these x
2
 values, we find a probability of 3.4% that

this P is spurious and should really be zero.

CVGNUS X - 3

tt&^r-tf

Tter "~WOÖÖ~~ -sfeir

Figure 2 Nine years of measurements of the phase of
the minimum of the 4.8 h light curve. The residuals
with respect to the best fitting linear ephemeris
(dashed line) are shown together with the best fitting
parabola (t - 1.18 Jfl"9, see table).

Adding the present T m j n measurement, and thereby ex-
tending the baseline over which ?mxn

 w a s monitored from
14567 to 17165 cycles with a relatively accurate point,
(fig. 2), we now find P=(l.18+0.14) 10"9 (see table for
the full ephemeris). The probability for f to be zero
now is less than 0.01% according to the F-test (see
the x2 values in the table).

Nevertheless there is still a larger scatter around
the best fitting parabola than justified by the quoted
errors on the individual Tm- determinations, as re-
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fleeted by the high x5 °f '-4. We cannot exclude in-
trinsic changes in the 4.8 h clock itself, but this
scatter could also be due to unnoticed shape variations
of the kind presented above.

Table

Temporal parameters
observations.

of best sine-wave fit in COS-B

T . = JD 2444377.4907 t 0.0007min
P = 0.199679 ± 0.000003 days

Best-fit ephernerides for the combined T . determina-
tions from Eisner et al. (1980), Mason arc3 Sandford
(1979) and the present paper.

P constant TQ

P

A
P - Po + P . t To

P0
P

A

- JD 2440949.8887 i 0.0009
0.1996854 i 0.00000006 d

2.58 at v = 58

= JD 2440949.8986 ± 0.0030

0.1996830 + 0.0000004 d
(1.18 ± 0.14) 10~9

1.41 at v =57

DISCUSSION

The asymmetry of the light curve can be explained by
an asymmetric distribution of gas in the system or by
an elliptical orbit for the X-ray source surrounded
by a symmetric cloud (see Eisner et al, 1980).
In the latter case, apsidal motion could cause a change
of the asymmetry of the light curve (Ghosh et al. 1980).
As this would be a gradual process on a timescale of
years, this cannot be an explanation of the presented
effect. The observational facts to explain are three
fold:

- a large increase of the 2-12 keV flux,
in coincidence with

- a more symmetric X-ray maximum, and
- relatively deeper X-ray minima.

Model calculations by Hertz et al. (1978) relate the
depth of the X-ray minimum to the effective optical
depth te of the gas around the system, in the case
that the underlying object is an eclipsing binary.
For lover T e, the relative depth of the minimum in-
creases, due to an increase of the number of unscatter-
ed photons which reach the observer during the non-
eclipsed part of the binary cycle. This holds both in
the context of a 'cocoon' - or a stellar wind model.

The observed change of modulation depth could already
be explained by a change of T e from, say, 1.0 to 0.5,
depending on the model.

In this way, for lower ~re the light curve would also
tend to become symmetric around maximum, more like the
underlying eclipsing binary light curve. As we only
observe this effect between phases 0.2 and 0.8, the
rest of the cycle would correspond to X-ray eclipse.
If we assume that the observed increase of the 2-12
keV flux is correlated to a lower T £ (for example by
a change in the underlying spectrum resulting in a
different ionization of the surroundig gas), this
would be an explanation of the presently observed
effects.
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SUMMARY

Results are presented of three ~ 40 d COS-B X-ray
observations of Cyg X-3. The amplitude of the 4.8 h
modulation is shown to vary more than proportional to the
average source level. The shape of the light curve, though
variable from cycle to cycle, is seen to be generally very
stable when averaged over many cycles. During one four-week
interval, however, a different mean light curve is observed. It
is shown that the correlated behaviour of amplitude, average
level and mean shape of the light curve can be explained in
terms of an eclipsing binary surrounded by scattering gas,
which becomes more transparent when the source intensity
increases. In the highest quality part of the data, a variation is
found in the phase of arrival of the minimum of the light
curve, suggestive of a ~ 20 d periodicity. Apsidal motion of an
orbit with e ~ 0.03 is suggested as a possible explanation of
this effect.

Key-words: X-ray binaries- Cyg X-3 - eclipsing binaries

I. INTRODUCTION

The X-ray source Cyg X-3 is known to show a 4.8 h
periodicity in infrared (Becklin et al., 1973), X-rays
(Parsignault et al., 1972) and possibly at higher energies (Lamb
et al., 1977, Danaher et al., 1980). Variability with longer
periods has been claimed for the intensity (Holt et al., I976;
Holt et al., 1979) and for the 4.8h period (Molteni et al.,1980).
The X-ray light curve has a stable asymmetry when averaged
over months (Mason et al., 1976a) while some significant
changes may occur that persist over weeks (van der Klis and
Bonnet-Bidaud, 1981). The depth of modulation
(amplitude/mean intensity) was claimed to be approximately
constant (Parsignault et al., 1977).

The X-ray flux modulation has been proposed to be due to
reflection from the campanion (Basko et al.; 1976), by matter
between the two stars (Bignami et al.,1977) by scattering in a
surrounding 'cocoon' (Milgrom, 1976) or by variable absorption
in a stellar wind (Pringle, 1974; Davidsen and Ostriker, 1974).
For the last two types of models simulations were performed
which show that shape variations of the modulation can be
induced by changes in the opacity (Hertz et al.; 1978) or in the
orbital elements (Ghosh et al., 19S0). In all cases, a detailed
study of the modulation is required to determine the geometry
of the system and the characteristics of the surrounding gas.

The data presented here allow a suitable survey of the X-
ray modulation over more than hundred days of observations,
and give an indication for period variations on a time scale of
~ 20 days.

Send offprint requests to: J. M. Bonnet-Bidaud

II. OBSERVATIONS
The X-ray detector on board the ESA COS-B satellite is a

80 cm proportional counter with a 2-12 keV energy band and a
10° FWHM field of view (see Boella et al.,1974). Data are
recorded during a 25.4 s integration time every 102.4 s over
the full 24h active part of the 36h satellite orbiti Background
subtraction is performed using correlation formulae derived
from pointings to empty fields (Bonnet-Bidaud and van der
Klis, 1979).

Cyg X-3 has been in the field of view of the instrument on
four occasions. During the first observation in 1976, the 4.8h
modulation was detected (Bonnet-Bidaud et al.,1978), but the
source intensity was low, and there was serious disturbance by
charged particles. The source was observed again in 1977 and
in 1978, in both cases for — 37 days, h these observations the
pointing direction was chosen such, that Cyg X-l was excluded
from the field of view, and Cyg X-3 was observed at a
geometrical efficiency of ~ 0.5. Some results on the phase and
the mean intensity of the 4.8h modulation in these
observations have already been published (Manzo et al.,1978;
Molteni et al.,1980). Finally, in May-3une 1980, COS-B
observed Cyg X-3 for ~ 40 days at a geometrical efficiency of
94%. During this observation, Cyg X-l was at the edge of the
field of view.

Work on the mean light curve shape and on the long- term
period behaviour in the 1980 observation was published earlier
(van der Klis and Bonnet-Bidaud, 1981). h the present paper,
we attempt to give a full account of the evolution of the
intensity, amplitude, mean shape and phase of the 4.8h
modulation during the ~ 114 days that COS-B observed Cyg X-
3 from 1977 to 1980.

III. RESULTS AND ANALYSIS

a) Mean flux and amplitude of the light curve

The light curve of Cygnus X-3 is known to show
considerable cycle - to - cycle variability (Mason 1976,
Parsignault et al. 1977). Such a variability is present in all
COS-B observations, and will be discussed elsewhere. In the
present paper, only time scales of ~ 1 d or more are
considered.

In order to determine the average behaviour of the mean
flux and amplitude of the 4.8 hr modulation, a sinusoidal curve
of the form AQ- A., cos (2 it (t-TJ/P) was fitted to the ~ 5
cycles observed during each satellite orbit. The results for
A-and A( are presented in fig. 1. Apart from fairly narrow
intensity enhancements, the mean counting rate is relatively
constant in the 1977 and 1978 observations, while it is steadily
rising from 15 to 45 c/s in the J 980 observation (1 COS-B c/s ~
(2.3 to 2.7) l<r10erg.em-2 s"1 (2-12 keV) for the range of
spectra given by Mason et al. (1976) and Becker et al.(1978)).
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Fig 1: The mean counting rate A- and the am-

plitude Aj of the 4.Bh modulation as a function

of time. Mean counting rate is after background

subtraction and aspect correction. Each point

is a mean value determined from about S cycles.

Statistical error baps aye smaller than the

points.Lines between the points are drawn to

show the trend of variation.A very strong

correlation between A, and A
n
 is visible.

These intensities are within the commonly
observed range for Cygnus X-3 (Bradt et al., 1979). The
intensity peaks in the first two observations have been
related to a 34.1 d period (Molteni et al.1980). Extrapolating,
a new intensity maximum would have been expected at 3D
(2WfOO.+ 3.) in the last observation. The correlated
behaviour of amplitude and intensity is evident from Fig.l. If
we plot A. against A. however, it is clear that their relation
is not linear (Fig.2a). Leach et al. 1975 found no correlation
between intensity and the ratio A,/An in the 1970-73 Uhuru
data; in the present observations, this ratio is significantly
higher during the intensity peak in 1977 and in the second half
of the 1980 observation, than at other times (Fig.2b). Such
correlation is also suggested by the ANS data (Parsignault et
al.,1977).

in the first part of the 1980 observation A./A» is quite
consistent with the results of the 1977 and 1978 observations,
and we can conclude that the contribution of Cyg X - l , if any
was small. If it would have contributed appreciably to the
counting rate in the second part (see Oda et a!., 1980), the
actual relation between A. and A. would be even more non-
linear. For the calculations' referring to the lines in Fig.2, see
the discussion.

15 -

• T977

• 19K

' C.B

O . - * ' ' *

(C/SI

Fig.2: a)The relation between the amplitude A^
and the mean level Ag of the 4.8h modulation
determined from sinusoidal fits.Each point oor
-responds to t l day of iata.Statistical errors
are of the order of the size of the symbols.
Notice that A. and Ag are not linearly related,
and that there is a good correspondence
between the data obtained in 1977,'78 and '80.

b)The variable ratio A1/AQ.0nly points
with a statistical error on A./AQ of 0.03 or
less were included in the plot.Typical error
is 0.02.The curves represent the relation esti-
mated from the two-component approximation in
an eclipsing binary explained in the text, in
the case that the effective optical depth of
the gas is inversely proportio nal to the
intrinsic X-ray luminosity(dashed curves), and
in the ease that it is directly proportionnal
(dotted curve).

b) Shape of the light curve

It has been noted before (Mason et al., 1976a), that despite
variability, the shape of the Cyg X-3 light curve is quite
stable when averaged over many cycles. To investigate this
for the present set of observations, the data were folded
following the quadratic ephemeris given by van der Klis and
Bonnet-Bidaud (1981). The individual light curves were
normalized prior to folding according to the prescription:
normalized flux = (flux - A.)/A, to give the same weight to
curves of different amplitude ana mean flux.
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Fig.3:The mean light aurve of Cyg X-S sampled
over 9years .The Copernicus data were adapted
from Mason et al. (19 76b) . The COSB curves -jevc
obtained by folding in each oase more than i
weeks of data modulo the 4.8h period. The data
were normalised according to the mean 'eve:
and the amplitude of the modulation prior to
folding.The ordinale is in arbitrary units.
Typical error bars representing counting sta-
tistics and light curve variability are shown.
The drawn curve in each figure is a smooth
version of the Copernicus light curve.. 11'ti oe
the great similarity between the 13?2'73 and
the 1977, 1978 light curves, and the unexpected
departure from the usual shape during 1980.

The numbers of *.8h cycles that went into the average
curves of 1977,1978, and 1980 were 116, 70 and 100
respectively. In Fig. 3 we show the results, together with the
average light curve obtained by Mason et al.(1976b) during
two years of Copernicus observations, plotted at the same
scale for comparison? the reference line in each plot is a
smoothed version of this Copernicus curve. The different
noise JeveJs of the curves are due to the differences in source
intensity and position of the source in the field of view of the
detector. The 1977 and 1978 curves are strikingly similar to
each other and to the Copernicus curve obtained ~5 years
earlier, while the light curve obtained in 1980 is quite
different, with a more symmetric maximum. The shape of the
minima is identical in all curves.

We next divided the data in ~ 1 week intervals and
repeated the folding procedure. The curves obtained in this
way for the 1977 and 1978 observations all had the same
asymmetric shape, showing no significant differences from
one week to the next. The five 1980 curves are displayed in
Fig.4; they contain 21, 15, 25, 21 and 18 of the 4.8h cycles,
respectively.

During the first week, when the intensity of the source
was still low, the light curve has the same asymmetric shape
as before. All four subsequent curves have the more
symmetric maximum, with some fluctuations which could be
attributed to residual cycle to cycle variability. Again, the
minimum is very constant in shape. In the same Fig. (4.), we
show the dispersion ol the individual ft.8h cycles around the
1980 average curve, calculated as the rms of the fluctuations

- 1 . 5 0.0

0.9 o.eX 0.0 (

PHASE
Fig. 4:The 235C observations decomposed into
fivs Jne-week mean light curves.For feeding
and significance of the err'ir bare,see fig.?.
The mean counting rate is indi-atej ÏK the
figures.Drawn curves again represent the
'standard' shape derived fpom the '"2'7S Coper-
nicus observations.Notice the change in shipc

af+-er> the first week.The l2St figure gives the
rms dispersion of the individual light curves
around the 1930 mean curvedn the same unitffas
the curves themselves).The upper curve is the
dispersion in the case that the signal is not
normalised prior to folding;the dispersion is
then dominated by A1-A0 variations.The lower
aurve is the dispersion expected from statistics
The middle curve is the real dispersion obser-
ved in normalized light curves,due to statis-
tical and shape variations.Notice that shape
variability is apparently most important around
phase 0.65,and nearly negligible around phase 0.

of the intensity in each phase bin. The upper curve represents
the dispersion of the curves bafore they are normalized. This
dispersion is mainly due to intensity variation. Taking cut the
effect of the variation of A, and A„ by computing the
dispersion of the normalized curves (middle curve), we still
find a phase dependent result. The lower curve shows the
dispersion expected on the basis of counting statistics. It is
clear that the variability of the minimum is only slightly
higher than expected from statistics, while intrinsic
fluctuations are important from phase 0.2 to 0.8, and
especially around phase 0.65. This result is at variance with
that of Parsignault et al.(1977), who conclude to a constant
relative rms fluctuation level, which is probably due to the
better statistics in the present observations.
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We looked for a correlation between the intensity and
the degree of symmetry of the mean one-week light curves.
We first aligned the different curves in phase using the
method described below. The mean fluxes in two equal
intervals around maximum (phase 0.2-0.5 and 0.5-0.8) and
minimum (0.0-0.2 and 0.8-1.0) were then computed, and two
coefficients measuring the asymmetry were formed by taking
their relative differences. These coefficents will therefore be
zero for a totally symmetric light curve and increase (in
absolute value) with an increasing degree of asymmetry.

The results are shown in Fig. 5. White the tower part of
the light curve is quite stable in asymmetry, the higher part
becomes more symmetric for increasing intensity. Similar
behaviour seems also to be suggested by previous observations
(Mason et al.l976b). However, there is no exact correlation
since the last part of the 1980 observations do not show
significant changes in asymmetry in spite of a wide range of
intensities.

CYGNUS X-3 COS-B (X-RAY)

0 3
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0.1
£

i oo

I
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-03
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I
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X-3 COS-B (X-B«

H {

i

0 K) 20 30 40 50

Ai (C/S)

Fig.5:The 4.8h light curve asymmetry determi-
ned as indicated in the text for two different
phase intervals around maximum /V and minimum
ƒj, as a function of the source mean intensity.
Error bars are computed according to the dis-
persion of the individual light curves.Note
the nearly constant value of f. for the mini-
mum, and the significant variation of the
shape at maximum with intensity,varying from
asymmetric to nearly symmetric If,=0).

-G02

F^g.S: Variations of the heliocentric time of
X-ray minimum in the COS-B 1980 observations.
The shifts of the time of X-ray minimum were
determined by fitting a template curve in the
phase interval(0.8-1.S).Each point represents
•^5 binary cycles.Absolute scale is arbitrary.
Iα error bars are shown.Significant departure
from a constant time delay suggestive of a
sinusoidal variation is visible.Drawn curve is
the best fit curve: Asin(2Tt(t-Tn)/P) with
A = (2.08+0.01) 10~6d . P = (18.7+0.2) d, and
TQ=JD(24<14374.S+0.2).Compar ison between this
figure and Fig.l and i indicates that those
phase variations are not related to the mean
intensity changes nor to the changes in shape.

observation. The changes in phase are suggestive of a
sinusoidal periodic behaviour with a period ~ 20 days and an
amplitude of ~ 2. 10" 3 days. To evaluate the effect of
changes in the shape of the light curve, we also determined the
phases by fitting to a sine curve and to a template curve over
the full cycle. The same kind of variation was found, but the
periodic behaviour was less clear, as expected from the large
variation in shape of the light curve around maximum. We
analysed in the same way data obtained in 1977 and 1978.
Variations of the same amplitude were seen in both cases, but
the uncertainties, of the order of 0.01 cycles, prevent'us to
determine any regular changes, in spite of some indication of
systematic effects (Molteni et al.,1980).

We also searched for this periodicity in the published
Copernicus phase measurements (Mason 1979). Again phase
shifts of the same magnitude were present, but the distribution
of the data makes it impossible to conclude about a similar
periodic effect.

c) Time of X-ray minimum

In the '980 observations, the quality of the data allows
us to determine the phase of X-ray minimum to an accuracy
of ~ 3.10 -•* cycles. Data obtained in each satellite orbit
were folded according to the quadratic ephemeris given by
van der Klis and Bonnet-Bidaud (1981). In view of the stability
of the minimum, we determined a template curve in the
restricted phase interval (0.8-1.2).

Phase shifts in the time of X-ray minimum were
determined by fitting each folded curve, using a X2 test, to
a function A+B.f (SI + C), where f (« ) is the template curve
representative of the minimum shape and C is the phase delay
between the observed and predicted time of X-ray minimum.
Figure 6 shows the results of this analysis. There are
significant variations inside the ~ »0 days interval of

III. DISCUSSION

a) Period changes

Recent observations have revealed the existence of a
continuous change in the ».Sh period of Cyg X-3 (Eisner et
aI.,1980i Lamb et al.,1979; Manzo et al.,1978). The value of
the period derivative was refined after the J980 COS-B
observations to a best fit'value of P~1.2 10 , but it was
noted that a residual scatter around this trend still exists (van
der Klis and Bonnet-Bidaud, 1981). The present observation
shows that the period is also changing on a time scale of weeks
in a way suggestive of periodicity (see Fig.6).

The amplitude of the Tminvariations present in all three
observations is ST_. = 2.5 10"3d. This number is of the same
order as the phase Scatter around the long term variation,
which we can evaluate to be of the order of:

= 3 10 d, where o is the
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mean uncertainty in T . and Xj2 is the reduced X£ of the
long term best fit Warder Klis and Bonnet-Bidaud ,1981).
Therefore it is likely that the short term variations are
persistent'over years.

, Th* long term rate of change of the *.8h period, P/P- + 2
10" y" is similar to the orbital period changes observed in X-
ray binaries. It can be explained by a change in the orbital
parameters due to mass loss and/or mass transfer in the binary
system, and is of the order of the rate of change of the mass
(van den Heuvel and de Loore, 1973). It is clear from its
magnitude and time scale, that the short term variation in P
cannot be due to the same cause; this would imply a relative
change of the angular momentum in the system of A 3/3-2 10 .

Orbital motion has been proposed as the cause of the T .
variation in the 1977 and 1978 observations on the basis orsR
apparent 3«d periodicity in the intensity, interpreted as a
binary period in an eccentric orbit (Molteni et al.,1980).

The 1980 observations do not confirm the existence of
such a periodicity in intensity or in the time of X-ray
minimum. Also the phase modulation observed here does not
show up in the intensity.

We propose that the observed periodic time shifts are due
to apsidal motion, which, as noted by Milgrom and Pines
(1978), would clearly establish the 4.8h period as orbital. An
apsidal period of the order of 22y at an eccentricity of 0.5 was
put forward byElsner (J 980) to explain part of the long term
change in the 4.8h period and the apparent' stability and
asymmetric shape of the mean light curve.

Such a period is very constraining for the characteristics
of the companion star and moreover the present observation
shows the mean shape of the light curve to be quite variable.

The periodic term for the time delay of the X-ray
minimum due to an apsidal motion of period P is given to
the first order of the eccentricity e p

by: a T . = eP/.cos ( 2 i r t / P ) (Batten, 1973), i.e. the
amplitude «proportional to eccentricity. The changes in T .
observed here are compatible with an eccentricity

of e= 0.03 to 0.05.
The genera] equation for the ratio of orbital to apsidal

period is (Batten, 1973):

P / P a p s = k. [m x / m j t (15f + g) +g](r*/a)5

where m^ is the mass of the compact object, m and r the
mass and radius of the companion, a the orbital separation and
k the deformation parameter of the companion, f and g only
depend on eccentricity and are of the order of unity for small
eccentricity. (Relativistic effects and the compact star
deformation have been neglected here). For n^ / m x =0.3,
we have for a Roche lobe filling star : r*/a = 0.28. The

apsidal motion constant for a completely convective star is
calculated as k = 0.1» (Kopal, 1959). For an excentricity e =
0.03 we then find an apsida) period of ~ 15 days, similar to the
periodicity in Fig.6.

It appears therefore that the variation in the time of X-
ray minima in Cyg X-3 can be well described in terms of an
apparent short term period change due to an apsidal motion
with a period of about 20 days, superposed to a continuous long
term change on a time scale characteristic of the mass
evolution of the binary system.

At the small eccentricity implied by the amplitude of the
apsidal variation, we would not expect any visible periodic
change of the shape of the light curve or of the intensity.

b) Light curve changes

Although the mean shape of the light curve of Cyg X-3
can be constant over very long periods.the shape for individual
cycles varies considerably This makes it probable that the
mean shape is associated with a dynamically stable large scale
structure like the cocoon proposed by Milgrom (1976) or a
stellar wind (Pringle, 1974), while the cycle to cycle variability

is due to fluctuations in the opacity near the X-ray source or
in its intrinsic luminosity. As noted by Milgrom and Pines
(1978), an X-ray eclipse could then explain the lower short
term variability around phase 0.0, as presently observed.'The
fact that the scattered and fluorescent radiation from the
surrounding gas, responsible for the mean light curve, exhibits
an asymmetric variation with phase, could be due to a highly
eccentric orbit (Eisner et al.,1980), but this possibility is made
improbable by the present work (see above).'It could also be
due to the light travel time in a large (1013. MX4 cm) cocoon
(Miigrom ,1976), or to a large scale asymmetry in the mass
distribution.

In the 1980 observation, we see a transition to a more
symmetric light curve and a greater modulation depth with
increasing intensity. As noted before (van der Klis and Bonnet-
Bidaud, 1981), in an eclipsing system this could be explained by
assuming a decrease in the effective scattering optical
depth T of the gas around the system. This would raise the
maximum with respect to the minimum and obliterate the
asymmetric scattered light curve around maximum.'

In a non-eclipsing system the modulation depth could be
increased by raising T , but in that case the domin-
scattering would keep thelight curve asymmetric.

Of the various model light curves published for Cygnus X"3

Pringle (1974) gives the transmitted flux in a stellar wind
absorption model and Milgrom (1976) computes the flux
scattered by a cocoon. The numerical simulations of Hertz et
al.(1978), including Compton scattering, photo-ionization and
fluorescence, result in sets of synthetic light curves for
differentivalues of T for stellar wind and cocoon models.

We find that1 a simple two-component approximation, in
which it' is assumed that an X-ray photon is either scattered
out or directly transmitted, can give a description of the
relation between amplitude and mean level of the modulation
which is well in acccordance with the Hertz et al.'work.fhe
effect of the approximation is found to be mainly to
overestimate by roughly a factor of two the T needed to
explain a certain modulation depth. Thus take

ls= 1 -exp(- Te), and

It*exp(- Te),

where 1 is the secondary flux originating in the surrounding
gas and L the flux that is directly transmitted.' Describe the
phase dependence of I and I , respectively by the functions f
(<f>) and g (v ) ( assumed to be independent of T ), then the
total flux is: e

"tot

where I. . is the intrinsic source flux,mt
The observed quantities A, and An can be computed from

the values of \^ at v - 0.0 and 0.5.
The values for f at these phases were estimated from the

Hertz et al. light curves at T ^ 5. in an eclipsing source, g= 0
atq> = 0.0; the value of g at q> = 0.5 depends on the eclipse
width and the variation of optical depth with phase in the non-
eclipsed part; it was assumed to be twice its phase average to
allow for the phase dependence of the uneclipsed transmitted
radiation, as visible in the Hertz et al.models for T = 0.2 and
in the Pringle (197«) light curves. e

In the present observation, we observe both the
minimum and the maximum to rise when the modulation
depth increases. Apparently, when T drops, producing a
deeper modulation and a more symmetrie light curve, I.
rises simultaneously, which results in an increased scattered
flux during eclipse, indeed, Parsignault et al.(1977) observe an
inverse correlation between equivalent column density and
average intensity. We assume T inversely proportional to
'int a s a r o u 8 n representation ol the effect of increasing
ionization of the gas at higher X-ray fluxes.
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This simpJe picture gives a good description of the
observed A,-A„ correlation. For example, a set of f and g
values corresponding to the cocoon model with a companion
radius of r^ /a= 0.4 results in an A,-A n variation in
agreement with the observed values (dashed lines in Fig. 2;
two curves are given for two different values of the
proportionality constant between T and !. ~ ). The dotted
line in Fig.2b shows the result for tfie samiPtnodel assuming
Te proportional to I. (dominant electron scattering in a

cold gas, see Holt e t al:,(1979». A constant A , / A o would be
obtained in Fig.2b if we assumed T did not vary with I j n t .

If we take into account the scaling factor of about two
to the Hertz et al. models, it may be concluded that Te
varies from ~ 2 to ~ 0.5 along the dashed lines in Fig.2. This
implies a ten-fold decrease of the ratio of the asymmmetric
scattered flux and the transmitted flux around maximum
(from ~ 6 to ~ 0.6), consistent with a much more symmetric
light curve, as observed. The decrease of T for increasing
2-12 keV intensity would result in a softer spfctrum at higher
intensity, in accordance with spectral observations by
Serlemitsos et al. (I975).

CONCLUSION

The general long term stability of the mean shape of
the 4.Sh light curve indicates that this shape is connected to
a stable feature of the Cyg X-3 system, e.g. surrounding gas
in the form of a stellar wind or a teocoon'. It was shown that a
change in the optical depth of this gas can explain the
observed correlated changes in the shape of the light curve
and in the intensity of the source.

Further observations are necessary to see if the
apparent periodicity in the time of X-ray minimum is real and
if it is uncorrelated to any periodic intensity variations. In
that case, its interpretation as apsidal motion of a non-zero-
eccentricity orbit would give information on the evolutionary
status of Cyg X-3; the tidal circularization time of this short
period binary could not be long (less than a few thousand
years for a 0.* M̂  red dwarf companion, ( see Zahn,I977)
which means that a violent event could have taken place in
the system recently. This event may have been the collapse
of a white dwarf to a neutron star in a cataclysmic variable
progenitor system, which could result in a tightly bound
compact X-ray binary with a period of a few hours (Van den
Heuvel, 1977; 3oss and Rappaport ,1979) with a pulsar as
energy source (see Signami e t al.,1977).
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Summary. — Results are reported of a study of the variability of the shape of the light curve of Cyg X-3 from one cycle !o
the next on time scales down to — 200 s. Variations occur mainly around the maximum of the light curve, on a time scale
of about half an hour or less, and give rise to a dispersion of the individual light curves around the mean which is a
considerable fraction of the amplitude of the modulation.

Key words : X-ray binaries — Cygnus X-3.

I. Introduction. — The smooth 0.2 d modulation of
the X-ray flux of Cyg X-3 could be due to scattering of
the X-rays in a structure at least the size of the binary
orbit (Pringle, 1974; Davidsen and Ostriker, 1974;
Milgrom, 1976), or to partial occultation of an extended
X-ray source (i.e. a shock front, Bignami et al., 1977 ; or
a disk corona, White and Holt, 1982). X-ray variability
on shorter time scales than the orbital period could be
expected to contain information on properties of the
system on a scale small compared to the binary
separation. This cycle-to-cycle variability, which is left
largely unexplained in any theory on the modulation of
Cyg X-3, was noticeable in data obtained with the
Copernicus (Mason et al., 1976) and Uhuru and ANS
satellites (Parsignault et al., 1977).

Due to their long duration ( - 127 d), the pointed
COS-B observations of Cyg X-3 are particularly useful
for the study of an unpredictable phenomenon like this
short term variability. We present in this paper examples
of light curve trains, which demonstrate the various
aspects of the variability of Cyg X-3 on time scales less
than the orbital period down to — 200 s ; we were also
able to perform a statistical study of the variability of the
cycle-to-cycle variability itself.

The behaviour of the source on longer time scales has
already been reported in Paper 1 (Bonnet-Bidaud and van
der Klis, 1981).

2. Observations. — Figure 1 shows the mean counting
rate obtained with the 80 cm2 (2-12 keV) X-ray detector
onboard the COS-B satellite, during three separate
pointings of Cyg X-3 in 1977, 1978 and 1980. Data
obtained in each one-month observation are shown at the
same scale after background subtraction and correction
for the satellite attitude. The ~ 24 h blocks of data in

figure 1 correspond to the useful part of the 36 h satellite
orbit ; the gaps are due to data rejection because of the
passage of the satellite through the radiation belts of the
earth and in some cases to high particle contamination
(for a full description of the satellite and data, see
Paper 1). The source flux in figure 1 has been averaged
over ~ 0.5 h intervals, showing clearly the individual
4.8 h cycles of the source as well as the changes of the
mean level and the amplitude of the modulation (I COS-
Bc/s = 2.3 to 2.7 x 10-'° e rge rn i s " 1 for the range of
spectra given for Cyg X-3 by Mason et al., 1976 and
Becker et al., 1978).

To allow a direct comparison of the different cycles in
spite of these changes, the flux in each satellite orbit
interval was normalized. A sine fit was performed in each
interval and the flux was corrected according to the
prescription : normalized flux = (flux-A0)/Ai, where Ao
and J4, are, respectively, the mean level and the amplitude
determined from the fit. The time extent and the
normalization constants for each interval are listed in
table I.

Figure 2 shows some of these normalized cycles plotted
at an identical ordinale scale with a resolution of - 200 s
(twice the full resolution of the instrument). They were
selected to be representative of the different observed
intensity levels of the source, and are identified in
figure 1. The signal-to-noise ratio in 1977 and 1978 was
smaller than in 1980 due to less favourable pointing
directions and source intensities ; therefore the lowest
intensity parts of these observations are not presented.

D?ta obtained in the three different years show a
similar degree of variability, which is characterized by :

— a considerable change in the shape of the modu-
lation from cycle to cycle. This change could either look
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gradual (see X3 and l}) or erratic (E|, G| and O3). In some
cases the cycle shape stays rather stable (see R3 and U3),
but from all inspected cycles this was found to be the case
only in the higher intensity part of 1980 ;

— the absence of any phase-stable feature ;
— the presence of flux enhancements on time scales of

the order of 0.5 h. This was observed previously in
Copernicus data (Mason et at., 1976). From all cycles
obtained, such features were only seen in the phase
interval 0.2-0.8 (see E,, G,, B2 and O3).

3. Analysis. — In order to quantify the above
described light curve variability and to study its
dependence on orbital phase, we have employed a folding
technique. Segments of the, background and aspect
corrected, data, selected according to intensity level were
binned into 0.01 cycle phase bins, according to the
ephemeris of van der Klis and Bonnet-Bidaud (1981).
Table I gives the limits of the chosen segments, which
cover all the available data. The variances of the fluxes
accumulated in each bin were then computed as a measure
of the dispersion.

If this technique is applied to unnormalized counting
rates, dispersion curves are obtained which closely
resemble the light curve, due to the dominant and near-
proportional variation of the amplitude and the mean
level of the modulation. Once normalized as described
above, the dispersion of the signal will mainly be due to
statistics and to cycle-to-cycle variability.

The quantities plotted in figure 3 are the variance

- f)2/(n - 1) (upper curves) of the n normalized

fluxes/- accumulated in one phase bin, and the dispersion
which would have been expected purely on the basis of

counting statistics where a, is the statistical

uncertainty, from Poisson statistics, of ƒ,• after
background subtraction, aspect correction and
normalization (lower curves). The difference between
these curves is a measure of the intrinsic variability of the
modulation as a function of orbital phase. The ordinate
of the figures is expressed as a fraction of the amplitude
of the modulation, A\.

There are several effects which could bias the dis-
persion curves obtained in this way :

— Satellite aspect uncertainties. The relative accuracy
of the satellite pointing direction reconstruction is 0.05°
(Boella et al., 1974). This corresponds to a relative
angular detector efficiency change of 1 % when observing
at 50 % efficiency, and could lead to an extra dispersion
of 1 % of the total signal, or up to about 3 x \Q~* A] in
variance.
— The uncertainties introduced in the normalization
procedure. The formal uncertainties in Ax and Ao are
usually a few percent (see Table I), and would give rise to
variances of the order of 0.01 A]. They have been ignored
for the purpose of the calculation of the expected
dispersions.
— Phase shifts of the 4.8 h cycle. These are observed to
be of the order of 0.01 cycle (Paper 1) and would not

contribute more than 0.01 A] to the dispersion even in the
steepest part of the light curve.
— The effect of mean flux and amplitude variations
which were not removed by the normalization procedure.
This effect is not directly distinguishable from the light
curve variability itself. The variations of Ao and Aj visible
in the normalized data (now defined as the mean, and the
difference of the maximum and the minimum of the
individual light curve, respectively), are of the same order
as the observed dispersion. The fact that the dispersion
curves do not, in most cases, mimic the Cyg X-3 light
curve, shows that these variations are indeed mainly due
to cycle-to-cycle variability.

It is clear from the obtained dispersion curves that the
distribution of the variability of the light curves over
orbital phase is variable and sometimes quite complex (see
1980 I to V), although in general the region around the
minimum of the light curves (0.8-1.2) is found to be less
variable than the remaining part.

We also computed an analogous quantity, the per-
centage rms fluctuations of the unnormalized signal,
according to the method described by Parsignault et al.
(1977). Contrary to their results, al the signal-to-noise
level of the COS-B data, these fluctuations are clearly-
dependent on orbital phase.

The phase dependence of the dispersion was also
calculated on a 24 h time scale. Table I gives the ratio
of the dispersion in the intervals <t> - 0.1325-0.6875
(maximum) and é = 0.8438-1.1250 (minimum) to
the mean counting statistics dispersion for each .satellite
orbit. In three out of every four cases, the dispersion
around the maximum of the light curve is larger than
around the minimum.

In an attempt to obtain more information about the
time scales of the variability, we calculated the power
spectra and the autocorrelation functions of each of the
one month observations. The power spectra revealed no
statistically significant coherent pulsations in the time
scale range of a few days down to ~ 200 s, except, of
course, for the 4.8 h modulation and its harmonics.

The 4.8 h modulation is the dominant feature in the
autocorrelation function (ACF) (Fig. 4). The contribution
of short time scale fluctuations to the ACF can be
estimated, however, on the assumption that the secondary
maxima due to the correlation of the individual light
curves with their direct neighbours differ only from the
primary maximum because of two effects :
— the data gaps (see Fig. 1), causing a general downward
trend towards larger delay, slightly asymmetrizing the
secondary peaks, and ;

— the short time scale intensity fluctuations, effec-
tuating an enhancement of the ACF near zero delay in
addition to the sharp peak caused by the statistical noise.

Replotting the secondary maxima to a somewhat
(30-40 %) extended vertical scale to give them the same
amplitude as the primary maximum, it was found on
superposing the curves (dotted lines in Fig. 4), that they
coincide nearly completely, except in the minima, where
the asymmetry of the secondary maxima becomes
dominant, and around maximum. The latter discrepancy,
amounting to (0.05-0.10) ^4(, is interpreted as the effect
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of the short term intensity fluctuations, which are thus
estimated to occur on time scales below - 3 000 s.
Variations in the pointing direction of the instrument on
these time scales are damped to less than 1' within a few
minutes after the acquisition of the target and are thus
many orders of magnitude below the amplitude required
to explain the observed fluctuations from satellite aspect
variability. It is therefore concluded, that Cyg X-3 shows
fluctuations in X-ray intensity on typical time scales of a
few thousand seconds and less, with an amplitude of 5-
10 % of the 4.8 h modulation.

4. Conclusion. — The variability of the 4.8 h light
curve from cycle to cycle seems to be unconnected to the
systematic variations of the mean shape of the light curve
(see also Paper 1) and to the long term intensity changes.
Its time scale, of the order of a few thousand seconds,
corresponds to free fall times at around the orbital radius
of the binary.

In the picture of a close binary surrounded by a large

scale structure of scattering gas, there is a natural division
between the long term variations due to changes in this
large scale structure, and the cycle-to-cycle variability,
originating in fluctuations in X-ray emission or
absorption dose to the compact object. The lower
intrinsic variability of the minimum of the light curve
then finds an explanation in eclipses of the X-ray source
by the companion star (see also Paper 1).

In a partial occultation model one would have to
explain not only the short term fluctuations, but also the
systematic light curve changes, in terms of variations in
the X-ray source and the occulting body, both of similar,
relatively small ( £ 10" cm) size.
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TABLE I. — Characteristics of the 4.8 h modulation during the 24 h useful part of each of trie satellite orbits. TSTARTand TEND
are the start and the end time of the data stretch in JD-2443282.5. AO and AI are the mean level and the amplitude of the
modulation as derived from a sine fit to the data, respectively ; SIGAO and SIGAI are their one-parameter one sigma uncertainties.
DM AX, DMIN and DE are, respectively, the dispersion of the maximum and the minimum of the light curves and the phase
averaged dispersion expected from counting statistics (see text). These quantities are all in c/s. The data segments used for figure 3
are indicated at right.
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FIGURE 1. — A summary of the observations at a resolution of about 0.5 h. Statistical errors are less than I c/s ( lo) . Data gaps are
due to passage of the satellite through the radiation belts of the earth. About 5 cycles of the 4.8 h modulation are visible in each
contiguous data block. Identified data blocks are given at full resolution in figure 2.
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FIGURE Iα

FIGURE 2. — A selected set of light curve trains at a resolution of - 200 s, normalized to show the same amplitude (see text).
Statistical error per bin varies from 10 % (R() to SO % (D2) of the amplitude, depending on the level of the source and its position in
the field of the detector. Data trains are identified in figure 1. All scales are as in first frame.
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FIGURE 3. — Dispersion curves of normalized folded light curves (for explanation see text). The boundaries of the data segments
which were used for each curve are indicated in table I. For the 1976 and 1977 data, the dispersion values were averaged into 0.05
cycle phase bins prior to plotting. Vertical scale is in units of the square of the amplitude of the modulation.
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FIGURE 4. — Autocorrelation functions. The signal was normalized to a mean level of zero before calculating the autocorrelation
function, utilizing FFT techniques. The general downward trend towards larger delay is an effect of the data gaps. Dashed line
represents the result that would have been obtained if no short term fluctuations had occurred (excepting a sharp peak at zero delay
due to statistical noise, as also visible in the actual data), as estimated from the shape of the secondary maxima (see text).
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CHAPTER 3

MASS TRANSFER AND ACCRETION IN CENTAURUS X-5 AND SMC X-l

3.1 THE ACCRETION PICTURE OF CEN X-3 AS INFERRED
FROM ONE MONTH OF CONTINUOUS X-RAY OBSERVATIONS

3.2 LONG TERM X-RAY OBSERVATIONS OF SMC X-l
INCLUDING A TURN-ON
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Summary. COS-B December 1975 X-ray observations of Cen X-3
include a lurn-on of the source and a high state extending over
the rest of the observation period during which a clear transition
in intensity occurs. Using these data, we show that the accretion
picture of Cen X-3 is only reconcilable with a stellar wind by
taking the most extreme assumptions on the mass loss of the
primary and the velocity of the wind. It is argued that the ob-
served high X-ray luminosity together with the intensity be-
haviour o{ the source demonstrates the presence of an accretion
disk, for which a radial flow lime of - 1 5 days is derived.

Keywords: X-ray binaries - accretion disks - stellar wind -
COS-B

1. Introduction

Cen X-3 was the first X-ray source discovered to be a pulsator
in a binary system (Giacconi et a)., 1971; Schreier et al.. 1972)
and was associated some lime later with an early-type slar
(Krzeminski, 1974). In spite of many further observations
(Schreier et al., 1976; Swank et al., 1975; Pounds el al., 1975;
Tuohy and Cruise, 1975), the mode of accretion in the case of
this luminous X-ray binary is not yet well established; experimen-
tal evidence indicates the presence of a stellar wind as well as a
disk (Schreier and Fabbiano. 1976; Fabbianoand Schreier, 1977).
while it has been argued that from a theoretical point of view
critical lobe overflow is necessary to explain the observed X-ray
luminosity of the source (Conti. 1978; Petterson, 1978) and the
existence of a disk (Petterson, 1978).

In this paper we report the data obtained with the X-ray
detector onboj.rd the ESA COS-B satellite during a one-month
observation when the satellite was continuously pointed at
Cen X-3, the duration of this observation allowing a complete
description of an interesting transition in the source flux.

II. Observations

The X-ray detector of the COS-B satellite is a collimated pro-
portional counter which has been fully described by Boclla et al.
(1974).

* Service d'Electronique Physique, Centre d'Eludes Nucléaires,
Saclay (France)
** Cosmic Ray Working Group, Huygens Laboratory, Leiden
(The Netherlands)

The effective area is 80 cm2 with a collimated field of view of
10 FWHiM with a 1 1 flat top and an energy response between
2 and 12 U-V with a maximum al 6 keV. The accuracy in the
pointing direction is better than 0 5. X-ray counts are accumulated
during 25.4 s and transmitted every 102.4 s together with three
other counting rates allowing the rejection of charged particles
by both anti-coincidence and rise-time discrimination.

The satellite was continuously pointed a! Cen X-3 from
JD 2442771.0 lo JD 2442801.5. At this time, the COS-B colli-
mator also included other contaminating sources (mainly
4 U1145-61) which contribute for at most 3 counts s to :he total
counting rale.

Figure 1 shows the behaviour of the source during the month
of observation. Each 1024 s bin represents the average of 10
equally spaced 25.4 s measurements of the 2-12 keV intensity.
The residual background has been subtracted from the data
presented here via correlations similar to those used by Davidson
(1974) for OAO-C. Gaps in the curve are mainly due to rejection
of data because of severe contamination by charged particles.
The typical error for one bin is 1-2 c.s. including both 1 a count-
ing statistics and uncertainties in the background correction due
lo short-term variability. Residual counting rate in eclipses may-
be due to the contaminating sources quoted above.

a) Orbital Period

The dashed lines represent the limits of the eclipses computed
from the zero-phase point and eclipse duration derived from
Tuohy (1976) and Schreier et al. (1972). These predictions are
evidently in general accordance with our data.

From full resolution data on three eclipses for which both
entrance and exit were observed, we consistently determine the
zero phase to be <po=JD 2442787.177 +0.003 (heliocentric lime)
assuming symmetry of the eclipses around this point. (As ab-
sorption effects seem to affect mostly the entrance into the
eclipse, this value may be somewhat too low.) Figure 2 shows
the general behaviour of the orbital period of Cen X-3 including
UHURU Ariel V and COS-Bobservations. The COS-Bdetermina-
tion does not contradict the general acceleration of the binary
period as reported by Fabbiano and Schreier (1977). There is
an indication, however, of a somewhat slower period decrease.

b) Shape of the Lightcurve

The behaviour of the source at the beginning of the COS-B ob-
servation is quite similar to the transition from a low to a high
state (turn on) reported by Schreier et al. (1976), which can be
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in counting rate from cycle 9 to 10
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Fig. 3. The small but significant dip in cycle 4. The error in one
204.8 s bin is estimated to be ~4 c/s, mainly due to short term
background variability

ascribed to a change in the absorption by the circumstellar gas.
It seems that we see the last two binary cycles of this type of
behaviour. The mid-phase spike structure is clearly visible, but
in both cycles a certain asymmetry exists, intensity being lower
in the second part of the Iightcurve, after the mid-phase point.

In spite of the lack of spectral information from the detector,
the similarity of this Iightcurve with those of previous observa-
tions leads us to conclude that this kind of phase-dependent
lowering in intensity is also due to absorption in the present
observation. After cycle 2, there is a clear change in the shape
of the Iightcurve, cycle 3 being quite comparable to a standard
square Iightcurve. In all subsequent cycles, the uneclipsed part
is quite flat, while absorption seems to affect only the part of the
Iightcurve nearest to the eclipses, 15% of the period at most.

In particular, there is no evidence in the present observation
for large mid-phase absorption features like those seen by Ariel-5
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Fig. 4. The total number of counts received during the uneclipsed
parts of each of the binary cycles. The error bars represent the
estimated uncertainties caused by interpolation through data
gaps. The 2-3 intensity transition is due to the (urn on. For a
discussion of the 9-10 intensity decrease, see text

(Pounds el al., 1975), nor for any mid-phase intensity cut-off
as reported from Copernicus data (Tuohy and Cruise, 1975).

Surprisingly, the two dips already reported from 10°o of the
present data (Benett et al., 1976), are the most important features
of that kind. Only one more significant dip has been found, in
cycle 4 (see Fig. 3).

c) Mean Intensity Variations

Except for the intensity change due to the turn-on, the source
clearly undergoes several more changes in its mean intensity
level. In Fig. 4, we show the mean counting rate for the uneclipsed
part of each of the binary cycles, determined by performing
interpolation through the gaps in the observations. The source
is seen at its highest intensity level (31 c/s) during the three
cycles 7, 8, and 9. During the earlier cycles (3-6) and the later
ones (10-14), the intensity remains quite constant, but at lower
levels, while during the first two cycles the intensity is rather
low, which can be ascribed to the high absorption during the
turn-on. The transitions between the four intensity levels all
occur within one day. It is interesting to note that the last two
changes in intensity are quite comparable in time scale and form
to the April 1975 Copernicus observation (Tuohy and Ilovaisky,
private communication), where no change in hardness ratio is
found, as well as to the March 1972 UHURU observation which
cannot be fully explained by absorption (Schreier et al., 1976).

d) X-ray Luminosity

During the three high-intensity cycles the observed counting rate
is consistent with an average value of 31 c/s. For the Crab source
the relation between COS-Band UHURUcountsisaboutl COS-B
count = 10.8 UHURU counts, so that, in a first approximation
assuming a spectrum for Cen X-3 identical to the Crab spectrum,
an intensity of 335 UHURU counts is found for Cen X-3, much
higher than the 200 c/s given in the UHURU catalog (Forman et
al., 1977) as a maximum flux for this source but comparable with
the counting rate seen by UHURU during one third of a binary
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period in June 1971 (Gursky and Schreier, 1974). (These data
were not included in the 4U catalog because or lack of accurace
aspect.)

With more accurate spectral assumptions we compute the
X-ray luminosity in the 2-12 keV energy band to be 6.3 1037

erg/s, assuming a distance of 8 kpc (Krzeminski, 1974). In this
computation we use the average spectral shape fitted by Swank
et al. (1975) to an exponential curve: exp(-E/kT) with kT=
5.6 keV, and we take the Crab as a calibration source for the
detector. The high state spectrum given by Schreier et al. (1976)
fexp (EJE-ElkT) with AT=20 keV and £„=2.0 keV] will lead
to a somewhat higher luminosity.

The maximum luminosity commonly observed by the UH URU
satellite is ^ = 3.5 1037 erg/s in the 2-10 keV energy band (cor-
responding to 200 c/s), which is lower by nearly a factor of two
than the COS-B value, even if we take into account the difference
in energy band and in spectral assumption which together could
change the luminosity by 20% at most.

The present observation, then, is consistent with a high state
of Cen X-3. at a higher luminosity than usually reported. In
what follows, we argue that such a luminosity probably rules
out the stellar wind as the only source of accreted matter in
Cen X-3.

III. Discussion

a) The X-rcy Luminosity and the Wind Accretion Model

As already noted by several authors (Lamers et al., 1976: Conti.
1978), the high luminosity of Cen X-3 is difficult to explain in
terms of a stellar wind model.

The standard formula for the accretion rate in a stellar wind is:

with the accretion efficiency:

(la)

(lb)

where Mx is the accretion rate, M^ is the mass loss of the primary
star, Mx the mass of the compact star, a the orbital distance
between the two stars and t>„, the velocity of the wind relative
to the compact star near the compact star. It is clear, that the
efficiency e is highly dependent on the velocity of the wind, a low
relative velocity being required to produce a high luminosity. In
that case, we can no longer take v,cl to be equal to the radial
wind velocity vw (as in formula 1), but we have to introduce both
the orbital motion of the neutron star and the rotation of the
primary.

The full calculation of £ for an X-ray source in a stellar wind
for any case of rotation of the primary star is given in Appendix 1.
Using this efficiency factor, we can then write the X-ray lumino-
sity as:

(2)

Mt and Mx are the masses of the primary and the secondary
respectively.

Lt is the luminosity of the primary.
Rt is the radius of the surface of the primary star just

below the position of the X-ray source (substcllar
radius).

a is the binary separation,
rT is the terminal velocity of the wind.
<l>(r) is the ratio at a distance r of the radial wind velocity

r„. to iT, and
/. is the rotation parameier, the ratio of stellar to or-

bital angular velocity.

In this calculation we have used an upper limit for the mass
loss of the primary star in the case of a purely radiation-driven
stellar wind, which is reached when all the momentum of the
radiated photons is transferred to the wind, which gives:

-it
rr7

(3)

where:
ijc2 is the conversion factor of rest mass to X-rays

(>j~0.1 for neutron star),

Following Lamers et al. (1976). we introduced a substellar
radius instead of a mean lobe radius to describe the shape of the
primary. This radius was computed from Pratt and Strittmatter
(1976) who give a more detailed treatment of the equivalent Roche
surface. In case of Cen X-3. the relation between substellar radius
and rotation paranoic» is found to fit the quadratic relation
a;Rt = x + fl/.2 (with a=1.230 and 0=8.02 10"2).

Using a review of velocity profiles given in a recent article of
Conti (1978). two different profiles deduced from models for
purely radiation-driven winds were chosen. These two models
can be considered as an upper limit to the velocity of the wind
(Castor et al., 1975) and a lower limit (Abbot. 1977 (respectively,
the Barlow and Cohen (1976) profile was excluded because it is
based upon only one star, P Cygni, which does not seem to be
representative of the kind of OB stars commonly found in X-raj
binaries. (See, e.g.: M.deGroot, 1971). In Fig. 5 the predicted
luminosity for the source has been plotted as a function of the
terminal velocity rT. Curves are given for different values of the
rotation parameter /..

The terminal velocity of the wind has been shown to be
related to the escape velocity at the surface of the optical star.
The value of the ratio rT / r„ c found by different authors varies
from 2.8 (Lamers et al., 1976) to 3 or 4 (Snow and Morton, 1976).
which leads in the case of Krzeminski's star to a terminal velocity
of 2100-2900 kins"1 . More recent work by Abbot (1978). based
upon the same set of Copernicus observations of 47 OB stars as
Snow and Morton's, but using ?n escape velocity corrected for
radiation pressure, leads to the linear relation r r=2.65 i\K + 550.
which results in i> = 2000 kms" 1 for Krzeminski's star. We keep
this value as the lower limit for cT in the case of Cen X-3.

Figure 5 clearly shows the predominant influence of the wind
profile on the luminosity of the X-ray source in the case of a
close binary system as Cen X-3. For the range of possible values
for vT and most wind profiles assumed (i.e. between the extremes
of the Abbot and CAK profiles), the X-ray luminosity predicted
for Cen X-3 from a stellar wind accretion model will be several
times lower than the one observed, even taking into account
the rotational distortion of the primary.

The observed high luminosity can only result from a very
slow (Abbot-type) wind, and will then depend significantly on
the rotation parameter, requiring the primary star to be very
near to corotation. In the Cen X-3 binary system, there are
several arguments against corotation. For the primary to be in
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Fig. 5. The predicted X-ray luminosity for stellar wind accretion
as a function of the terminal velocity vT [see formula (2)], for
^ = 6 . 8 1034 ergs" 1 , Mx = \Ma, M, = 18Af0, a=1.2 1012 cm
and A=1,0.5, and 0, assuming the mass loss rate from the primary
to have its maximum value. Curves are given for two different
wind profiles [Abbott.D.C. (1977) and Castor et al. (1975)] which
can be considered as limits for a radiatively driven wind. For the
range of possible wind profiles and values of vT (see text), the
predicted X-ray luminosity (hatched area) mostly falls below
the observed value

corotation, its equatorial velocity should be ~350 km s ' . From
spectroscopie data, it seems that the observed value is well below
200 km s" 1 (Conti, 1978), which is more in agreement with the
~70 km s~' given as an average for an O6.5III star (Lamers et
al., 1976). At the same time, the asymmetry of the light curve
during the first two cycles of our observation, due to more ab-
sorption before than after the eclipse, could be the manifestation
of material kicked up from the tidal bulge, which again points in
the direction of non-corotation.

Summarizing, it can be said that in the calculation of the
X-ray luminosity predicted by the stellar wind model, all param-
eters have to be stretched towards extreme limits to explain the
observed X-ray flux. The mass loss was taken to be at its theoreti-
cal maximum, the influence of the distortion of the primary on
the stellar wind at the X-ray source was accounted for in a
generous way, all possible profiles were considered, and still a
very low terminal velocity together with a primary star near
corotation are needed to explain the observed luminosity.

It seems reasonable therefore to state that wind accretion
alone cannot explain the X-ray luminosity of Cen X-3 and that
critical lobe overflow probably is important at least at times of
high luminosity like observed by COS-B.

be shown, using simple angular momentum considerations, that
even if accretion is by stellar wind, there exists a lower limit to
the X-ray luminosity of the source, above which a disk is always
required, because the mass flux necessary to feed a source of this
luminosity has too much angular momentum to fall directly onto
the compact object (see Appendix 2).

For Cen X-3, this limit is 1 1037 erg/s, so we can be sure that
whatever the mass transfer mechanism, there will be a disk at
least during the high state of the source. This fact implies that
the high mass transfer rate required to explain the high luminosity
during the cycles 7-9, must have taken place at an earlier time,
because the matter needs some time to pass through the disk
before being accreted (radial flowtime). During the time of high
mass transfer, gas is also expected to be ejected from the primary
star to the surroundings of the system. Following Schreier et al.
(1976), we interpret the absorption in the early part of the ob-
servation (cycles t and 2) as being due to the presence of this
gas and the clear transition between cycles 2 and 3 to an attenua-
tion in its density. This attenuation is apparently caused by a
decrease in the feeding of matter to the circumstellar environ-
ment, which we attribute to a change in the mass loss process.
This same change will then have the effect of reducing the feeding
of matter into the disk, which some time later is seen as the
intensity transition between cycies 9 and 10, after the matter
has passed through the disk. We may conclude, then, that the
disk has a radial flowiime of 15 ± I d. this being the time between
the 2-3 and 9-10 transitions.

This value falls within the range of the predictions from theo-
retical disk models. Taking the radius of the disk to be 80"o of
the distance of the X-ray source to the first Lagrangian point,
the model of Pringle and Rees (1972), in which the radial velocity
is 1 % of the Kepler velocity, predicts a radial flowtime of - 7 d
The standard disk model, as described by Novikov and Thome
(1973), gives a radial flow time of — 160 d using the formula of
McCray (1976).

IV. Conclusion

In the present observation of Cen X-3 the observed maximum
luminosity strongly supports the idea that accretion cannot take
place through a stellar wind only but rather through a more
efficient way of mass loss of the primary such as a lobe over-
flow.

A new picture of the accretion process in Cen X-3 involving
lobe overflow of the primary is quite promising in the light of
recent theoretical predictions made by Savonije (1978) and Ziol-
kovski (1976). For a Cen X-3 type system, these authors find a
period of over 104 yr during which the source can be powered
by Roche lobe overflow without being buried by an excessive
rate of accreted matter.

In that case the disk suggested here will be a normal conse-
quence of this accretion process.

b) An Accretion Disk in Cen X-3

We wish to point out that during a high state of this source
accretion necessarily takes place through a disk, the signature of
such a disk being found here in the observed flux transitions.

It is well known that if the mass transfer occurs by critical
lobe overflow of the primary, a disk is necessary to get rid of
most of the angular momentum of the accreting gas relative to
the compact object (Prendergast and Burbidge, 1968). It can also
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Appendix 1

The Influence of Tangential Velocities on the
Accretion Rate from a Stellar Wind

In introducing the effects of tangential movements in the deriva-
tion of the accretion rate from a stellar wind, one should take
care not just to replace the radial wind velocity rB, by the relative
velocity of the wind and the compact object E„, .

In the formula for the accretion rate Mx=nr%pi\ei (Davidson
and Ostriker, 1973), one has to substitute the expression for the
accretion radius ra=2GAfxlv$cl which uses the relative velocity,
but the density of the gas at the orbit of the X-ray source should
still be computed with the radial wind velocity:

p—-—\ — (mass conservation).
4mr » (1)

The error introduced by taking «„, instead of vw can be im-
portant when a slow wind is assumed. (For Cen X-3, assuming
the Abbot profile the correction factor is around 0.7).

Substituting, we find for the accretion rate efficiency:

Mt V a ')
1

tv>rV

(2)

In this formula v,c\=(v\.+v*mtf
n, where the tangential velocity

vu„t is composed of the tangential movements of compact object
and wind:

(3)

X being the rotation parameter (ratio of stellar to orbital angular
velocity). If we also express vw at distance r from the star in
terms of the terminal wind velocity vT: v,. = vT\ji{r) the result is:

(MJM.f
(4)

With (1), we find as a disk criterion:

The maximum value for Mt is reached when the entire mo-
mentum of the photons emitted by the star: £ , / r is transferred
to the wind, which gives:

MtèLtlcvT (6)

where Lt is the luminosity of the primary and vT the terminal
velocity of the wind (i.e. at several stellar radii from the surface).
(For this maximum mass loss, with rT = 2000 b i s ' and a
i.,of6.3 lO"erg/s, the value ofJ for Cen X-3 is 6.2 1 0 " c m 2 s ' . |

If we take the radius of the lowest stable orbit around a
magnetic neutron star to be equal to the Alfven radius, Q will
be in the range:

£=(10-30) GMX (7)

(For Cen X-3 ihiscritical angular momentum \%Q - 9 10"1 cm2 s"'.
a factor 7 lower than the corresponding value of J.) Substituting
(i) and (?) into expression (Si, we find for the critical luminosity
above which a disk is required:

s-7
(8)

VMc;V2000kms-V V'^ergs-
For Cen X-3 this critical luminosity is Lx = (0.43 -1.38) 1037 ergs '

We want to stress that no assumptions about the wind velo-
city profile or the radius of the primary are made in this calcula-
tion. [The above derivation is strictly valid only when tangential
velocities are small compared to the radial wind velocity (see
Appendix 1). Corrections for this are calculated to be small for
reasonable velocity profile parameters: less than a factor 1.3.]

Appendix 2

The Criterion for the Formation of a Disk in a Wind

Following Petterson (1978), we take the criterion for the forma-
tion of an accretion disk in a wind to be

J>Q (1)

J being the mean specific angular momentum of the accreted
wind matter and Q the specific angular momentum in the lowest
stable orbit around the compact star.

where Q=2n/P (2)

is the orbital velocity, P is the binary period.
We compute the accretion radius ro directly from the X-ray

luminosity Lx using the standard formulae:

j ^ , andLx=nMx<?. (3a,b)

where a is the distance between the centers of mass, M, the mass
loss of the primary, Mx the accretion rate of the compact star
and i) the efficiency factor, ~0.1 for a neutron star.

Using (3a,b) in (2), the expression for 7 becomes:

(4)
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Summary. A 38 d COS-B observation of SMC X-l in the 2-12
keV band is presented, which includes a turn-on of this source.

The data are discussed within the frame work of the stellar
wind accretion model, both from the point of view of the expected
accretion rate and of the absorption of X-rays in the wind.

Neither the high state luminosity nor the on-off behaviour of
this source can be satisfactorily explained by this model.

Key words: X-ray binaries - stellar wind - COS-B

I. Introduction

The X-ray source SMC X-l was discovered by Price et al. (1971)
and was subsequently identified as a binary system (Schreier et
al., 1972); the optical companion is a BO I supergiant (Webster
et al., 1972). After the discovery of the X-ray pulsator in SMC
X-l (Luckeet al., 1976), further observations have been devoted
to the determination of the spin-up rate (Henry and Schreier,
1977) and the orbital elements of the system (Primini et al., 1976;
Davison, 1977; Primini et al., 1977).

The X-ray source is known to be variable in both spectral
shape and luminosity. In the high state the source is very bright,
having a luminosity around 5 1038 erg s~' (Clark et al., 1978).
Extended low states have been reported during which the lumi-
nosity drops by more than a factor 10 (Schreier et al., 1972;
Cooke et al., 1978; Tuohy and Rapley, 1975). This kind of be-
haviour makes SMC X-l very comparable to another massive
X-ray binary, Cen X-3 for which useful information on accretion
processes was drawn from turn-on studies (Schreier et al., 1976;
Bonnet-Bidaud and van der Klis, 1979).

Nevertheless, the short duration of the previous observations
of SMC X-l did not yet allow the study of a transition between
a low and a high state in this source.

In this paper, we report data obtained with the X-ray detector
on board the ESA COS-B satellite during a 38 d observing run
which fully covered such a transition of the source.

The similarity with Cen X-3 has led us to investigate whether
the stellar wind from the companion is also responsible for the
on-off behaviour, as has been proposed for Cen X-3 (Schreier
etal., 1976; Carlberg, 1979).

II. Observations

The detector on board the COS-B satellite is a 80 cm2 collimated
proportional counter with an energy band of 2-12 keV (see
Boella et al., 1974).

The satellite was pointed to the position of SMC X-l for
37.7 d between 1976 Nov. 2.7 and 1976 Dec. 10.4.

Other SMC sources, SMC X-2 and SMC X-3 were also in
the 10° FWHM field of view, as well as 4 U 0052-68. They may
have contributed up to ~ 0.4 c/s to the total counting rate if they
were at their maximum intensity (Clark el al., 1978).

Figure 1 is a plot of the counting rate during this observation.
Each 68 min bin represents the average of 40 equally spaced 25.4 s
integrations of the 2-12 keV intensity. The curve shows gaps of
~ 10 h every 36 h which are due to the passage of the satellite
through the radiation belts. Particle background variations were
substracted by using correlation formulae determined from point-
ings to empty fields. The typical 1 a error per bin derived from
counting statistics is ~ 0.6 c/s. There is no evidence of non-
statistical short term background variability. As the absolute
level of the background is only known to an accuracy of - 1 c s,
and because of the possibility that other sources than SMC X-l
contributed to the counting rate, the zero level was adapted such
that the level of the first 16 d of the observation was set equal to
zero, as SMC X-l was below the detection threshold during that
time (see below).

The dashed lines in Fig. 1 mark the eclipse limits computed
from the ephemeris and eclipse duration derived by Davison
(1977). Before JD 2443102, the counting rate during the predicted
eclipses is not significantly different from that during the un-
eclipsed intervals. After that time the source is seen to exhibit
the characteristic eclipsing binary behaviour. The intensity is
still somewhat attenuated during binary cycles 5 and 6, especially
near to the eclipses, but starting from cycle 7 the counting rate
during non-eclipse is rather constant at 3.5-4.0 c/s, equivalent to
about 40 Uhuru counts. [1 COS-Bc/s~2.9 10-'°ergcm"2 s~'
(2-12 keV) for a Crab spectrum).

The turn-on of SMC X-l presented here is similar to obser-
vations of this phenomenon in Cen X-3 published earlier (Schreier
et al., 1976; Bonnet-Bidaud and van der Klis, 1979). The intensity
transition takes place on a similar time scale: 1-2 binary cycles,
i. e. 4-8 d. In cycle 5 the light curve shows a higher intensity
around phase 0.5 than near to the eclipses, though there is no
evidence for an intensity spike near this phase as in the Uhuru
observation of a Cen X-3 turn-on.

Figure 2 shows these data folded modulo the binary period.
The observations were divided into two parts, with the boundary
at JD 2443101. The difference between the eclipsed and uneclipsed
counting rates during the low state is 0.11 ± 0.09 c/s, so the source
was at a level below 0.2 c/s during this time. The mean uneclipsed
intensity during cycles 5-10 is 3.28 ±0.04 c/s, the mean eclipse
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intensity 0.83 + 0.07 c/s, slightly higher than the low state count-
ing rate.

As can be seen from Fig. 1, the data cover five eclipse tran-
sitions: both the eclipse entrance and exit at the start and the
end of binary cycles 6 and 8, and one more eclipse exit at the be-
ginning of cycle 10. From full time resolution (~ 200 s) plots of
the data, one can see that the eclipse transitions show noticeable
changes from cycle to cycle. (See Fig. 3).

In binary cycle 6, the transitions are still somewhat irregular
in shape and last about 0.1-0.2 d. In cycle 8, however, they are
quite sharp with a duration of ~0.04 d and similar in shape. The
eclipse exit in cycle 10 is slightly less well defined and takes ~ 0.08 d.
The heliocentric mid-transition times of the latter three cycles
were determined to be JD2443113.3706±0.0024,JD2443116.6214
+ 0.0024 and JD 2443121.164 + 0.007, respectively.

From these three times one can derive a mean eclipse duration
of 0.646 ± 0.005 d (0E=29?9 + 0?2), and a mid-eclipse time (phase
0.0) <^0=JD 2443116.9443 + 0.0022, assuming symmetry of the
eclipses around <iV This eclipse duration is somewhat long com-
pared to earlier measurements (Primini et al., 1977; Davison,
1977), so care should be taken in the interpretation of these results
since absorption effects may be important near the eclipses. The

Fig. 3 a and b. Eclipse transitions. The counting rate during two
eclipses transitions at ~200 s resolution. Data are uncorrected
for background. Typical counting statistics error bars are shown.
Note the difference between the gradual transition in a and the
much better defined one inb

present determination carries the total number of published mea-
surements of the mid-eclipse time to six (Table 1).

Figure 4 shows the resulting mean orbital period determina-
tions as a function of time. It should be noted, that only three of
the five points in this plot are independent.
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Table 1. Mid-eclipse time determinations of SMC X-1

Observation N (period
number)

(Mid-eclipse times) Ref.

Uhuru
Optical
Copernicus
SAS-3
Ariel V
COS-B

0
232
337
481
523
553

2440964.49 ±0.02
2441867.44 +0.04
2442276.15 ±0.04
2442836.6823 ±0.0002
2443000.1562 ±0.0016
2443116.9443±0.0022

Schreieretal. (1972)
van Paradijs (1977)
Tuohy and Rapley (1975)
Priminietal. (1977)
Davison (1977)
This paper

3 6930
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Fig. 4. The evolution of the orbital period of SMC X-1 as de-
termined from the six independent tj>0 measurements given in
Table 1. Horizontal bars represent the time between two <j>0 de-
terminations, vertical bars are the 1 a enots of the resulting mean

A linear least-squares fit to the six points in Table 1 yields a
value for the mean orbital period between Jan. 1971 and Dec.
1976 of />„,„ = 3.89239 + 0.00007 with </>o=2449064.444 + 0.033;
fitting to a quadratic function of the form tj>0 = ia + Pmt,N+{P„b
pOFb N

z where N is the number of binary periods, gives a formal
value of P„JPorl, of +(1.2 + 1.5) 10"5 yr"1, but does not im-
prove the fit which is quite poor in both cases. The high Xhi-
square value A"2~10 both for the linear and the quadratic fit,
may reflect underestimation of the errors or fluctuations of the
orbital period. A longer time span of observations is clearly
necessary to conclude on any general trend in the orbital period.

III. Discussion

a) Wind Accretion

From the observed maximum counting rate of ~4.0c/s (see
Fig. 1) for the last on-state cycles of the source, the 2-12 keV
luminosity can be derived using the Crab source as a calibration
for the detector. The source spectrum was assumed to be best
represented by a power-law with photon spectral index a=1.15
+ 0.15 as indicated by recent spectral observations (Ulmer, 1975;
Davison, 1977; Clark et al., 1978).

The computed luminosity is then L,,=(5.4±0.3) 1O38 erg s"'
for a distance to the Small Magellanic Cloud of 65 kpc (Gas-
coigne, 1974). This luminosity is similar to the one derived for

the same energy band from observations by Ariel V (Davison,
1977) and SAS-3 (Clark et al., 1978).

As noted before (Petterson, 1978; Conti, 1978), ïfcis Lx is too
high to be explained by accretion from the stellar wind of the
SMC X-1 companion.

Figure 5a shows the present information on the discrepancy
between the wind accretion model and the observed Lx. The un-
broken curves, calculated according to Bonnet-Bidaud and van
der Klis (1979) show the mass loss of the primary required to
account for an Lx of 5.4 1038 erg s " ' , as a function of the terminal
velocity of the wind for two different wind profiles (Castor et al.,
1975; hereafter called CAK, and Abbot, 1978). These two pro-
files can be considered as extremes that bracket the real velocity
law for a radiatively driven wind (Conti, 1978). Curves are given
for co-rotating (CR) and no-rotating (NR) primary, which is
assumed to fill the corresponding critical lobe (Pratt and Stritt-
matter, 1976). The terminal velocity of the wind VT can be esti-
mated to be about three times the escape velocity at the surface
of the primary (Lamers et al., 1976). This relation is supported
by recent lUE observations of OB stars (Hutchings and van
Rudlof, 1979) and of other massive binaries (Dupree et al., 1978,
1979).

For the range of values for VT (computed from Lamers rela-
tion), allowed by the uncertainties in the stellar parameters (ver-
tical lines, Fig. 5a), the mass loss rate required to feed the source
at the observed luminosity ranges from 10~3 to 10"5Me yr~l.
This strongly exceeds the wind mass-loss rate found in early-type
supergiants (Hutchings, 1976; Barlow and Cohen, 1977) and the
maximum mass-loss rate by radiation-driven wind (Cassinelli
and Castor, 1973)obtained when all the momentum of the emitted
photons is transferred to the wind. (Dashed curve in Fig. 5a).
[A luminosity of the companion of £ , = 8.8 lO^ergs"1 (van
Paradijs and Zuiderwijk, 1977) was assumed to calculate this
curve].

The discrepancy amounts to a factor 5 for the Abbot profile
and to more than two orders of magnitude for the CAK model,
while commonly observed values for M^ are of the order of 50%
of this theoretical limit (Barlow and Cohen, 1977). Stellar wind
could only account for the observed X-ray luminosity if it were
highly asymmetric, favouring the orbital plane with a higher
particle density, or if the presence of the X-ray source would great-
ly reduce the acceleration of the wind, resulting in a surprisingly
low terminal velocity: KT~1200kms~' for the Abbot profile
and KT~500km s~' for the CAK profile.

6) Wind Absorption

Further information on the accretion mechanism in SMC X-1
can be drawn from the fact that the observed flux during most
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for a fixed X-ray luminosity Lx a function of the relative wind
velocity V„x only

4B50RPTI0N
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Fig. Sa and b. Stellar wind accretion. • The mass-loss rate of the
primary star required to produce an X-ray luminosity of 5.4 1038

erg s"1 as a function of the terminal velocity of the wind. Curves
are given for two different acceleration models, Abbot and CAK
which can be considered as limits (see text), and for the following
system parameters: Mt = 16 Afö, Mx = l Mo, a=1.741012 cm
(i=670) (drawn curves). The primary star is assumed to reach its
substellar radius computed according to Pratt and Strittmatter
(1976) for two different assumptions regarding the rotation (no
rotation, N. R. and corotation, C.R.). Also shown is the maximum
theoretical mass-loss rate (Mmn) for radiation-driven winds
(dashed curve). Vertical lines show the predicted range of values
for VT (see text). In this range, the required mass-loss exceeds the
maximum value by factors ranging from 5 to 400. b The density of
the wind near the X-ray star required to produce a X-ray luminosity
of 5.4 1038ergs~' as a function of the terminal velocity under the
same conditions as in Fig. 4a, assuming the mass loss rate really
exceeds the maximum value. Hatched area represents the limiting
density for the occurrence of absorption for a variety of incident
X-ray spectra and assumptions for the velocity profile. The relative
position of the curves is independent of L% (right hand scale) (see
text)

part of the high luminosity cycles seems to be unaffected by wind
absorption. In fact, absorption in a stellar wind would cause a
phase dependence of the flux as observed for Cen X-3 by Pounds
et al. (1975) and Schreier et al. (1976), while the on-state cycles
actually show a constant flux and rather sharp eclipse transitions.
So, in spite of the fact that no spectral data are available during
this observation, it is most likely that wind absorption is negli-
gible during most of the high Lx cycles.

For a spherically symmetric wind and standard accretion ef-
ficiency, the required particle density near the X-ray star nx is

at cm"

where i\ is the conversion factor of rest-mass to X-rays, M, is the
mass of the X-ray star (~ 1 Mo) and mH is the proton mass.

This required density is shown in Fig. 5b for SMC X-l as
a function of terminal velocity of the wind for an £., of 5.4 1038

erg s - ' and the same assumptions on wind profile and primary
rotation as in Fig. 5a. Along these curves, the mass loss rate in-
creases to compensate the reduction of accretion efficiency for
larger wind velocities. For the range of values for VT considered
in Ilia, the required density is seen to be n, — 5 10" at cm"3 and
1013 at cm"3 for the Abbot and CAK profiles respectively, as-
suming corotation.

A good order of magnitude estimate of the limiting density
required for absorption to occur can be derived from the model
of Hatchett and Me Cray (1977) for X-ray radiation transfer
through the stellar wind. In this model, the photoionisation of
oxygen ions is taken to be the main source of opacity up to 7 keV.
We will adopt this process to be the dominant source of absorp-
tion, since with the present 2-12 keV detector response, 70"„ of
the counts in the detector will be provided by the (2-7 keV)
photons, even, if we assume a flat energy spectrum for the source
(Luckeetal., 1976).

As shown by Hatchett and Me Cray (1977), the structure of
ionisation regions around the X-ray star can be described by a
single parameter:

where a is the orbital separation and { is a parameter which
completely describes the ionisation state of an optically thin gas
for a given incident spectrum. The limiting density for absorption
can then be derived from the value of <? for which the ionisation
surface becomes closed around the X-ray star. As the spectral
shape of SMC X-l is found to be variable and cannot be deter-
mined from the present observations, we have adopted the range
of values for log { of 2.7-3.5 given by Hatchett and Me Cray
(1977) for different spectra. A certain range in q was also taken
into account to allow for the uncertainty of the velocity profile.

The resulting range in density is shown in Fig. 5b by the
hatched area. It is clear that within the expected range of terminal
velocities (vertical lines), the density required to produce the
observed X-ray luminosity by wind would at the same time be
responsible for an appreciable absorption of the flux. The resulting
light curves during high state should therefore be similar in shape
to the curve computed by Hatchett and Me Cray (1977) for
Cen X-3, which shows a clear phase dependent absorption. Such
features are not present in the observed flux outside eclipses, as
is apparent from Fig. 1.

With respect to the observed turn-on, we note that in the
picture of wind accretion, both the wind density required to feed
the source and the limiting density for absorption scale as Lx, so
that the relative positions of the curves in Fig. 5b are not affected
by differences in the intrinsic luminosities. A turn-on of the source
as observed here, cannot therefore be caused by a change in the
wind mass-loss rate alone, since at constant wind velocity the
change in absorption would exactly compensate the change in
intrinsic luminosity. Such a turn-on could then - in the case of
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wind accretion - only be the result of a decrease of the wind
velocity.

A similar result was obtained by Carlberg (1979) who com-
puted the wind velocity near the X-ray star to decrease from 800
to 500 km s~' during a turn-on of Cen X-3 while the intrinsic
luminosity remains nearly constant at - 5 1037 erg s~'. It should
be noted, however, that the mass-loss rate of 2 10"5/WQ yr~' re-
quired in this model to power the X-ray source by wind accretion
seems rather prohibitive for the same reasons as given in Sect.
Ilia. The effect of decreasing the wind velocity to produce the
turn-on will be to increase appreciably the intrinsic luminosity
going from the off-state to the on-state, since Lx scales approxi-
matively as Vf*Mt. This prediction of the stellar wind accretion
model is not in accordance with an observation of a turn-on in
Cen X-3 (van der Klis et a)., 1979), where the intrinsic luminosity
was inferred from the spin-up rate of the neutron star to be higher
during the low state than after the turn-on.

Conclusion

The long duration of the present observation of SMC X-l made
it possible to study a turn-on of the source and the subsequent
high state over more than 20 d. Mass transfer from the primary
to the neutron star by stellar wind alone is found to be unable to
account for the observed high state luminosity, the absence of a
phase-dependant absorption in the high state and the on-off be-
haviour of the source. However, if the accreted matter is fed to
the neutron star in another way (i.e., by Roche lobe overflow),
absorption by a surrounding stellar wind could be responsible
for the on-off behaviour as pointed out for Cen X-3 by Schreier
et al. (1976). fn this case, the intrinsic luminosity during the low
state is expected to be lower than during the high state, which
means that a useful check could come from study of the spin-up
rate during the turn-on. At least in Cen X-3. such a study indicates
on the contrary a higher Lx during the low state (van der Klis
et al., 1979).

A more hopeful picture may be one in which the accretion as
well as the bulk of the absorption of the X-rays are due to matter
provided by Roche-lobe overflow. The stellar wind would then
be responsible only for a small part of the accreted matter and
for some secondary phase-dependant absorption. In this case,
the similar on-off behaviour found in both the sources SMC X-l
and Cen X-3 could be due to quasi-periodic changes in mass-loss
rate, for example originating from g-mode waves at the surface
of the primary star modulating the Roche lobe overflow (Papa-
laizou, 1979; Savonije, 1979).
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CHAPTER 4

PULSATION AND ORBITAL PARAMETERS OF CENTAURUS X-5 AND VELA X-l

4.1 CHARACTERISTICS OF THE CEN X-3 NEUTRON STAR
FROM CORRELATED SPIN-UP AND X-RAY LUMINOSITY
MEASUREMENTS

4.2 THE ORBITAL PARAMETERS AND THE X-RAY PULSATION
OF VELA X-l (4U 0900-40)
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Summary. Results are presented of one month of observations with
the ESA COS-B satellite of the X-ray pulsation period of Cen X-3.
together with X-ray luminosity measurements during this same
time.

The data are shown to be compatible with an unbraked spin-up
by accretion Trom a Keplerian disk onto a neutron star with
/=4/jfi7«| ;7/45'(M/M r 3 ' 7 = 1.65 + 0.44, and no braking
occurring down to a luminosity of Lx = 4.2,„37 erg/s. The mean
intrinsic luminosity during an observed turn-on episode is calcu-
lated from the high observed spin-up as Lx = (9.0 ± 2.6)io37 erg/s.
which together with the long term behaviour of the pulsation period
shows that certain low states of the source are in fact periods of
high accretion.

It is argued that some current neutron star models are irre-
concilable with the value of/determined in this paper. The present
/determination is shown to imply a lower mass limit for the Cen X-3
neutron star of 1.1 Mo.

Key words X-ray binaries - neutron stars - spin-up - COS-B

I. Introduction

The X-ray source Cen X-3, since its discovery in 1972 as an X-ray
pulsar in a binary system (Giacconi et al., 1971; Schreier et al.,
1972), has been relatively well studied both from the point of view
of its luminosity (Pounds et al., 197S; Long et al., 1975; Schreier
et al., 1976) and of its pulsation period behaviour (Tuohy, 1976;
Fabbiano and Schreier, 1977).

In particular, it has been shown to exhibit OFF periods during
which the source apparently decreases in intensity to a level com-
parable to the eclipses (Schreier et al., 1977). Several interpretations
have been proposed to explain this behaviour in terms of a pre-
cessing disk (Holt et al., 1978), a change in the absorption by sur-
rounding matter (Schreier et al., 1976) or an intrinsic change in
the accretion rate.

The presence of an accretion disk was also suspected on the
basis of the amount of angular momentum expected to be trans-
mitted during the high states of the source and the observed changes
in the X-ray luminosity (Bonnet-Bidaud and van der Klis, 1979,
hereafter Paper 1).

On the other hand, the measured spin-up rate of the source
(Fabbiano and Schreier, 1977) was found to be lower than the

Send offprint requests to: M. van der Klis, Astronomical
Institute, University of Amsterdam, Roetersstraat IS, 1013 WB
Amsterdam, The Netherlands.

one expected from a standard accretion disk model with a neutron
star (Pringle and Rees, 1972), and periods of slowing down were
observed which require additional braking torques (Fabbiano and
Schreier, 1977).

Since in X-ray binaries, the observed spin-up rate of the com-
pact object, interpreted as a result of accretion is related to the
angular momentum transmitted, a detailed study of the relation
between period changes and luminosity of the X-ray source should
allow us to put interesting constraints on both accretion models
and compact object characteristics.

Some conclusions were already drawn from the measured spin-
up rates for X-ray sources of different mean luminosities (Rappa-
port and Joss, 1977; Mason, 1977), but the large expected spread
in the characteristics of these different systems has somewhat weak-
ened the possible conclusions.

Here, we present data obtained with the high time resolution
mode of the ESA COS-B satellite during a one-month continuous
observation of Cen X-3 from December 24. 197S to January 23,
1976. From these high time resolution data, we were able to study
the pulsation period changes from one binary cycle to the next one.
These results together with the overall monitoring of the source flux
during the same period (see Paper 1), allow an interesting study
of the correlation between pulsation period changes and the
luminosity.

II. Analysis

a) Satellite

The COS-B satellite was pointed at the X-ray source Cen X-3
(a = !67?7; S = -60?3) continuously between December 24,1975
and January 23, 1976.

The satellite payload includes an X-ray detector which has been
described by Boella et a). (1974). It is a collimated proportional
counter with an effective area of 80 cm1 at maximum response and
an energy range from 2 to 12 keV with a peak value response
around 6 keV; the collimated field of view is 10° FWHM with a flat
top of 1 f I wide. The X-ray photons detected are accumulated over
25.4 s intervals every 102.4 s for monitoring the source over the
full month of observation. To allow a finer temporal analysis, the
arrival times of the four (or eight, depending on telemetry con-
straints) first events in successive telemetric windows of 0.64 s are
also recorded with an accuracy better than 0.25 ms.

This window sampling and the rejection of some part of the
data because of contamination by charged particles, reduce the
effective observing time in this high time resolution mode to about
I05 s. The total number of recorded arrival times is about 101, but
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the limited efficiency of the rejection of charged particles makes
the background contribution more than 50%.

value was at its maximum, with an uncertainly corresponding to
the width of the y2 peak at a 3rj statistical standard deviation level.

b) Data Reduction

The X-ray arrival times in the high time resolution mode were
used to study the 4.8 s pulsation period of Cen X-3.

The arrival times in the satellite frame were first corrected for
the satellite and earth motion and transported from the satellite
to the Solar System Barycenler(SBB) using the Lincoln Laboratory
Ephemeris and the precise satellite position. This procedure was
essentially the same as the one applied to the data from radio
pulsars from the same satellite (Bennet et al., 1976; Bonnet-Bidaud
and d'Amico, 1979). The resulting absolute accuracy after these
corrections is about 0.S ms.

Because of the relatively high background level and the low
photon sampling rate, the accumulation of X-ray arrival times over
periods of a few hours was necessary to determine the pulsation
period with a good accuracy. Therefore a first correction using the
literature values for the orbital parameters (Tuohy, 1976; Fabbiano
and Schreier, (977) was applied to correct the arrival times for the
motion of the X-ray source with respect to the binary system
barycenter during the integration intervals.

Phase histograms were then built using the distribution of the
time intervals between successive events in each phase bin, since
the average mean interval for source photons is 30 ms, much smaller
than the Cen X-3 pulsation period. As the number of time intervals
in each phase bin is always large, the mean of the distribution was
taken to be the arithmetical mean and the corresponding counting
rate:

n = N/ £ t,

where N is the total number of time intervals in the phase bin, and
/, is the length of a time interval in the bin.

The light curves, resulting for different values of the period, were
then tested against a curve of constant flux using a x2 lest- The best
value for the period was taken to be th» one for which the /2
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Fig. I. The long term change in the pulsation period of Cen X-3.
The COS-B point is a weighted mean determined for JD 2442785.3.
Error bars are smaller than data points. The solid lines represent
the measured mean change in pulsation period between separate
observations, except for the 1971-1972 interval where the quoted
number was determined by a weighted fit through the Uhuru
observational points (Fabbiano and Schreier, 1977). The Ariel V
determination is from Tuohy, 1976

c) Orbital Parameters

Using the method described above, a set of values for the pulsation
period P, was derived, combing several stretches of data to diminish
the effect of orbital phase. The best fit to the points in the result-
ing plot of pulse period against time, representing the general trend
in P, was then subtracted from the individual points. The residuals
still showed a slight dependence on orbital phase.

If we analyse the influence of the orbital period P„b. the mid-
eclipse time <p„, and the projected radius of the binary orbit
A = asini on the periodic change of the pulsation period due to a
Doppier delay of the form:

At = Asini ——(t — <£„) + n / 2 1 =
\°otb /

we find to first order:

(l>

where the eccentricity of the orbit was taken to be zero.
The value of the factor A/P„b is 2.21O - 4, (l - tp^/P^ is 7 at

most in the present observation. The best determination of A is
39.792 ± 0.005 light s (from 1972 Uhuru data, Fabbiano and
Schreier, 1977), while during the time of observation Port, is
2.08712 ± 0.00002 d and <t>. is known to an accuracy of 3, 0 - 3 d
(Paper 1). Therefore SP„b is small enough to exclude it from further
analysis, the factors ASP„JP„b and U - <t>„)SP„JPah being an
order of magnitude smaller than SA and S<t>„~ respectively.

A sinusoidal curve with this period was fitted to the residuals
using the method of van Paradijs et al. (1977). After correction
for the fact that each pulse period determination represents a finite
binary phase interval the best zero phase time was determined to be
JD 24427S7.1755 ±0.0007, the best projected orbital radius 39.71
+0.04 light s.

As pulse period determinations with these orbital parameters do
not show any significant residual correlation with orbital phase,
these were used in the subsequent data analysis.

The value for 4>v is in accordance with that of JD 2442787.177
±0.003, independently determined from the COS-B X-ray eclipse
observations (Paper l). Ais in the range of the values deduced from
Uhuru observations.

From the present determination of ipc the mean binary period
between the Ariel-V and COS-B observations is calculated to be
2.08711+0.00002d.

III. Results

a) Pulsation Period

After correction for the binary orbital motion in the above
described way. the intrinsic pulsation period of Cen X-3 was deter-
mined to be (4.834477 ± 7,0 - 6) 5 at the middle of the observation
(JD 2442785.3).

Figure 1 shows how this value fits in with earlier observations
(Tuohy, 1976; Fabbiano and Schreier, 1977). The mean spin-up
between the Ariel-V and COS-B observations was -P/P =5.52
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Fig. 2. The Cen X-3 pulsation, period behaviour inside the COS-B
observation. The pulsation period in each interval is determined as
indicated in the text. One sigma error bars and the extension in time
of each interval are shown. Both have been taken into account to
determine the best linear fits (solid lines) through the three groups
or points (see text). Values are quoted in Table I. Also shown in
the upper part or the figure, is the luminosity behaviour during
the same time. Each luminosity point was determined from the
detailed light curve (Paper I). Typical error bar is shown. Three
mean pulse profiles (see text) are shown in the lower part of the
figure

±0.09,0 — 4yr ', considerably higher than it was during the years
1971-1974(about 3 1 0 - 4 yr"1).

The COS-B data allow a much more detailed monitoring of the
pulsation period during the time of observation. The results of this
study are presented in Fig. 2, which also shows the X-ray luminosity
of Cen X-3 during the same time. As can be seen from this figure,
the mean spin-up is relatively high (8 .6±0 .6 , 0 -4 yr"1), com-
parable to the 1971 August-September Uhuru observation (Fab-
biano and Schreier, 1977), and higher than the long term spin-up
between the observations of Ariel-V and COS-B. Also, the spin-up
rate is seen to be changing during the COS-B observation: it is
higher near the start and lower at the end of the observation.
Therefore the month of observation has been divided in three parts
and straight lines have been fitted to the pulsation period points

120
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1 ' 1
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Fig. 3. Cen X-3 mean pulse shape during the month of observations,
derived by averaging separate light curves produced for each binary
cycle. Count rates are without background subtraction. Typical
I» error bar is shown

inside these parts to make it possible to relate the mean spin-up to
the mean Lx during the same stretch of time (see Chap. IV).

The pulsation period determinations and the results of the three
least square fits are given in numerical form in Table I.

b) Puke Shape

We also examined the Cen X-3 pulse shape during the COS-B
observation. For that purpose mean light curves were produced for
each binary cycle, using the best At value of the period as indicated
above. An averaged pulse shape was then Huilt by summing these
curves phased relatively to each other. This mean pulse shape is
shown in Fig. 3. It is a one peak curve with a sharp increase and a
smooth decrease.

The uncertainties in the background level do not allow one to
derive an accurate pulsed fraction, however, a good estimate will be
about 40%, with an equivalent duty cycle (total pulsed power
divided by peak value) of 0.2S.

A significant fraction of the pulsed counts is present in the
second part of the cycle (phase 0.5 — 1.0), corresponding to about
30% of the total pulsed power.

The pulse shape reported here is found to be similar to the
Uhuru and the OSO-7 results (Ulmer et al., 1974; Ulmer, 1976). In
particular there is no evidence of a double peak structure as
reported for this source from other observations (Tuohy, 1976;
Long el al., 197S). As the energy ranges were different for those
experiments, no conclusion can be drawn about spectral or long
term variability of the pulse structure.

Short term time variability of the pulsation curve during the
month of observation has been investigated. The pulse shape was
found to vary appreciably during the turn-on, showing an increas-
ing pulsed fraction during the first orbits (orbit 1-2-3) and a wider
peak in orbit 4-5-6. In the rest of the observation, no significant
changes were found. However, a tendency to produce a weak

71



M. van der Klis et al.: The Cen X-3 Neutron Star

Table I. The pulsation period of Cen X-3

Date"
(days)

0.15
2.71
5.75
7.16
9.35

11.80
13.51
15.50
16.31
18.46
19.93
21.97
25.82

"1.0 =

T/me
extension of
interval
(days)

2.52
0.63
0.57
1.23
1.34
0.42
0.73
1.00
0.35
2.09
1.68
1.57
0.64

2442773.5 =

Period
Is)

4.834650
4.834 588
4.834544
4.834540
4.834509
4.834480
4.834454
4.834442
4.834427
4.834407
4.834380
4.834368
4.834 348

December 27. 1975

1 IT error
110'5s)

0.5
1.0
1.7
0.5
0.4
2.1
1.5
1.5
1.2
0.2
0.2
0.4
1.3

Cycle

1-2
3
4
5
6
7
8
9a
9b

10-11
II
12
14

- P P l l O 4yr 'I

10.5+ I.I

8.1 +3.6

5.6 ± 1.6

second peak around phase 0.75 was noted in the beginning of the
observation (orbit 1-9) as compared to the last orbits (10-14).

The features mentioned are reflected in the averaged pulse
shapes presented in Fig. 2 for the three different parts of the
observation.

IV. Discussion

Having presented the observational results concerning the pulsa-
tion of Cen X-3, we will now discuss these results in terms of the
relation between the observed spin-up rate and the observed
luminosity of the source, leading to constraints on the neutron star
parameters and providing a test for neutron star models.

a) Theories on Spin-up

Only two theoretical models to our knowledge give quantitative
predictions about the relation between Lx and P: the simple model
(Pringie and Rees, 1972; Lamb et al., 1973), in which it is assumed
that the only torque working on the neutron star is that of the
accreting matter, which transfers the angular momentum corre-
sponding to a Keplerian orbit at the magnetospheric radius, and
the model of Ghosh and Lamb (1978), who except for this accretion
torque take into account the force of the matter in the disk on the
magnetic field of the neutron star.

In the simple model it is possible to derive a straightforward
relation between the spin-up rate and the X-ray luminosity.

The matter circulating in the disk at Kepler speed has a
specific angular momentum t = IGMr)"1, where M is the mass of
the neutron star and r the distance to its centre. At the Alfvèn
radius, which we take to be

r^ = 3.2,08^!,7Aï1-7
:!'7(M/Mo)-"7 (3) (Lamb 1977)

where //30 is the magnetic moment of the neutron star (units ,030
gausscm'), and Aif17 is the accretion rate (units 1017 gs~'). the
matter transfers its angular momentum to the neutron star and its
magnetosphere.

Estimating the X-ray luminosity produced in the accretion
process to be equal to the gravitational energy, i.e., to about
10",, of the rest mass of the accreting matter: Lx = (GAf /RlAf. where
R is the radius of (he neutron star (Lamb et al.. 1973). it is found
that

-P/P = 2w-5IPL^yt-' (4)

with lti the moment of inertia of the neutron star (units 1045 gem2).
Where the factor containing the neutron star parameters is

. / •=4^ 0
7R^/ 4 - 5 ' (MM o ) -^ (5)

For both the simple model and the idea of Ghosh and Lamb, curves
are given in Fig. 4 for several values of the neutron star para-
meters. As can be seen from the figure, for Cen X-3 these curves are
nearly identical, though for somewhat different values of the
neutron star parameters.

Fit• *• Comparison of theoretical relations between - ityP and £.,
with the results of the present observation of Cen X-3. Drawn lines
are for simple unbraked accretion spin-up; the value of/is shown.
Dashed lines represent the model of Ghosh and Lamb (1978) for
neutron stars of #3 0 = 1, R6 = 1, M = 1.3MO and /4 5 as showa
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Braking Torques

As already noted by several authors, the simple model cannot
explain all characteristics of the Cen X-3 pulsation behaviour: the
spin-up is often lower than would be expected from the observed £„
and also occasional spin-down episodes have been reported (Fab-
biano and Schreier. 1977). Davidson and Ostriker (1973) pointed
out that for relatively low accretion rates the Alfvèn radius could
become larger than the corotation radius, causing matter to be
ejected, thereby braking the rotation of the neutron star. In this
way the spin period tends to keep an equilibrium value P,r at
which the Alfvèn radius is equal to the corotation radius.

Adopting the Alfvèn radius of formula (3), this equilibrium
period is calculated to be

Pf, = 3.1/if ó7 til\in(MIMQy "7 s (6)

Schreier (1977) further developed the braking idea, showing
that reasonable amounts of ejected matter could explain the
observed long term spin-up as well as occasional spin-down
episodes. However, this model does not give a quantitative predic-
tion for the behaviour of the source in the Lx — P diagram during
the time that the Alfvèn radius is large enough for braking to
occur.

Long Term Spin-up

Savonije (1978) proposed an explanation for secular spin-up in
X-ray binaries by showing that the mean accretion rate is expected
to increase slowly because of the evolution of the primary star over-
flowing its Roche lobe. This causes the equilibrium period to
decrease at a rate comparable to the spin-up rate observed in
Cen X-3. Thus the counteracting forces of accretion and ejection of
matter insure that the rotation period of the neutron star stay s near
Per but this equilibrium point is slowly shifting for reasons of
stellar evolution.

From the long term spin-up seen in Cen X-3, one can, taking
the assumption of Savonije that this is due to a secular change in
P,r deduce the change in accretion rate M/M necessary to explain
this PfJPer The model for the evolution of the star then gives an
indication for the mean M and thereby for the mean Lx at the
present stage of evolution. This mean Lx is then the Lx at which the
neutron star is spinning exactly at its equilibrium rotation period.
For a higher Lx we expect unbraked accretion spin-up, when Lx

gets lower some braking should start to occur.
For spin-up rates between 2.8 and 5.5,0 - 4 yr~' we find this

critical Lx to be about 4,O37 erg/s (A? = 4.4,017 gs~l). This num-
ber, derived from evolutionary calculations, should be considered
as a good order of magnitude estimate, not as an exact value
(Savonije, 1978).

In the next two paragraphs, the theoretical ideas described
above will be compared to the results of the present observation.

Assuming the simple model, we can rewrite formula (4) as:

b) Long Term Pulsation Period Change

. The most striking feature of Fig. I is the high mean spin-up rate
between the Ariel V and COS-B observations (5.52 + 0.09)10 - 4

)t yr~', as compared to the one determined between Uhuru and
'! Ariel V, <3.23±0.04),o-4 yr'1 (Fig. 1). Fortunately, during the

year 1975 the source was well monitored by the Ariel V All Sky
Monitor (ASM) (Holt et al., 1978). so that the resulting mean
luminosity observed can be fully checked against the observed spin-
up rate during this period.

F'6P"7" (7)
where ƒ can be assumed to be 1.68 ± 0.74 for Cen X-3 (see next
paragraph). This luminosity is actually a lower limit since braking
torques are known to occur and to reduce the transmitted angular
momentum and the observed long term spin-up rate.

For the measured slope in Fig. 1 between Ariel V and COS-B
observations, the mean luminosity required for the source is then at
least Lx - (4.2 ± 1.6),O37 erg/s. This is significantly higher than the
mean luminosity observed by Ariel V during this interval. In fact,
from the overall light curve reported (Holt et al.. 1978) the mean
flux is about 0.12 ph cm"2 s~ \ corresponding to a luminosity of
Lx = 1.87 + 0.25,037 erg/s, as deduced from a calibration on the
Crab source (Kaluzienski, 1916). Both luminosities quoted are for a
distance of 8 kpc.

This clearly shows, that the intrinsic luminosity of the source
is affected by absorption during part of this stretch of data. It is
stressed that this conclusion is independent of the distance assumed
for the source since any correction to this distance will be reflected
in the ƒ value deduced from the source flux seen by COS-B. As
during 20% of the time of the ASM observation the source can be
considered to be in a low state compatible with the eclipse level
(Holt et al., 1978), there is a strong indication that the low periods
of the source correspond to periods of high accretion rale with high
spin-up rate, and that the low luminosity at that time is caused by
absorption. (See also next paragraph for the spin-up during the
turn-on.)

Unfortunately the same coverage of the source flux is not avail-
able during the Uhuru-Ariel V observations interval, where the
mean spin-up rate is found to be appreciably lower (3.23
+O.O4,o-4 yr"1)- Since the braking torques are expected to be
efficient at luminosities lower than 41O37 erg/s, such a change could
be explained by a gradual increase in the accretion rate from Uhuru
to COS-B observations. This is compatible with both the larger
luminosity found in the COS-B observation, and the strong braking
effect seen by Fabbiano and Schreier (1977).

c) Short Term Pulsation Period Variation

Turning to the detailed pulsation period behaviour during the
month of observations (Fig. 2), the first feature to remark is the
high mean spin-up of about, 0 - 3 yr "'. Assuming that the angular
momentum required for this spin-up is transferred to the neutron
star by accreting matter, taking Lx = 0.1c2AÏ = 4,037 erg/s and the
moment of inertia of the neutron star / = 1045 gem2, the specific
angular momentum of the matter is calculated to be 9.3l016
cm2s" 'g~', in good accordance with the specific angular momen-
tum expected in case of disk accretion (Petterson, 1978).

From the existence of a disk in Cen X-3 we may not conclude,
however, what the mode of mass transfer is, because at accretion
rates of this magnitude the matter has a specific angular momentum
high enough to form a disk, not only if the mass transfer is by
Roche lobe overflow, but also if it is by stellar wind (Paper 1).

In Paper 1 it was concluded from the luminosity behaviour of
the source that the COS-B observation of Cen X-3 essentially
consists of three parts:
a) the turn on, during which the absorption by circumstellar matter
is high and decreases quickly,
b) the high luminosity orbits, where absorption is unimportant,
but the accretion rate high, and
c) the low luminosity orbits, which show a more or less normal
accretion rate together with low absorption.
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The mean P and also the pulse shape in each of these three
parts of the observation confirm the general picture given above
and lead to the interesting possibility of comparing these data to
predictions by theories on spin-up.

The spin-upduring the turn-on is not significantly different from
that during the high orbits, confirming the assertion that the
accretion rate during the turn-on is high and that the low L, there is
caused by absorption. This is also confirmed by the relatively flat
pulse shape during the turn-on, attributed to scattering of the
X-rays in the absorbing circumstellar matter. During the low
luminosity orbits - PIP is significantly lower than before, which
shows that accretion was really less at that time. Because the high
and low orbits show little absorption, these two points can be
compared to the theoretical predictions of the correlation between
P and Lx (Fig. 4). It is seen that both the high and the low
luminosity point are compatible with the simple spin-up model
(drawn lines).

The factor/containing the neutron star parameters is deter-
mined to be 1.68 + 0.74 for the high luminosity point and 1.64 + 0.47
for the low luminosity point. These values are not significantly
different, so there is no evidence from these data of braking occur-
ring at luminosities above Lx = 4.21O37 erg/s, in accordance with
the suggestion from evolutionary arguments above. The mean
value of ƒ is 1.65 + 0.44.

Assuming the dependence of intrinsic luminosity on P to be
given by the same relation (formula (4)) during the turn-on as
during the high and low luminosity orbits, the unabsorbed Lx there
can be calculated to be (9.0 + 2.6), O37 erg/s.

Behind this determination of ƒ lie the assumptions of the simple
model (paragraph a), which could lead to an underestimate of ƒ
(Lamb, 1977), and the observational value of Lx, which could be
influenced by the assumed distance (8 kpc) and spectral shape
(Paper 1), as well as by a possible correction for beaming of the
radiation (Henry and Schreier, 1977). It can be seen from Fig. 4,
however, that f does not depend very sensitively on Lx\ the de-
pendence on - P/P is much more important, and this quantity is
measured directly.

d) Neutron Star Parameters

Having shown that the present observation is consistent with the
theoretical picture sketched in paragraph a), we now proceed,
within this theoretical framework, to take a closer look at the
neutron star itself.

It can be seen from expression (5) that the factor ƒ appearing
in the formula for classical accretion spin-up is only weakly depen-
dent on μ. For radiopulsars, Ruderman (1972) derives a range of
magnetic moments of ji30 = (0.26 - 4.4)/J'5

2 from observations of
spin-down by assuming the rotational energy loss of the pulsar to be
equal to one caused by radiation of a nonaligned rotating magnetic
drpole in vacuum. Assuming the μ of Cen X-3 to be somewhere
in this range, and using the present determination of f = 1.68
±0.74 (excluding the low luminosity orbits to be sure no braking is
affecting the value off), it is found, that

RJUs = (0.11 - 0.87)(iW/Mo)"
2 (g)

This result is compared for a large range of possible masses to
predictions which can be made from theoretical models of neutron
stars in Fig. 5. The models A-N appear with the same designations
in the paper by Arnett and Bowers (1977). Not all models given
there are included in the picture to avoid cluttering, but the full
range of R6/Iti values is covered by the curves shown. The models
TI and Til were taken from Pandharipande el al. (1976); these are

25

Fig. 5. The ratio R6//45 as a function of mass for different neutron
star models. The hatched area represents the range on Rb / 4 5

allowed for Cen X-3 as derived from the present determination
of ƒ (1.7 ±0.7). The models A-N were taken from Arnett and
Bowers (1977) and span the full range of models published; for the
models TI" and Til" (Pandharipande et al.. 1976) only the
moment of inertia of the neutron star solid crust was taken into
account

models with a tensor interaction equation of state in which a solid
crust is believed to enclose a liquid interior. We assumed the crust
to be totally decoupled from (he interior and took only the moment
of inertia of the former to compute R6/'45.

The assumption of total decoupling clearly bends the curves for
these models out of the range allowed by the present observation,
while without this assumption the tensor interaction model (curve
iW) is quite within this range. Also the model B (Pandharipande,
1971), F (Arponen, 1972) and C (Canuto and Chitre, 1974, not
shown in the figure), are made improbable by this observation. It is
remarkable (hat following the classification by Arnett and Bowers
(1977) only the models based on the stiffer equations of state can
account for the observed ratio of R and /.

Under the assumption that a neutron star has a structure which
is somewhere in the range of models proposed to this date, it is
clear from Fig. 5 that we can, independent from other deter-
minations, derive a lower limit to the mass of the Cen X-3 neutron
star of I.I MQ.

Another constraint on the neutron star parameters can be
obtained from the assumption thai Cen X-3 is spinning at (he
equilibrium period (formula (6)). The neutron star is expected to
rotate at the period corresponding to the mean accretion rate
M. A good order of magnitude estimate of this number was already
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given in paragraph a): A?,7 = 4.4. The range of masses of Cen X-3
from radial velocity curves and eclipse durations is often quoted in
recent publications as M = (0.6 - 1.8)M0(Avni and Bahcall 1976,
Joss and Rappaport 1976), but see also Lamb (1977).

Combining these data it is found, that the assumption P = P,,
implies: μ^g = Z3 — 5.7, consistent with the range assumed for
H above.

V. Conclusion

Correlated P — Lx measurements of neutron stars in binary X-ray
systems provide an important test of theories both on accretion
and on neutron star structure.

.The present observation provides a determination of the pro-
perties of an individual neutron star rather than of the class as a
whole.

Trom the results emerges the picture of a neutron star heavier
than 1.1 M o, which is accelerating its rotation by accretion from a
Keplerian disk, with no significant braking forces acting at least at
luminosities over 4.21O37 erg/s. Sometimes the X-rays it emits are
obscured by absorbing matter, but its accretion rate and thereby
the intrinsic luminosity during these low slates is even higher than
otherwise, as is betrayed by its high spin-up in the December 1975
turn-on: there its calculated Lx was ~9,O37 erg/s.

We found some conditions constraining the possible equations
of state governing the interior of this neutron star (the suffer ones
seem to be favored), but most possibilities are still admitted: future
observations should make it possible further to lighten these
constraints.
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SUMMARY

Results are presented of an analysis of 83 days of 2-12 keV X-ray observations of
Vela X- l (4U 0900-40) obtained during three separate pointings with the ESA COS-B s a t e l l i t e .
For each of the three observations, a f u l l set of orbi ta l and pulsation parameters is derived.
Combining the present determinations of the orb i ta l epoch from pulse timing with those
previously obtained with other s a t e l l i t e s , the data are found to be consistent with an
increase of the orb i ta l period at a rate ( P / P ) o r D = (1 .2 ± 0.4) 10"* y"* during the interval
1975-1980. Comparison with observed epochs of mid-eclipse shows that th is e f fect cannot have
been present since the time that an eclipse was f i r s t measured in Vela X - l , in 1971. These
results are discussed in terms of models for non-secular orb i ta l -per iod changes. The pulsation
period is shown to undergo very rapid in t r ins ic changes, at a rate of up to P/P ~ 10"* y " 1

during intervals of a few days. The lower values of P/P ~ 10~3 y"* which were previously
observed over longer in te rva ls , appear to resul t from an averaging out of these rapid changes.
Transfer of angular momentum to the neutron star by accreting and non-accreting matter is
considered in an attempt to explain these pulsation-period changes.

Key words: X-ray binaries - X-ray pulsations - Vela X - l - COS-B

I . Introduction

Vela X - l (4U 0900-40) was discovered to be an ecl ipsing X-ray binary with a period of
~ 8 . 9 d 1n 1972 (Ulmer e t a l . 1972). I t s 283 s pulsat ion, not discovered unt i l 1976
(McClintock et a l . 1976) , is characterized by a complex, energy-dependent pulse p r o f i l e .
Measurements of the Ooppler delays of the pulsation show that the binary o rb i t is s l ight ly
eccentric (e ~ 0 . 1 , Rappaport et a l . 1980). The determination of the radial veloci ty curve of
the B0.5Ib optical companion to the X-ray source, HO 77581, made I t possible to determine the
masses of the two stars as ~ 21 Ho and ~ 1.7 Mo , respectively {van Paradijs et a l . 1977).
HD 77581 shows mass loss in a strong s t e l l a r wind at a rate of ~ 10"6 y"* (Dupree et a l .
1980), and the r e l a t i v e l y low X-ray luminosity of the source (< 1.4 10 3 6 erg s " 1 ,
Bradt et a l . 1979), 1s consistent with accretion of matter from th is s t e l l a r wind onto a
neutron star (Lamers et a l . 1976, see also Henrichs 1980).

The pulsation period has been decreasing at an average rate of 1.5 10"* y " 1 between 1975
and 1978, consistent with the e f fec t expected from accretion from a spherical ly symmetric
wind, but since 1978, I t Is Increasing, at a rate of 3 10"* y " 1 (Nagase et a l . 1982a). During
shorter Intervals of time, both slow-downs and speed-ups of the pulsation period have been
reported (Ögelman et al 1977, Nagase et a l . 1982a), a t rates of up to 4 10~3 y .

The possib i l i ty to detect changes In the orb i ta l parameters, e i ther due to mass streams
in the system or to t ida l e f f ec ts , has aroused some In te res t . So fa r , only upper l im i ts were
reported for changes of the periastron angle (Rappaport et a l . 1980) and the orb i ta l period
(Nagase et a l . 1982b).
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Vela X-l was observed with the COS-B X-ray detector on three occasions, in 1975 (during
19 d), in 1976 (29 d), and finally in 1979 (35 d). Previous studies, dealing with the X-ray
intensity and pulse period during these observations and with the orbital motion during those
in 197S and 1976 (Ögelman et a l . 1977, Holteni et a l . 1982), were based on the 100 s
resolution 'ratemeter' data mode of the instrument.

In this paper, we present an analysis of the pulsational and orbital behaviour of
Vela X-l which makes use of both the ratemeter and the 0.25 ms resolution 'high time
resolution' data modes. The analysis covers all three observations and provides a uniform
treatment of all available COS-B X-ray data on Vela X- l .

After giving the observational details in Section I I , we describe in Section I I I the
determination of the pulsational and orbital parameters, and in Section IV the correlation of
these measurements, extending over 4 years, with the results obtained with other experiments.
The presented data are discussed in Section V.

I I . Observations

The COS-B X-ray observations of Vela X-l were performed in 1975 from November 9 to 28, in
1976 from July 24 to August 22 and in 1979 from October 11 to November 15. In all three cases,
the source was kept within 0.8° of the center of the 10° FWHM field of the 80 cm2 2-12 keV
detector (Boella et a i . 1974). The collimator transmission was close to 100%, small variations
(< 1%) due to pointing dr i f t were corrected.

The data were collected simultaneously in two modes: 'ratemeter1 data, consisting of 25 s
of X-ray flux measurements separated by 75 s intervals of charged-particie background
monitoring, and 'high time resolution' (HTR) data, consisting of arrival time measurements,
accurate to 0.25 ms, of the f i rs t few photons arriving in consecutive 0.64 s intervals. The
HTR mode is telemetry limited: arrival times of either 8, 4 or 0 photons are transmitted every
0.64 s, depending on the demands of the other COS-B experiments.

The typical charged-particie background in the X-ray detector was ~ 100 c/s; this
measured background was subtracted from the ratemeter data before further analysis. During the
1979 observation, changes in the background on time scales down to several hundred seconds
occurred frequently, and subtraction could not always be satisfactorily performed. We found,
that this did not interfere noticably with the detection of the pulsation (see Section I I I .2
below).

The contribution to the total detected flux by other sources than Vela X-l within the
field of the collimator was assessed from a compilation of X-ray catalogues by Amnuel et a l .
(1982). We estimate the counting rate from these sources to less than 1.5 c/s, assuming that
the transient source 0836-42, which has not been seen since 1973, was s t i l l in i ts low state
during the observations. At its previously observed peak level (Cominsky et a l . 1978), this
source could have contributed ~ 3 c/s.

I I I . Data analysis and results

1. Binary l ight curve

In each of the observations, the eclipses of the source are clearly visible; the flux
outside eclipse relative to the eclipse level typically varies between 5 and 10 c/s. The COS-B
X-ray experiment does not give spectral information; for typically observed spectra (Forman et
a l . 1973, Becker et a l . 1978, Kaliman and White 1982), this count rate corresponds to a
2-12 keV luminosity of 3 to 6 1035 erg s"1 at a distance of 1.4 kpc (Bradt et a l . 1979). Many
flares with typical durations of a few hours occur, especially in the 1979 observation. They
reach levels of up to ten times the usual source flux. Low-flux episodes with a duration of
~ 1 d are occasionally seen at phase 0.5; there are also indications for the occurrence of
occasional Intensity dips with durations of less than an hour at various orbital phases.
Similar features have been reported previously (Eadie et a l . 1975, Charles et a l . 1978,

77



Kailman and White 1982).
To investigate the global properties of the binary l ight curve, the ratemeter data of

each observation were folded with a period PQrb = 8.9643 d, phase zero corresponding
to JD 2442728.43 + n-Porb (Ögelman et a l . 1977).

The results are presented in Figure 1. The flaring behaviour is evident; i t is also clear
that in all three cases the mean out-of-eclipse flux after phase 0.5 is somewhat attenuated
with respect to the f i r s t half of the light curve. This is in accordance with previous
observations (Watson and Griffiths 1977, Nagase et a l . 1982b). In the 1976 observation, there
is a clear low-flux episode between phases 0.4 and 0.6.

The data obtained in 1975 and 1976 were used to estimate the eclipse width. Due to
background problems, no eclipse duration could be derived from the 1979 observation. Following
the method outlined by Watson and Griffiths (1977), we estimate, that the duration of the f lat
bottom of the eclipse is 1.66 ± 0.20 d and 1.95 t 0.20 d for 1975 and 1976, respectively,
where the errors reflect both the statistical errors in the data and the uncertainties
inherent in the method we used. The fact that the coverage of eclipse entrance in 1976 was not
complete was also taken into account in the error estimates.

Due to the different definition of the eclipse width adopted here, the 1975 value
measured for this quantity is 0.24 d less than the value quoted for the same eclipse by
Ögelman et a l . (1977). The present result is close to the combined duration of a number of
eclipses between 1974 and 1976 obtained by Watson and Griffiths (1977), who used the same
definition.

2. Pulsation parameters

By folding with the 283 s period, the pulsation is detectable during every 1.5 d
satellite orbit in each of the three observations, both in the ratemeter and in the high-time
resolution data. The phase shifts due to the orbital motion are readily evident. There is a
clear correlation between the flux level of the source and the amplitude of the pulsation,
which indicates that the pulsed fraction is approximately constant at ~ 30% of the total flux.

The X-ray pulse profile of Vela X-l at the energies seen by the COS-B X-ray detector is
known to present repeatable structures on time scales down to 15 s (McClintock et a l . 1976,
Nagase et a l . 1982b). Rappaport et a l . (1980) noted, that the use of these high-frequency
components in a cross-correlation analysis makes the phase determination more accurate and
reduces the probability of spurious effects. We therefore made an analysis of the pulsations
of Vela X-l observed in 1975, 1976 and 1979 using the millisecond resolution data.

The X-ray arrival times were f i rs t corrected for the satellite and the seasonal earth
motion. All arrival times were reduced to the solar system barycenter reference frame. The
accuracy of the correction used is better than 1 ms, which was checked by observations of fast
pulsars (Wills et a l . 1982).

We split up the three observations into intervals ranging from 0.2 to 1 d, depending on
what was found necessary to obtain a good signal-to-noise ratio. Using a t r ia l pulsation
period Pfl, the data in each interval were then folded to derive an average pulse profile (see
van der Klis et a l . 1980).

The magnitude of the Doppler shifts induced by the orbital motion of the neutron star can
be as large as 70 s in one day. To preserve the high frequency structure of the pulses, we
therefore applied, prior to folding, a first-order orbital correction of the form:

where as1ni Is the projected semi-major axis, c the velocity of l ight, e the orbital
eccentricity, u> the periastron angle and M the mean anomaly. Second and higher order terms of
At were neglected at this stage. For the calculation of this correction, we assumed the
orbital parameters given by Ögelman (1977) In the 1975 observation, and those of Rappaport
(1980) in the other two observations.

In each of the three observations, a set of 40 to 50 average pulse profiles was obtained,
lhe highest-quality profile was used as a master template and was cross-correlated to the
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other ones to determine time delays of the pulses across the observation. The typical accuracy
which was achieved, mainly determined by statistical fluctuations, was 2 to 5 s.

The measured time delays can be attributed to three effects:
i ) a residual orbital effect due to the approximate (first-order) nature of the

correction and/or to different values of the orbital parameters from the t r ia l
ones,

i i ) a non-constant pulsation period across the observation, and/or one different
from the tr ia l period PQ,

i i i ) short-term changes in the pulsating clock.
The effect of i ) is expected to be less than 5 s (see below). Due to i i ) , variations of up to
40 s are present in the data. We determined the correction to the pulsation period, and i ts
derivative, P, from a second order polynomial f i t ted to the delay times t n :
t n = tg + nfipQ + (l/2)n^P0P, where n is the pulse number, and 6Pg is the difference between
the best-fit period at n = 0 and the t r ia l period.

Figure 2 shows the time delays with the best f i t t ing parabola superimposed. The points in
the figure were already corrected for the residual orbital effect (see Section 3). There is
clear evidence for pulse-period variations on shorter time scales, particularly during the
f i r s t observation. Due to this, the formal x -values of the f i t s are very high. We wil l here
quote the results of these f i t s in order to compare our data to previous measurements of P
(which refer to intervals of similar length), and analyze the short time scale variations in
Section 4.

The results of the f i t s are given in Table 1. Significant quadratic terms are present in
1975 and 1979, corresponding, in both cases, to a continuous period increase over the
observation of P ~ 10~", while for 1976 a value consistent with zero is derived. The Zα upper
l imit to |P| in this observation is 1.0 10"9, an order of magnitude below the other two. The
values in Table 1 are not significantly different from, but much more accurate than the values
derived from ratemeter-data analysis (Ögelman et a l . 1977, Molteni et a l . 1982).

The pulsation period derivatives we find here for observation intervals of 20 to 40 d
appear to be intermediate (in absolute value) between the values found over ~ 10 d intervals
(|P| up to 4 10 , Nagase et a l . 1982a), and the long-term values observed over intervals of
years.

To f i t the observed P values into the long-term picture, we note that the 1975 and 1976
observations took place when, considered on a time scale of years, Vela X-l was spinning up.
The 1975 observation is situated, however, inside an ~ 200 d interval during which this trend
was apparently temporarily reversed (Becker et a l . 1978). The 1979 observation ocurred
probably less than 100 d after the reversal of the long-term period trend from spin-up to
spin-down, in the rising branch of the long-term pulsation-period plot.

3. Orbital parameters

The residuals of the pulse-arrival times obtained from the analysis described in the last
section were used to determine the best-fit orbital parameters for each of the three
observations.

As described above, the arrival times of the individual photons were corrected
provisionally for an assumed binary orbital delay curve in order to be able to derive well-
defined pulse profiles. Therefore, the residual phase sMfts of the pulse profiles do not
reflect the f u l l , ~ 100 s amplitude effect of the orbital motion, but only the <5 s
difference between the assumed delay curve and the real one.

The function to f i t to these residual delays was derived in the following way: ( i ) First
the usual expression for the delay zt t .x^h where x̂  symbolizes the orbital parameters, was
expanded into a Fourier series in terms of the mean longitude I = H + u (Deeter et a l . 1981,
Russell 1902), retaining all terms up to order e2 (see Appendix I ) . In closed form, z is
implicit In the time t ; by expanding, i t becomes explicit in this variable, ( i i ) We then
applied the method of variation 01 the orbital parameters: the residual delay function was
written 1n terms of the differential corrections 6x.j to the orbital parameters as
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( i i i ) The e -terms of z, which were neglected in the provisional correction to the individual
photon arrival times (see Section 2), were added to 6z to complete the f i t t ing function, (iv)
Finally, we dropped all terms in this f i t t ing function which could be estimated from the known
values and uncertainties of the assumed orbital parameters to have an amplitude of less than
0.5 s. Among the terms dropped were all those containing corrections to the orbital period,
which was thus kept fixed at its assumed value, 8.9643 d (Ögelman et a l . 1977). We also
checked that no terms of order higher than eZ or 6x^6Xj could reach an amplitude in excess of
0.5 s.

The f i t t ing function obtained by this approach is given by:

Az = A + B sin* + C cos* + D sin2* + Ecos2* + | e2a sini sinOt-Zw)

where a sini is the projected semi-major axis of the orbit. This function is linear in i ts
coefficients A to E, so that the f i t can be made by straightforward matrix inversion instead
of by scanning the parameter space for the lowest x value. The calculations are further
facilitated by the fact that the function is explicit in time.

The corrections to the orbital parameters are obtained as functions of the coefficients
B to E and the assumed orbital parameters. To f i rs t approximation, asini is determined by the
amplitude of the fundamental frequency sinusoidal; TQ, the time of x = 0, by i ts phase; e by
the amplitude of the f i rs t harmonic and u by i ts phase. The higher order terms carried in the
derivation of AZ provide corrections to these simple relations.

The corrected orbital parameters (a s in i , Tg, e and u) were used, 1n place of those
originally assumed, to derive new residual phase delays, and the procedure was iterated a few
times until the coefficients B-E were all less than 0.1 s, the approximate value of the
neglected terms in e . Tests on synthetic and on existing real data of Vela X-l verified the
correctness and rapid convergence of this procedure. The errors introduced by the
approximations of the method are an order of magnitude less than the statistical errors.

The results of the f i ts are given in Table 2. During the 1975 observation, the phase
coverage of the high time resolution data close to eclipse was not sufficient (due to
telemetry constraints) to accurately determine the amplitude of the fundamental frequency
component of the delay curve, i .e. , a sini . I t was decided 1n this case to adopt the value of
a sini = 113.0 s previously determined from the ratemeter data. The effect of fixing this
parameter on the best-fit values of the other parameters was found to be negligible. No such
problems occurred for the other observations. All results are in the range of values
determined with other experiments, and are consistent with the earlier determinations by
Ögelman et a l . (1977) and Molteni et a l . (1982), at somewhat improved accuracy.

He stress, that the definition of orbital epoch used here is different from that of these
authors. They used the center of eclipse as determined from Intensity measurements, while In
the present analysis the orbital epoch (TQ) is determined in a self-consistent way,
simultaneously with the other parameters directly from the delay curve.

4. Short-term intrinsic pulse-period variations

We tested the residuals of the final orbital f i t s for the presence of a linear or
parabolic trend, which would indicate a deviation from the mean value of the pulse period and
i ts derivative as determined prior to the orbital analysis.

No such deviations were found, confirming the validity of our approach to determine
pulsational and orbital parameters separately. As noted in Section 2, however, there is
evidence for variations of the pulse period on time scales of days: particularly in the 1975
observation, the time delays (corrected for orbital motion) show clear deviations from the
best f i t parabola (see Figure 2).

Typical values of these deviations are 5-10 s, corresponding to up to 6 times the
statistical uncertainty of Individual points. The fact that the deviations sometimes occur 1n
a systematic way Increases their significance. As they occur on a time scale of days, the

80



effect corresponds to changes of the period of the order of 10"2 s UP/P ~ 10"4).
This cannot be due to residual uncertainties in the orbital parameters, as the effect of

these is estimated to be less than 0.1 s (see Section 3 ) . Moreover, the residuals do not show
any correlation with orbital phase, as shown in Figure 2 (right-hand side frames). The
deviations are not connected to any major changes of the shape of the pulse profile.
Therefore, they have probably to be attributed tc intrinsic changes of the period of the
pulsation.

Using the data obtained irs 1975, we computed P and P for different parts of the
observation. The results are given in Table 3. The values of the short-term P are all larger
than the monthly averaged value of 1.4 10 (see Table 1 ) , and fluctuate from
(-0.5 to +8.0) 10"'.

Me note that these P values are actually lower limits, as we cannot from our data
determine whether the pulsation-period changes result from a gradual change taking place
during an interval of a few days (as assumed by f i t t ing a constant P), or by even more rapid
changes separated by intervals with an approximately constant pulsation period. The division
of the short-term P values quoted in Table 3 into very rapid spin-down and somewhat slower
spin-up episodes is determined to some extent by the way we split up the observation.

The highest spin-down value occurs during an interval of 2 days around JO 2442733.0.
This is clearly visible in Figure 2, as well as the other spin-down event around JD 2442741.0
during an interval of 3 days. In both cases, the rate of change of the period derived here is
an order of magnitude larger than previously detected in Vela X-l (Rappaport et a l . 1976,
Nagase et a l . 1982a). This is probably explained by the fact, that the previous measurements
were all based on Intervals comparable to the orbital period (8-10 d), which tends to smooth
out the shorter time scale variations discussed here. As a check, we took an interval of 9 d
centered around JD 2442734.0. The spin-down value in this interval is as low as
(3.5 ± 1.2) 10~8, similar to the values found by Nagase et a l . (1982a).

We also looked for a possible correlation of the period changes with the X-ray flux, by
plotting the mean period changes against the mean counting rate. No correlation was found in
any of the three observations. (See also Table 3, where both the rate of change of the period
and the mean counting rate are given.) In particular, we do not confirm the suggestion by
Makishima and Nagase (1980) of a coincidence of spin-down and X-ray flaring activity.

5. Pulse profiles

In the course of the pulsation-parameter analysis, pulse profiles averaged over 0.2 to
1 d intervals were produced by folding the HTR data modulo the pulsation period Into 56-bin
histograms. The time delays determined from a cross-correlation of each pulse with a template
curve (see Section 2) , were then used to align the Individual profiles. In each observation,
the aligned pulses were summed to derive a grand-average pulse profile. Figure 3 shows the
resulting 2-12 keV profiles. The profiles were normalized by subtracting the mean flux level;
the flux scale is arbitrary, but identical in each frame.

The pulse profiles in Figure 3 are similar to those observed in the same energy range by
McClintock et a l . (1976) and Nagase et a l . (1982b). A double peaked structure is clearly
visible. The major pulse (between phase 0.45 and 0.80) contains about 2/3 of the pulsed flux.
Stable structures of shorter time extension (from 15 to 50 s) are present in each of the three
observations, of which the most stable are the deep minimum near phase 0.4, and the depression
in the middle of the major pulse near phase 0.65.

No clear variations of the pulse shape from one observation to the other are present,
except possibly for the suppression of the f i rst part of the major pulse in 1975. We also
looked for changes of the pulse period across the orbital cycle, by summing up the individual
profiles within 4 orbital-phase intervals outside of eclipse. The mean pulse profiles in the
phase Interval * o r b = 0.7 - 0.9 were found to be somewhat smoothened out, but they s t i l l
clearly show the short time scale structures. This is different from the results of Nagase et
a l . (1982b), who, In the same orbital-phase interval, found e smooth pulse profile with only
two peaks, similar to the pulse shape seen at higher energies. Although during this orbital-
phase interval (0.7 - 0.9) the X-ray flux is on the average somewhat lower titan during the
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rest of the uneclipsed part of the orbital cycle, there is no str ict correlation of pulse
shape with X-ray intensity, since the Tow state observed in 1976 in the interval
•orb = 0 - 4 " ° ' 6 ' s e e F l '9u r e 1) does n o t cause any observable changes in pulse shape.

IV. Long-term Changes of the Orbital Parameters

1. Orbital epoch

The three Tg values listed in Table 2 bring the total number of published orbital epochs
measured from the pulse-delay curve to seven. To be able to use these data to investigate the
evolution of the orbital period, however, the epochs should all refer to the same event in the
orbital cycle.

As pointed out by Deeter et a l . (1981), the accuracy of epochs defined by the periastron
passage suffers greatly when the periastron angle cannot be measured accurately, as is the
case in Vela X- l . They also note that epochs in true longitude are influenced by the possible
presence of apsidal motion, and in addition can be determined less accurately by pulse timing
than epochs in mean longitude. They conclude that the best choice for the fiducial event is
the time when the mean longitude I = H + m reaches a certain fixed value. We wil l use the
point A = n/2 for this purpose, and refer to the corresponding time (close, but not identical
to mid-eclipse time) as T . j .

The results of the conversion to T ^ of the seven orbital epochs are listed in Table 4
(see Appendix I I for the conversion formulae used). The errors given in Table 4 are those
originally quoted in literature, reduced to the la-level. Because of the reasons stated above,
these errors are expected to overestimate the statistical uncertainties in the case of the
four T^-values which were converted from orbital epochs defined in terms of true longitude
or periastron passage.

On the other hand, systematic errors in T ^ due t 0 differences in phase coverage between
the seven observations cannot be excluded. From tests on our own data, we estimate these to be
less than the statistical errors, however. This also applies to possible systematic shifts of
T.̂ 2 due to the errors in the other f i t t ing parameters: we find that the best-fit value of
T%/2 1S on ly weakly dependent on the values of the pulse period and i ts derivative, on the
values of the other orbital parameters and on the precise shape of the pulse-profile master
template.

The shift of the T ^ values with respect to the constant period ephemeris given by
Ögelman et a l . (1977), T ^ - 8.9643-n - 2442728.43, is plotted in Figure 4 (upper frame).
Clearly, the best f i t parabola (drawn curve), corresponding to a <P/p)orb °^
(1.2 ± 0.4) 10 y is a closer representation of the data than the linear best f i t (dashed
line), representing a constant period of Porb = 8.964 22 ± 0.000 11 d. The reduced chi-squared
of the parabolic f i t has the very small value of xv

2 = 0.08 at v = 4, which is understandable
i f the accuracy of the converted Tn/2

 v a l u e s was indeed underestimated by our procedure (by a
factor of ~ 3).

We note that the parabolic effect found here is not an artifact of the very different
statistical uncertainties of the points which enter into the f i t . When we assign identical
error bars to all points, we again find a parabola to f i t considerably better to the data than
a line, and even obtain a more significant (though somewhat lower) value of the orbital period
derivative: (0.84 ± 0.15) 10"4 y"1.

Further discussion of this possible very rapid orbital-period slow-down is deferred to
section V.

2. Periastron angle

The comparison of the different values of o> observed in Vela X-l up to now is more
straightforward than that of the orbital epochs. The results of this comparison are listed in
Table 4 and plotted in Figure 4 (lower frame) as a function of time. There is no conclusive
detection of apsidal motion. The formal value of w, (2.1 + 1.6)° y , Is consistent with the
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upper limits quoted by Rappaport et a l . (1980) and Nagase et a l . (1982a).

3. Eclipse timings

In the absence of disturbing effects caused by absorption of X-rays in the atmosphere of
HO 77581 and variations of its tidal distortion, measurements of the times of eclipse
immersion and emersion would in principle yield Information on the combined effects of orbital
period changes and apsidal motion (see also Appendix I I ) . The effect of apsidal motion is
small in the case of Vela X-l. For observations with a duration much shorter than the apsidal
motion period P a p s , the spurious orbital period derivative P c o n j (in fact the derivative of
the period of the X-ray source superior conjunction) introduced by the apsidal motion is given
to f i r s t order in e by P c o n j = 4ne ' p o r t / p a p s ^ c o s «- F o r v ? 1 a x-l» a t a r a t e o f epsidal
advance of < 3.8° y"1 (Rappaport et a l . 1980), this comes to l(P/P)c o n j-l < 3 10"6 y"1 (P < 0 ) ,
two orders of magnitude below the observed intrinsic period derivative.

Table 5 l ists the mid-eclipse timings available in l iterature. In some cases the quoted
value was estimated from published intensity plots; this was done according to the method
outlined by Watson and Griffiths (1977). A few closely spaced eclipse measurements made with
the same experiments were combined into one value by shifting them by an integer number of
8.9643 d periods.

The eclipse transitions of Vela X-l are known to show considerable phase j i t t e r , even
from one eclipse to the next. This effect sets an upper limit to the accuracy of the period as
determined from eclipse timing. From the l i s t of eclipse transitions published by Watson and
Griffiths (1977), the effect of the j i t t e r on mid-eclipse determinations is estimated to have
an amplitude of 0.1 d (sd). We have attempted to take this into account by quadratically
adding 0.1 d to the errors quoted by the different authors for the mid-eclipse times.

A linear f i t to the data gives a period quite consistent with, but four times less
accurate than, the value determined from the pulsation measurements. The best-fit value of the
epoch of mid-eclipse is T e c l 0 = OD 2442728.40 ± 0.04. The results obtained are very close to
those quoted by Nagase et al'. (1982b), who, however, mix in some epochs determined from pulse
timing with the mid-eclipse times.

The epoch of mid-eclipse occurs ~ 0.1 d earlier than theoretically expected (see Appendix
I I ) , which could be the result of greater absorption of X-rays at eclipse immersion than at
emersion. This idea is supported by the fact that eclipse immersion is more gradual than
emersion (Watson and Griffiths 1977). The general depletion of the 2-12 keV flux in the second
half of the binary light curve is perhaps related to this.

Inclusion of a quadratic term in the f i t t i n g function does not improve the f i t to the
eclipse-center data, nor does i t change the value of T e c i 0 . The formal value for the period
derivative is (0.15 ± 0.33) 10"4 y" 1 , consistent with zero and different (by Zα) from the
value of (1.2 ± 0.4) 10"* y" 1 inferred from the time dependence of T ^ . I t can be concluded,
therefore, that from eclipse measurements there is no evidence for a persistent non-zero P o r b

during the interval from December, 1971 to March, 1980.

Restricting the f i t to the interval from July, 1975 to March, 1980 for which reliable
orbital pulse-delay curves are available, the T e c 1 period derivative is (0.5 t 1.4) 10"4 y" 1 ,
consistent with both the T ^ value and with zero.

Summarizing, eclipse measurements do not mark orbital phase accurately enough to confirm
or reject the orbital period change detectable by pulsation measurements over a five-year
interval. They disconfirm the persistence of this P o r b during the full eight-year Interval In
which eclipses have been observed in Vela X-l.

We stress, that these conclusions are subject to the condition, that no systematic
changes occurred in the atmospheric effects which Influenced the epoch of mid-eclipse.
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V. Discussion

1. Orbital period change

The orbital-period change inferred from the pulse-timing data (Table 4) is a 3o-effect,
and the reduced xZ-va1ue of the linear f i t to these data, 2.0, implies that a constant period
can not str ict ly be excluded. Assuming the period change to be real, i t is interesting to
consider the possible causes of such a period change.

A secular increase of the orbital period is expected in systems losing mass by means of a
stellar wind. The eclipse data show, however, that the (P/P)prb derived from the pulse-timing
data is probably not a secular effect. Its value, ~ 10"* y"* is astoundingly high. The only
time a similar (P/P)ort, (~ + 5 10~4 y~*) was observed in an X-ray binary, was during August-
October 1972 in Cen X-3 (Fabbiano and Schreier 1977), This was only a three-month fluctuation,
however, in a general speed-up of the orbital motion. From the expression of orbital angular
momentum we have, with Keplers third law:

( P / P ) o r b - "3( H^ + ! £ » + M + ^ J f + 3 0
where M̂  and Mg are the masses of the mass-losing and gaining star, respectively, H = Ĥ  + Mg
is the total mass of the system, and J is the orbital angular momentum. The mass-loss rate in
the stellar wind of HD 77581 has been reliably estimated from UV studies as ~ 10"6 Mo y"1

(Dupree et a l . 1980). The accretion rate, H2 ~ Lx/0.1 c2 is ~ 10"10 Hg y"1, negligible for the
present purpose. Assuming that the wind carries off a specific orbital angular momentum equal
to that of the primary, and that the orbital eccentricity is constant, we find for H1 = 21 Hs,
M2 = 1.7 Ho (van Paradijs et a l . 1977), that (P/P)orb ~ 10"7 y"1. So, the wind mass loss is
three orders of magnitude below the level required to explain the observed orbital-period
increase.

a) Tidal interaction
Without invoking extra mass fluxes in the system, we would have to explain the observed

orbital-period change by an increase of the orbital energy at a rate of Ê/E ~ -a/a ~
-2/3 (P/P)orb ~ - ° - 8 10~4 y"1. implying È ~ 3 1036 erg s"1. This could be done without
changing the orbital angular momentum i f the orbit would at the same time decircularize at a
rate e ~ 3 10 y" . At constant eccentricity, the expansion of the orbit would imply
J/J ~ 1/2 'a/a ~ 1/3 (P>)o r b ~ 0.4 10"4 y ' 1 , or j ~ 3 1041 g cm2 s"2.

I t would be conceivable that tidal interaction with a primary star rotating faster than
synchronously with the orbit could supply the required energy and, i f necessary, angular
momentum to the orbit; already for synchronous rotation, the energy and angular momentum of
the rotation of the primary each are only ~ 4 times less than the orbital values. I f the
rotation of the primary were the energy source for the orbital expansion, this would imply
time scales of ~ 10 y for rotational slow-down.

Time scales of tidal interaction are cri t ical ly dependent on the internal structure of
the star (Zahn, 1977). For an evolved star like HO 77581, Zahn's tidal coefficient E^ becomes
very small, and time scales much longer than 10 y are expected. This result depends
cr i t ica l ly , however, on the viscosity of the outer layers of the star.

On evolutionary grounds, Sutantyo (1974) assumes that tidal circularization has been
operating in Vela X-l for about 5 10° y, and concludes from the f ini te eccentricity that the
tidal-circularization time scale is of this order or larger. Applying the same kind of
reasoning to tidal synchronization, i t is clear that tidal interaction operating on an
evolutionary time scale at an approximately constant level can never explain the observed
orbital period slow-down: Either the synchronization time scale is short, and the system
should be synchronized by now, or i t is long, with the result that i t does not sufficiently
affect the orbital period for the effect to be observable.

The results obtained by Savonije and Papaloizou (1982) by numerical calculations of the
effects of dynamical tides, suggest that episodes of enhanced tidal interaction can occur when
the orbital frequency becomes equal to a resonant frequency of the star. The calculations of
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these authors are for main-sequence stars, i .e., their results do not apply directly to
Vela X-l. Possibly this mechanism could provide a way to temporarily produce tidal interaction
with a sufficiently short characteristic time scale to explain the observed Po r]j- Because the
long-term average of the tidal-interaction time scale would be, in this picture, much longer
than the current value, the system could have maintained, during the course of its evolution,
a f inite eccentricity and faster-than-synchronous rotation.

However, HD 77581 is a supergiant, which must have expanded by a factor of ~ 5 since i t
l e f t the main sequence. Any rotation the star had originally must have slowed down
considerably by this process. This makes somewhat improbable the super-synchronous rotation
required to enable the star to feed energy into the orbit. Indeed, there is spectroscopie
evidence that the rotation of HO 77581 is slower, rather than faster than synchronous (Conti
1978; Zuiderwijk 1982, private communication).

So, i t is very unlikely that the observed orbital expansion could be explained by tidal
interaction. The only way out would be to assume differential rotation in the star, the
atmosphere rotating much slower than the region below i t .

b) Rapid mass loss
Alternatively, the observed orbital-period Increase could be interpreted as an indication

of an episode of rapid mass loss from the system. To have a positive effect on the orbital-
period derivative, this mass should not carry away too much orbi'al angular momentum. For
example, assume that the matter has a specific angular momentum squal to j = (I-α) j j + a j 2 ,
0 < a < 1, where j j and j 2 are the specific orbital angular momenta of the mass-losing and
gaining star, respectively (compare van den Heuvel and de Loore, 1973). We then find that i f
this mass loss is to cause an increase of P o r b , this implies that o < (2/3) H1H2/(H1

2-H2

2), in
our case a < 0.05. This means that the matter lost by the primary should quickly travel
through the system, without acquiring too much transverse velocity from the compact star.

Except with a constant P o r b during five years, the orbital epoch data presented in
Section IV are also consistent with a rapid increase of the period by (AP/P)o r D =
(2.4 ± 0.8) 10~4, which occurred between JD 2443000 and JD 2443800. (Note that the sign
reversal of the long-term pulse period derivative as discovered by the Hakucho team (Nagase et
a l . 1981) must have taken place during the same time.)

The observed effect could therefore be the result of either a relatively gradual mass-
loss process operating during the interval 1975-1980, or of 'instantaneous' matter ejection
somewhere halfway this interval. In both cases, a few times 10"3 Mo of gas must have been lost
from the system.

As spherically symmetric outflow, either gradual, like in a stellar wind, or more
abruptly, by ejection of a massive (~ 10 M0) shell, would contradict the optical and UV
data, this gas must have been ejected in an asymmetric way.

As mentioned above, HD 77581 is in the evolutionary stage of shell hydrogen burning. I t
must be expanding on a time scale of only a few 10 y. Perhaps the star is losing mass on this
time scale by, possibly episodic, overspilHng of its critical lobe. I f the stellar rotation
is non-synchronous, i t 1s possible that most of the matter leaves the system directly, without
ever coming very near to the neutron star (e.g., Petterson, 1978). The asymmetry of the binary
X-ray light curve (see Section I I I . I ) could be caused by this.

Alternatively, one may speculate that the mass loss occurs by ejection by the primary of
high-velocity clouds of matter. When such a cloud hits the neutron star, an X-ray flare would
ensue; when i t passes through the line of slight to the X-ray source, this would be seen as an
absorption dip.

Assume, that the clouds move at a velocity vc and that the source is in a flaring state
(identified with the passage of the neutron star through a cloud) during a fraction f of the
time. I t is easily found, that then, 1n order to lose 103 times more mass in the clouds than
via a normal stellar wind, the density of the gas within the clouds should be P C / P W =
103 f" 1 (v w /v c ), where pw and vw are the density and velocity of the wind at the neutron star
orbit. This result is independent of the number and size of the clouds, but assumes them to
move much faster than the neutron star 1n Us orbit. Assuming that the accretion efficiency
from the clouds Is proportional to pc vc"3, like In the case of accretion from a stellar wind,
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we derive vc/vw = (103/fJi)1/r4, where t Is the factor by which Lx increases during a f lare.
For f = 0.05 (corresponding to, on the average, 10 hours of flaring per binary cycle) and

* = 10, we have vc/vw = 6.7 and PC /PW = 3 103.
The duration of a flare is typically between several minutes and a few hours (Charles et

a l . 1978, Kaliman and White 1982). At vw ~ 860 km s"1 (Dupree et a l . 1980), this Implies cloud
sizes which for the longest flares are of the order of the binary separation. This problem
could be removed by assuming that the interaction time between the neutron star and the cloud
is much shorter than the typical flare duration (which could be connected to, e .g. , temporary
storage of matter in a disk with subsequent disk decay). I f we require the same mass-loss rate
in the form of clouds, however, this implies an even higher cloud density than 3 10 pw- In
this picture, the cloud would be well removed from the neutron star during most of the f lare,
which would be in accordance with the observational evidence that the column density does not
change appreciably when a flare occurs (Charles et a l . 1978, Kallman and White 1982).

Interception of the X-rays by a high-velocity cloud passing through the line of sight
would cause absorption dips with a duration of only a few minutes, such as observed by Kallman
and White (1982), and could not explain the more extended absorption events observed by Becker
et a l . (1978).

Which physical mechanism could produce these clouds is unclear. In any case, the energy
requirements would be very large: about 10 erg s"1 , ~ 5 times the optical luminosity of the
star.

Inhomogenities in the stellar wind, connected to the observed X-ray dips and flares, do
almost certainly occur, but i t is not clear whether they could carry away 10 He y .

c) Third body
A periodic effect on the orbital period could be expected from the influence of a

hypothetical third body in the system.
The approach of periastron by a third body in an eccentric orbit around a close binary

will cause an expansion of its orbit due to tidal effects by aa/a = (Hj/M) (a/a^)3 (l-e3)*
3

(Fabbiano and Schreier 1977), where M = M j ^ as before, and where the index 3 refers to the
relative motion of the third body. It is clear from Figure 4, that to explain the orbital
period change by a periodic effect, the associated period should be > 2500 d. Assuming
P3 = 2500 d, it is found that in order to explain the observed AP/P it is sufficient that
63 > 1-0.43 (l+M/Mj)"*' . For a wide range on Mj-values, 83 ~ 10 1 4 cm and even for M3 as low
as 1 Ms (63 ~ 0.85, 83 ~ 1.5 10** cm), the required point of closest approach (33(1-63)) lies
well away from the close binary orbit, which has a semi-major axis of 3.4 10* cm. The
duration of the phase of closest approach, defined as the time when -n/2 < true anomaly < n/2
however, is relatively short: - 300 d for M3 = M, and only ~ 100 d for M3 = 1 Ha, which is
difficult to reconcile with the long time scale of the observed orbital-period change.

Another effect of a third body would be the apparent change of PQrb due to the Doppler
effect caused by the motion of the close binary in the triple system. For P3 = 2500 d, we have
vmax/c = 5.2 10"

5 (M 3/M s)
1 / 3 (1+M/M3)-

Z/3 (l-e 3
2)' 1 / 2, where v m a x is the maximum velocity of

the close binary. As an example, for e 3 = 0.5 and M3 = 27 M0, the full amplitude of the
Doppler shift would become approximately equal to the observed AP/P of 2.4 10 .

The Ooppler shift due to the third body would not only affect the binary period, but the
pulsation period as well. It would be difficult to detect this effect, however, because the
observed, probably intrinsic, variation of the pulsation period Is much larger:
(AP/P)pU1se ~ 8 10"4 in 103 days (Magase et al. 1982a). To explain this observed fiPpuise by
third Body effects would require even more extreme assumptions.

In conclusion, if the orbital period increase deduced from the data is real, it is
probably not part of a trend which extends over an evolutionary time scale. Its cause could be
the, presumably asymmetric, ejection of several times 10"3 Ma of matter from the system during
the interval 1975-1980, or the presence of a massive (> 25 M0) third body 1n the system. In
the latter case one would expect to see long-periodic variations of the orbital period.
However, it would be expected that a star of this mass would easily be observable in V\e UV or
optical part of the spectrum. As It is not observed, we consider this possibility unlixely. As
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also the ejection of a large amount of mass as required by the first-mentioned possibility
(Section b) seems hardly possible without contradicting the observations, we are essentially
le f t without an explanation for the change In orbital period.

2. Intrinsic pulse period changes

The rate of change of the pulsation period in Vela X-l seems to depend strongly on the
considered time scales. The observed values of P/P range from (+3 to -1.5) 10~4 y"1 on a time
scale of years (Nagase et a l . 1982a), to P/P = (+9 to -1) 10'2 y ' 1 on a time scale of days
(this paper).

While for rapid (< 10 s) X-ray pulsars the observed spin-up rates are commonly in the
range 10"3 to 10"^ y~* (e.g., Rappaport and Joss 1982), spin-up rates of up to 2 10~2 y"1 have
been observed in several long-period (> 100 s) pulsars (Doty et a l . 1981, Kelley et a l . 1980).
This could be a consequence of the lower total angular momentum of these neutron stars, which
have a long rotation period. Rapid spin-down episodes were also observed in the long-period
sources, with values of up to 2 10~3 y"1 in a one year interval for GX 301+2 (Kelley et a l .
1980), and 4 10"3 y ' 1 in 10 day interval for Vela X-l (Nagase et a l . 1982a).

The maximum observed values of the short-term spin-up and spin-down rates presented here
(Table 3) are at least one order of magnitude higher. They indicate that strong accelerating
and braking torques must be acting on the neutron star. Me will now discuss in what way these
torques could arise.

a) Wind accretion
First, we consider the torque transmitted to the neutron star by matter accreted from a

stellar wind. The spin-period change resulting from this process is estimated to be:
IP/PI = 1/2 oc(Qorb/ax)(M/l)ra

2, where the dimesionless factor o is discussed below, o o r b and
Q x are the angular velocity corresponding to the orbital motion and the neutron-star rotation,
respectively, M is the accretion rate, I the moment of inertia of the neutron star, and ra the
accretion radius. An estimate of ra is given by ra = 2GH/v

2
re1, where H 1s the mass of the

neutron star and vre-\ 1s the velocity of the wind relative to the neutron star (Shapiro and
Lightman 1976).

The value and sign of the faccor a in the expression for P/P will depend on the assumed
wind characteristics: a is usually assumed to be equal to 1 in the case of a spherically
symmetric non-rotating wind with a constant velocity near the compact star (Shapiro and
Lightman 1976), but it could be as low as zerc according to the analytical particle treatment
of Davies and Pringle (1980). On the other hand, if the radial and azimuthal gradients in the
density and velocity of the wind are considered which can be expected as a consequence of,
e.g., primary rotation and radial acceleration of the wind, a could vary between — 5 and +5
(see Wang 1981). For Vela X-l, the magnitudes of these changes are computed to be of the order
(for a = ±5): IP/PI = 2.8 10"5 y"1 M 1 6 I^"

1 (ra/10
10 cm) 2, where M and I are expressed in

units of 1016 g s ani \0 g cm , respectively. The luminosity during our observations is
probably ~ 0.5 10 3 6 erg s'1 (see Section III.l). To take into account the possible effects of
absorption, we will here assume the maximum steady X-ray luminosity of 1.4 10 er

ssi effe
s quoted

for Vela X-l by Bradt et al. (1978). For this Lx, M (estimated as ~ Lx/O.lc
2) is about

ra ~ 3.3 1O1U cm, so that for the standard value I45 = 1 the maximum
1s only ~ 4.5 10 y , two orders of magnitude below that observed.

1.5 10*° g s . Assuming that the wind velocity near the neutron star is 860 km s"* (Dupree et
a l . 1980), we find ra -• * * i n * °
(a = ± 5) value of IP/PI

I f we would require the specific angular momentum of the matter which 1s accreted from
the wind to be sufficiently high to match the maximum observed spin-down rate, the accretion
radius would need to be very large: ra ~ 4.7 10** cm. This would imply a capture fraction
(ra/2a)2 of matter from the wind of ~ 0.5%, which is much too high to be consistent with the
X-ray Intensity and the mass-loss rate In the wind. In addition to this, to allow the
accretion radius to become this larf the relative wind velocity should be ~ 240 km s~*.
lower than the orbital velocity, and ch below the observed wind velocities (Dupree et a l .
1980).

In conclusion, angular momentum transferred by matter accreted from a stellar wind which
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has only small gradients In velocity and density, cannot explain the observed P values.

b) Disk accretion
We now assume that the matter 1n some way acquires a s u f f i c i e n t specific angular momentum

to form an accretion disk. The maximum accreted torque can be derived In Miis case as N = MQ,
where Q = (GMrp,)1''2 1s the specific angular momentum of matter 1n a Kepler orb i t at the inner
edge of the disk, assumed to be located at the roagnetospheric radius rm. Such a torque would
result in the case of Vela X-l 1n a rate of change of the spin period of IP/Pi =
± 1.6 10"3 y ' 1 I ^ " 1 M1 6 ( r m /10 8 c m } 1 / 2 , where the sign depends on whether the disk Is
prograde or retrograde.

I f we assume standard values for the neutron star magnetic moment: μ3Q (= μ in units of
10 Gauss cm ) = 1, which for a neutron star with a radius of 10 cm corresponds to a surface
magnetic f i e l d strength of B1 2 (= B in units of 1O1Z G) = 1, and adopt the expression:
rm = 6.2 108 μ30 M 1 6 " 2 / 7 < M / H

s r 1 / 7 (see van der Klis et a l . 1980), we f ind for H 1 6 = 1.5 that
rm ~ 5.5 10° cm. The maximum sp1n-up or spin-down rate derived from th is is |P/P| ~
5.6 10"3 y , s t i l l a factor of 16 below the maximum observed rates. To explain these, the
tangential velocity of the matter entering the magnetosphere would have to be 8 10 cm s ,
well above the escape velocity. Furthermore, the rapid alternation which we observe between
spin-up and spin-down would mean that the disk is Inverting i t s sense of rotation several
times during the Interval of a few days.

I t might be argued that the i n t r i n s i c X-ray luminosity, and thus the accretion rate, were
underestimated 1n th is discussion, because of absorption ef fects. However, column densities
and X-ray 'bolometric corrections' derived from X-ray spectra of Vela X-l (Kallman and White
1982, Dol an et a l . 1981, Becker et a l . 1978) show that absorption could not consistently
affect the 2-12 keV luminosity s u f f i c i e n t l y to explain the discrepancy between Lx and P
discussed here. In f a c t , the factor of about three by which we raised our observed Lx at the
outset of this discussion to take these effects into account is already a generous estimate.
In addition to t h i s , no trace 1s observed during the spin-down episodes of the X-ray f lares
which would, even in the presence of some absorption, be the consequence of the high accretion
rates needed to transfer the angular momentum (Nagase et a l . 1982a; th is paper, Sect. I I I . 4 ) .

We therefore conclude, that i t is unl ikely that the observed rapid spin-down episodes are
caused by angular-momentum transfer by the accreting matter. I f the torque is related at a l l
to matter moving in the surroundings of the neutron star, other mechanisms, which do not
involve accretion, have to be invoked.

c) Propeller ef fect

One possibility could be the 'propeller effect' (Illarionov and Sunyaev 1975, Davidson
and Ostriker 1973), which starts to act when the magnetospheric radius becomes larger than the
corotation radius. If we require the magnetosphere to accelerate the matter, originally moving
in Kepler orbits, to the escape velocity, we find that for Vela X-l r

ra
 ~ 9 10 cm. Assuming

the matter 1s spun away in the form of free particles, the approximation which provides the
most efficient braking (Davies et al. 1979), we find that μ

3 0
 should be as lar • as 3.5 10

2

and that ~ 10 g s should be expelled to produce the observed spin-down ep'r,oaes.

d) High-velocity clouds
If, on the other hand, the magnetic moment is assumed to have a 'normal' value C μ ^ = 1),

then, In order to be able to escape from the neutron star the matter must, after having
interacted with the magnetosphere, move at a characteristic velocity which is much higher than
the corotation velocity at r

m
. This would be possible if the matter already has a large

velocity when It approaches the neutron star. If we take the picture (see Section lb) of dense
clouds of matter which are ejected by the primary with high velocity, we find that an
encounter of the magnetosphere with a cloud with a mass of ~ 1 0 " g which changes the velocity
of the cloud by ~ 10* km s"

1
 ('windmill effect

1
), could explain the magnitude of the observed

pulsation period changes (AP/P ~ 10"*). The same caveats as mentioned in Section lb apply,
however: the density of the clouds would be relatively high, and a large amount of energy
would be needed to accelerate them.
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e) Neutron star interior
In a very different approach Lamb et a l . (1978), proposed to explain pulsation-period

changes in X-ray pulsars by the accumulated effect of random torque fluctuations fi ltered by
the response of the interior of the neutron star. In particular, adopting a two-component
model of the neutron star, these authors are ables for a certain choice of parameters
describing the accretion torques and the neutron star response, to reproduce the 1972 spin-
down episode fn Cen X-3 which involved a relative period change of AP/P ~ 5 10"4 in 20 d. The
maximum change of the pulse period in the present observations is of the same order, although
i t takes place in a much shorter Interval of time. In the absence of sufficiently quantitative
knowledge of the crust-core coupling times and of other parameters describing the torque
fluctuations (Lamb et a l . 1978), we can not, at this point, either confirm or exclude the
possibility that torques originating 1n the interior of the neutron star cause the observed
spin-down episodes.

VI. Conclusion

Further determinations of the binary orbit of Vela X-l by pulse timing analysis will show
whether the trend towards a longer orbital period which can be deduced from the pulse delay
data up to now, continues. For the evaluation of the significance of such a trend i t will be
advantageous to use orbital epochs defined in such a way, that they do not depend strongly on
the periastron angle. Changes of the orbital period occurring at a rate of ~ 10"* y"1 are
diff icult to explain; i f they would be confirms'*, rather drastic conclusions about the system
seem unavoidable.

The very rapid pulsation period changes we observe, up to 10 y , are inconsistent with I
the standard assumptions of the stellar-wind accretion model. I f the angular momentum required
for these changes is transferred to the neutron star by external matter, considerable
inhomogeneities in the density and/or velocity of this matter must be present. Perhaps these
Inhomogeneities could strongly increase the mass-loss rate of the system as a v«tiole over that
observed in the stellar wind of HD 77581, and thus be responsible for change;, in the orbital
period as well.

The torques responsible for the rapid pulse-period changes are evidently variable on time
scales of a few days or less. Possibly, the changes of the pulsation period occurring on
longer time scales are determined by other, less rapidly variable torquelng processes. I t 1s
conceivable, however, that the long-term P changes are nothing but the effect of the way that
the short time-scale torque fluctuations average out.
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Appendix I. The expansion of z in powers of e

While the first-order terms of the expansion of z in powers of e are easily found in
literature (Fabbiano and Schreier 1977, Deeter et al. 1981), this Is not the case for the
higher order terms. In the expansion below, terms up to the second order were computed
directly from the expression z = r s1n1 sin(v+w), where v Is the true anomaly. Third order
terms were converted from Russell (1902), who gives an expansion of the radial velocity in
terms of the mean anomaly.
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z/(a s i n i ) = z0 + zxe + Zj e 2 + . . . . where

Zg = sin i
zx = (1/2) sin (24 - u) - (3/2) sin u
z2 = -(1/2) sin X - (1/8) sin U - Zα) + (3/8) sin (3* - 2«)
z3 = -(3/8) s1n (2* - u) - (1/24) sin (2* - 3«) + (1/3) sin (4* - 3U),

where z = line-of-sight displacement with respect to the center of mass of the binary
a sini = projected semi-major axis

e = eccentricity
u> = periastron angle
x = mean longitude = M + u
M = mean anomaly = 2Ti(t-T ( i J)/Po r b, and

T^ = time of periastron passage.

Appendix I I . Orbital epochs

Of the several different orbital epochs used in l iterature, those which refer to a fixed
value of the mean longitude I are the most useful to measure the (sidereal) orbital period
(Deeter et a l . 1981). Examples are To and T ^ 2 , the times when i = 0 and * = */2,
respectively, which are simply related by

T,/2 = T 0 + ? P o r b ( 1 '

The periastron passage time Tu, the time when M = v = o and i = u> could be used, in principle,
to measure the (anomalistic) orbital period, but is in practice d i f f icul t to observe when e is
small; i t is related to T ^ 2

 by

The time of superior conjunction of the X-ray source T c o n j is an epoch defined in true
anomaly: v c o n j = (it/2)-u, and thus is in the presence of apsidal motion subject to a
sinusoidal variation with a period equal to the apsidal motion period and an amplitude ePorb/it
(Batten 1973). To f i r s t order in e:

For Vela X-l (e ~ 0.1, u ~ 160°) T c o n j wi l l lag T ^ by ~ 0.3 d.
I t is pointed out that due to variations in transverse orbital velocity during eclipse,

even in the absence of atmospheric and distortion effects, Tc o r l j is not identical to the mid-
eclipse time as defined by the average of eclipse Immersion and emersion times. From the
results given by Kopal (1959) i t is derived that for a spherical primary with a radius R, to
f i r s t order in e the mid-eclipse time T ^ would be

p

Where 1 1s the inclination and p = (1 - (R/a)2 (1 - e 2 r V / 2 .
Assuming 1 = 90°, and adopting R/a = 0.6 (Rappaport et a l . 1980) we have B = 0.8 and find

that T c o n j precedes Tm1d 1n Vela X-l by 20 min. (1.4 10'2 d). In practice, naturally, in
Vela X-l this shift is dominated by other effects (see Avni 1976 for a discussion of the
effects of tidal distortion).
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Table 1. Average

Observation

1975

1976

1979

pulsation parameters

(JD-2440000)

2728.430

2997.121

4171.448

P

282.9196

282.8185

282.7791

(S)

+

t

t

0.0008

0.0008

0.0002

P (10

14.9 +

-0.4 ±

9.1 ±

-9

1

0

0

.1

.4

.3

lcr single-parameter errors are quoted.

Table 2. Orbital parameters

Observation 1975 1976 1979

asini (s) 113.0 ± 4.0* 112.1 ± 2.4 113.5 t 0.2

T0

S (JD - 2440000) 2726.013 ± 0.017 2994.878 ± 0.013 4169.224 ± 0.013

e 0.137 ± 0.022 0.077 ± 0.024 0.092 ± 0.021

ui') 147 ± 13 132 ± 17 161 + 13

P o r b = 8.9643 d* (fixed)

Iα uncertainties were determined according to the method of Lampton et al. (1977).

* Ögeiman et a l . (1977)
$ The orbi ta l epoch To refers to the time when z=0.

Table 3. Short-term pulsation period changes (1975 observation)

Interval I^ P (s) P ( W 7 ) Mean Flux
(JD - 2440000) (JD - 2440000) (c/s)

2724.87 - 2731.31 2728.090 282.9112 ± .0012 - 0.6 ± 0.2 95
2731.62 - 2733.97 2733.795 282.9127 ± .0009 + 8.1 ± 1.4 96
2733.97 - 2739.65 2736.810 282.9181 + .0010 - 1.2 ± 0.4 112
2739.67 - 2743.48 2741.575 282.9394 ± .0039 + 3.5 ± 0.7 115

Iβ single-parameter errors are quoted.
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Table 4. Orbital parameter changes

Reference Orbital epoch Cycle T ,
2
 (JD-2440000)

quoted by number
authors *

Charles et
a l . 1978

Rappaport et
a l . 1976

This paper

Rappaport et
a l . 1980

This paper

'conj

To

- 31 2450.4 ± 1.6 125 ± 52

- 13 2611.73 ± 0.05 146 t 9

0 2728.254 ± 0.017 147 ± 13

30 2997.119 ± 0.013 132 ± 17

122 3821.84 i 0.13 158 ± 5

161 4171.465 + 0.013 161 ± 13

Nagase et
a l . 1981

176 4305. 94 t 0 .070 155.3 ± 2 . 5

Errors quoted are those given by the authors reduced to the Iα level.

*
irk See App. I I for definition of the symbols

Rappaport 1982 (private communication)

Linear f i t to T .^ values

Tn/2 0 = 2 7 2 8 - 2 2 0 ± °-011

P b ' = 8.96422 ± 0.00011

x} = 2.0 at v = 5

Linear f i t to o> values

u>0 = 147 ± 6

w = ( 2 . 1 ± 1 .6 ) ° y

XV

Z = 0 . 5 a t v = 5

-1

Parabolic f i t to T ,? values

Tu/2 0 = 2728.250 ± 0.015
P orb,0 = 8.96196 ± 0.00075

( P / P ) o r b = (1 .2 + 0.4) 1 0 " 4 y " 1

Xv

2 = 0.08 a t v = 4

Iα single parameter errors

are quoted for the f i t s .

The suffix 0 in T^g 0 , Por() 0 and

ufl refers to the best f i t value of

this parameter at cycle number 0.
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Table S. Mid-eclipse times

Reference

Ulmer et
al. 197Z

Forman et
al. 1973

Watson and
Griffiths 1977

Charles et
al. 1978

Watson and
Griffiths 1977

Ögelman et
al. 1977

Watson and
Griffiths 1977

Mol teni et al.
1982

Dupree et al.
1980

Dol an et al.
1981

Nagase et
al. 1982b

Cycle nu

- 158

- 143

- 40

- 31

- 11

0

13

29

100

102

177

Tecl fJO-2440000)

1312.20 ± 0.22

1446.54 + 0.12

2369.78 ± 0.39

2450.47 + 0.10

2629.74 ± 0.14

2728.43 ±0.10

2844.91 ± 0.20

2988.37 ± 0.10

3624.76 ± 0.17

3642.65 + 0.19

4315.07 ± 0.11

Remarks

own estimate

3 eclipses combined

2 eclipses combined

own estimate

own estimate;
2 eclipses combined

•j 9 1 /!?

Errors were computed according to ((error quoted by author) + (0.1 d) ) ' (see text).
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VELA X-1 C^IÜ 0900-40)

0.0 O.Z 0.4 0.6 0.8 1 .0 1.2 1.4

PHflSE

Figure 1. The intensity of Vela X-1 during each of the three observations, folded modulo
8.9643 d. The bin width is 0.01 in phase; in a few cases, when Insufficient phase coverage was
available, it was extended to ~ 0.04. Intrinsic source variability dominates the dispersion of
the points collected In one bin (~ 3.5 c/s, standard deviation); the typical error per bin
from counting statistics is ~ 0.5 c/s [Iα). Some of the structure of the 1979 light curve only
may be due to residual background contamination.
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-3 . 0. 3. 10. 13. 20. 25. X ,

10. 15.
TIME lJD-ZVl29e2.51

0.0 0.3
tCHK WHSÏTWE

Figure 2. Variations of the barycentric pulse arrival times in the three COS-B observations
( le f t hand frames). Iα error bars were computed according to the method of Lawpton et a l .
(1977). Linear trend and the effect of the binary orbit were subtracted: a zero time delay is
expected for a constant pulsation period. A clear parabolic ter» Is present in 1975 and 1979.
Note the significant deviations from the parabolic trend 1n the 1975 observation around
OD 2442733.0 and JD 2442741.0. Also shown [right-hand frames) are the residuals with respect
to the f i t ted parabolas, plotted against orbital phase.



PULSE PROFILE

VELA X - l (4U 0900-40) COS-B X-RAYS

2.0

0.0 2 .0

Figure 3. Mean pulse profiles. 2-12 keV pulse profiles were obtained 1n each observation by
summing phase-aligned Individual pulses. The profiles Mere normalized by subtracting the mean
values In each case and are repeated once for clari ty. Vertical scale Is arbitrary, but
Identical In each frame. Bin width 1s ~ 5 s, statistical error per bin 1s ~ 0.8 units.
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Figure A. The evolution of orbital epoch (see text for definition) and perfastron angle as
determined from pulsation measurements. Error bars are Iα. In the case of the orbital epochs,
errors are probably overestimated In several cases (see text). Drawn curve Is best f i t
parabola, dashed curves are best linear f i t s . A significant variation of the orbital period Is
deduced from the data presented in the upper frame.
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CHAPTER 5

ULTRAVIOLET AND OPTICAL OBSERVATIONS

5.1 ULTRAVIOLET OBSERVATIONS OF LMC X-4 AND SMC X-l
5.2 A STUDY OF ULTRAVIOLET SPECTROSCOPIC AND LIGHT

VARIATIONS IN THE X-RAY BINARIES LMC X-4 AND
SMC X-l

5.3 PHOTOMETRIC AND SPECTROSCOPIC OBSERVATIONS OF
AN OPTICAL CANDIDATE FOR THE X-RAY SOURCE
H0544-665
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SUMMARY

Low-resolution IDE spectra of the massive X-ray binaries
LMC X-4 and SMC X-l have been obtained a t both short and
long wavelengths. The continue are cons i s t en t with e x -
pected ear ly- type model atmosphere f luxes, show sna i l
amounts of reddening and e x h i b i t the c h a r a c t e r i s t i c
double-vave l i g h t curves seen a t v i s i b l e wavelengths.

KEY WORDS

X-ray Sources - Close Binaries - Ultraviolet Spectra.

INTRODUCTION

Amongst the binary :'-ray sources, the first to have
been discovered in -„ternal galaxies, LHC X-4 and
SMC X-l, are of particular interest due to their large
X-ray-to-optical luminosity ratios (for massive bina-
ries) and to their peculiar double-wave optical light
curves (Chevalier and llovaisky, 1977 ; van Paradijs,
1977 ; van Paradijs and Zuiderwijk, 1978 ; see also
llovaisky, 1980). We have made IUE low-resolution spec-
troscopie observations of these two sources in an effort
to understand the effects of the X-ray source on its
surroundings. Most of the data reported here were taken
in August 1979 but we have included spectra taken in
1978 Hay and July. Further observations obtained in
April 1980 are being analyzed and will be presented in
a second paper. Here we report on the first results of
our study.

OBSERVATIONS

Ultraviolet spectra of LMC X-4 and SMC X-l were taken at
the ESA Villafranca station during the period 16H9 Au-
gust 1979 in the low-dispersion mode and in the two wa-
velength ranges ; 1150-1950 X (SWP) and 1900-3200 A
(LWR). The exposures were made using the large entrance
aperture (10"x20") with integration times of 22-6C mi-
nutes. He have also included in our analysis several
low-resolution spectra taken a year earlier by ESA and
NASA., some of which have heen discussed by Tarenghi et
al,(1981), In all there are 9 SWP spectra for each
source, 7 LWR spectra for LHC X-4 and 6 for SMC X-l.

«Based on observations with the International Ultravio
let Explorer collected at the Villafranca Satellite
Tracking Station of the European Space Agency.

See Table 1 for details. A brief preliminary presenta-
tion of the SWP inages has been given in Bonnet-Bidaud
et al.(1980) where we discussed the striking variations
in the resonance lines of CIV, NV and Si IV. Eere we
present results on the continuum .

Table 1 - List of IUE spectra of LMC X-4 and SMC X-l

Date

4.05.78
18.07.78
16.08.79
16.08.79
17.08.79
19.08.79
19.08.79
19.08.79
20.08.79

11.05.78
13.05.78
II.07.78
16.07.78
18.07.78
16.08.79
17.08.79
18.08.79
19.08.79

Phase

0.03
0.65
0.47
0.60
0.21
0.04
0.57
0.71
0.74

0.36
0.93
0,04
0.22
0.91
0.19
0.41
0.71
0.95

Obi

ESA
NASA
ESA
ESA
ESA
ESA
ESA
ESA
ESA

NASA
NASA
NASA
ESA
NASA
ESA
ESA
ESA
ESA

SWP Exp. (aio)

LHC X-4

1477
2045
6202
6204
6208
6220
6223
6225
6226

SMC X-l

1520
1533
1968
2020
2044
6203
6207
6219
6224

60
50
60
50
50
45
45
45
45

45
35
40
35
32
45
37
37
37

LWR

1438
-

5367
5369
5380
5396
5399
5401
-

_
-

1814
1829
-

5368
5379
5395
5400

Exp. (ain)

60
-
60
50
35
22
45
45
-

-
-
20
35
-
35
28
25
25

Send offprint requests to: S. A. llovaisky

THE CONTINUUM

Average spectra for both sources were formed using all
available images. The results are shown in Fig. I for
the combined short and long wavelength ranges with flux
plotted on a logarithmic scale. We have fitted node!
atmosphere fluxes (Kurucz, 1979) to these data by se-
lecting eighteen 25 A portions of the continuum relat i -
vely free from absorption lines (see caption to r ig . I ) .
For LHC X-4 we explored the temperature range 25000-
40000K and gravities log g - 3.5 and 4.0. For SMC X-l
we explored 20000-25000K and log g > 3 . 0 (see below).
Visual interstellar extinction in the direction to the
Magellanic Clouds is small and we explored the range in
color excess E__v • 0.0 to 0.15 nag. The shape of the
extinction curve in the direction to the Clouds, (and
in then) i s not vei l known, but Koornneef (1980) and
Mtndy et al.(l979) have shown that in the 30-Dor region
of the LMC the extinction curve has • saaller "buap" at
2200 A and rises nore steeply for wavelengths shorter
than 1900 & than the so-called "galactic'law (Seaton,
1979).
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In Table 2 we give the results of the minimum X̂  3-pa-
raneter {its to the average spectra. For each gravity
ue give the derived effective temperature, color excess
(assuming a ratio A„/E v»3.2 ) and the log of the
normalization constant fin c .g .s . units) together with
their 95 Z confidence intervals, as well as the mini-
mum X value and the corresponding probability of ex-
ceeding this value in a X2 distribution with IS degrees
of freedom.

Table 2
Best-fit Model Atmosphere Parameters

Derived from WE spectra of IMC X-4 and SMC X-l

log g

3
4,

3.

.5

.0

0

T ef f

30000*6000 K
30000-5000 K

25000-7500 K1

Vv
LMC X-4

0.02*0.02
0.05*0.02

SMC X-l

0.09-0.02

X Bin

10
8

12

POX)

82Z
92Z

68Z

lo

22
22

21

.327

.210

.620

For log g • 3.0 no model» hotter than 25000 K are given
by KurUcz (1979). This may arise from radiation pressu-

re instabilities.

I z
ru

(J

S
LJ -IZ.i

X -11.1

h- - , ! •

L
O

G

* A RVCRAGE IUE SPECTRfl

•

I1M I3M 19M I7M I9M !IM i m » H I'M ZMi l l ü SM

WRVELENGTH CRNGSTR0MS)

Fig. 1 Average short and long vavelength spectra of
LMC X-4 and SMC X-l, Data are plotted in 2 A

bins for X> 1950 A and in 4 A bins for X < 1950 A, Loga-
rithmic flux scales are shown at left for LMC X-4 (top)
and SMC X-l (bottom). Model atmosphere fluxes shown as
a continuous line are discussed in the text. For
LMC X-4 T ft = 30000 K, log g » 4.0 and E. „ -0.05 mag,
while for SMC X-l T . - 25000 K, log g - 3.0 and
E v » 0.09 mag. The extinction law used is that of
KSornneef (1980) and Nandy et al (1979). The central
wavelengths for the 25 A bands used in the fits are :
1287.5, 1362.5, 1487.5, 1587,5, 1697.5, 1767.5, 1832.5,
1897.5, 2012.5, 2150.0, 2312.5, 2460.0, 2540.0, 2662,5,
2762,5, 2862.5, 2932.5 and 3012.5 A,

Note that for the Magellanic Clouds a value of 2.65
might be more appropriate (Madore,1977) but the
effect on the fits is negligible.

In the case of LMC X-4 the best-fit model has
T ,,»:i0000 K with either log g • 3.5 or 4.0. the deri-
via color excess is in the range E. v«0.02 to 0.05 mag de-
pending on the gravity. Both galactic and 30 Dor-type
extinction laws yield the same fits, probably on account
of the small amount of reddening. The fit shown in
Fig. I is the log g - 4.0 model with a 30 Dor-type law.
For SKIC X-1 the best fit model has T f f - 25000 X and
log g * 3.0 with E- y - 0.09 mag. The fit with a ga-,
lactic-type extinction law is unacceptable (minimum X
is 58 for 15 d.o.f.) and a 30 Dor-type law seems indi-
cated. Hote in Fig. I. the slight excess of flux between
2000 and 2200 A. The region between J900 and 2100 A is
normally dominated by Fe III absorption lines (Koormeef
1980). As discussed in the literature (Hutchings et
al., 1977), Sk 160 may be deficient in metals compared
to galactic supergiants and the spectral fits in this
region may be difficult.

Model atmosphere fits to the individual spectra (when
SHF and LWK iaages were taken in close sequence) show
no significant temperature variability about the mean
value.

Optical spectra of LMC X-4 indicate a spectral type
between 07-09 with a luminosity class III-V (Chevalier
and Ilovaisky, 1977 ; Hutchings et al. 1978), corres-
ponding to a temperature range 38500-31000 K for gravi-
ties between log g - 3.5 and 4.0 (see Conti, 1973). The
average TJ-B and B-V colors of LMC X-4 (see Chevalier
et al., 1980) are consistent with Kurucz model atmos-
pheres having T „ » 34000 - 31000 K and log g * 3.5 to
4.0 with color excess in the range E ^ * 0.05 to 0.06
mag. Estimates of the visual foreground extinction in
the direction to the LMC have been given by Brunet
(1975), Crampton (1979) and Dachs (1970) and range from

™ 0.03 to 0.06 mag.

In the case of SMC X-I/Sk 160, the optical spectra indi-
cate a type B0 la with temperatures in the range 28000-
31500 % and gravities 3.1 to 3,4 (Osmer and Hiltner,
1974 ; Hutchings et al, 1977 ; see Fanagia, 1973). Pu-
blished U-B and B-V colors for Sk 160 (Butler and Byrne,
1973 and Penfold et al, 1975) are in agreement with
Kurucz model atmospheres with T , between 24000 and
25000 K for log g - 3.0 with derived color excess bet-
ween Eg_y " 0.07 and 0,08 mag. For the SMC, minimum va-
lues for the color excess vary between E R ,, • 0.04 and
0.07 mag (Azzopardi and Vigneau, 1977 ;UalBorn, 1977 ;
see also Prévot et al.,1980).

It is thus apparent that the temperatures and color ex-
cesses derived from the ultraviolet data agree very
well with values estimated from the optical data. More-
over, the reddening observed for both sources nay be
foreground.

LIGHT CURVES

He have studied the phase variability of the ultravio-
let flux from both sources, by folding the normaliza~
tion constants in the model atmosphere fits. This pro-
cedure makes use of all the available spectral informa-
tion on the continuum. As tbe spectra do not show any
significant T variations, we have adopted a constant T
in these fits. The parameters used are : T - 30000 K,
log g » 4 ; T « 25000 K, log g » 3 respectively for
IMC X-4 and SMC X-l,

The light curves shown in Fig. 2 are in basic agreement
with those reported in Bonnet-Bidaud et al.(!980),
which were based on a single vavelength band at X1487 A.
Superposed on these data are the schematic visual light
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Fig. 2 Ultraviolet light curves of LMC X-4 and SMC X-1.
Points shown are the normalization constants of

the best fits of individual spectra (Temperatures and
gravities are taken from the best average fits (see
Figure O ) . Filled squares represents 1978 data and
filled circles 1979 data. The continuous lines repre-
sent the schematic optical light curves taken from the
literature. Data are plotted as magnitudes with - I <T
error bars.

curves taken from Chevalier and Ilovaisky (1977) for
LMC X-4 and from van Paradijs (1977) for SMC X-i. These
curves have been fitted to the data points by setting
their mean value equal to the average of the data. The
fit for LMC X-4 is rather good (with the exception of
one high point at phase 0.0) but for SMC X-1 there is
more scatter (as well as a very high point at phase
0.7).

CONCLUSIONS

The observed ultraviolet continua of LMC X-4 and SMC
X-1 have been found consistent with theoretical fluxes
from model atmospheres of effective temperature and
gravity as indicated from optical spectra and colors.
Reddening is small in both cases and may be essentially
foreground. In the case of SMC X-l/Sk 160 the reddening
law required ressemhles that derived for the LMC 30 Dor
region.

The continuum variations with phase we see in the ultra-
violet are apparently quite similar to those seen in
the visible range. These double-wave light curves have
been usually explained in terms of the distorted shape
of the primary. However, for LMC X-4 and in a lesser de-
gree for SMC X-1, the amplitude is too large to be ex-
plained solely in terms of this effect and some light
may be coming from the accretion disk (van Paradijs
and Zuiderwijk, 1978 ; Chevalier and Ilovaisky, 1977 ;
Hutcbings, 1980 ; Ilovaisky, 1980). As the ultraviolet
spectra reported here show no striking evidence for any
wavelength depend effect, the disk must have the flux
distribution typical of a hot star like the primary
itself.
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A Study of Ultraviolet Spectroscopic and Light Variations
in the X-ray Binaries LMC X-4 and SMC X-l*
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Summary. Low-resolution IUE spectra of the massive X-
ray binaries LMC X-4 and SHC X-l have been obtained
between 1200 and 3200 8 at several epochs in August
1979 and April 1980. Comparison of these observations
with theoretical light curves for an X-ray heated tid-
ally distorted star indicate the existence of a disk
around the compact star.

The resonance-line doublets of NV.CIV and Si IV
show marked changes with orbital phase, being particu-
larly weak when the X-ray source is in front of the
primary. These changes can be understood in terms of an
anisotropic ionization structure in the expanding atmo-
sphere of the primary caused by the presence of the X-
ray source companion.

Key words: X-ray sources - close binaries - UV spectra

We have made systematic IUE lov-resolution spectro-
scopic observations of these two sources in an effort
to understand the effects of the X-rays on the stellar
winds of the primaries and to study the ultraviolet
light variations of the optical stars.

A first general description of the ultraviolet spec-
tra of LMC X-4 and SMC X-l was given by Tarenghi et al.
(1981). However, these authors had only one spectrum
available and thus could not discuss any binary phase
UV variations. Host of the data reported here were tak-
en in August 1979 and April 1980. A brief preliminary
presentation of the data obtained in 1979 in the 1200-
2000 R wavelength region has been given in Bonnet-Bid-
aud et al. (1980). A more detailed discussion of the
1979 data, including continuum model-atmosphere fits
and light curves can be found in a second paper (Bon-
net-Bidaud et al., 1981; herein after referred to as
Paper I).

I. Introduction

The binary X-ray sources LMC X-4 and SMC X-l, the first
to have been discovered in external galaxies, are of
particular interest because of their large X-ray to op-
tical luminosity ratios (for massive binaries) and
their peculiar double-wave optical light curves (Cheva-
lier and Ilovaisky, 1977; van Paradijs, 1977; van Para-
dijs and Zuiderwijk, 1977; see also Ilovaisky, 1980;
Chevalier et al., 1981).

Both sources show X-ray eclipses with orbital peri-
ods of 3.89 d (SMC X-l) and 1.41 d (LMC X-4), respec-
tively. SMC X-l is known to show extended low states in
its X-ray emission (Schreier et al., 1972; Cooke et al.,
1978; Tuohy and Rapley, 1975; Bonnet-Bidaud and van der
Klis, 1981). Recently, a 30.5 day periodicity was dis-
covered in the X-ray intensity of LMC X-4 (Lang et al.,
1981) and synchronous changes are apparent in its opti-
cal light curve (Chevalier et al., 1981). The optical
component of SMC X-l, Sk 160, is a B0.5 la supergiant,
that of LMC X-4 is an 08III-V type star (Bradt et al.,
1979).

Send offprint requests to: G.Hammerschlag-Hensberge

Based on observations by the International Ultravio-
let Explorer collected at the Villafranca Satellite
Tracking Station of the European Space Agency

**

present address: Astrophysical Institute, Vrije Uni-
versiteit Brussel, B

present address: Royal Greenwich Observatory, UK

II. The Observations

Ultraviolet spectra of LMC X-4 and SMC X-l were taken
with the IUE satellite at the ESA Villafranca Station
during the periods 16-19 August 1979 and 5-8 April 1980
in the low-dispersion mode (6 8 resolution) and in the
two wavelength ranges 1200-1950 8 (SWP) and 1900-3200 8
(LUR). The exposures were made using the large entrance
aperture (10"*20") with integration times of typically
30 and 45 minutes for SMC X-l and LMC X-4, respectively.
We have also included in our analysis several low-reso-
lution spectra taken earlier by ESA and NASA observers.
In all there are 16 SWP spectra and 12 LWR spectra for
LMC X-4 and 13 SWP spectra and 10 LWR spectra for SMC
X-I. Details for the 1980 spectra are given in Table 1
and for the earlier spectra in Paper I.

All SWP spectra were reduced in a homogeneous way,
using the computer code by Snijders (1980) who also
provided an appropriate calibration curve.

III. The Results

3.J. The continuum
We have fitted model-atmosphere fluxes (Kurucss, 1979)
to the 1979 and 1980 data separately and to the average
of all spectra for each source in a manner similar to
that discussed in Paper I. In Table 2 we give the best
fit parameters for the temperature and the gravity for
reddening values derived in Paper I, We see that for
SMC X-l there is no difference between the three aver-
ages, whereas for LMC X-4 there is a weak evidence for
a difference in temperatures for 1979 and 1980. This
difference is marginal however, and may not be really
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Table 1. List of IUE spectra of LUC X-4 and SMC X-l

Date

obtained in April 1980

IMC X-4

Obs Phase* SWP t
e J t p

(min;
Phase LWR 'exp

(min)

5,

5.
b
6
7
7.
7.

5.
6.
7.
8.

.04.

.04.
-D4
.Of.

.04,

.04,

.04.

,04.
,04.
04.
04.

.50

.80

.80

.80

.80

.80
,80

,80
80
80
80

ESA
ESA
ESA
ESA
SRC
SRC
SBC

ESA
ESA
SRC
ESA

0.
0
0
0.
0.
0.
0.

0.
0.
0.
0.

.49

.54

.27

.32
,90
99
.03

,85
13
40
62

8663

B664
8674

8675
8686
8688
8689

SMC

8662
8673
8687
8701

45

45
45
45
45
41

X-l

37
37
37
37

0
0
0

0.
0

0.
0.
0.
0.

.52

.57

.29
-

.87

.01
-

.86

.14
39
63

74W
7418
7427
-

7436
7438
-

74(6
7426
7437
7448

45
45
45
-

45
30

-

25
25
25
25

*phase zero - JD 2443116.9443+n* 3.892387 (SMC X-l)
(Bonnet-Bidaud and van der Klis, 1981)

JD 2443476.40+ nx 1.40830 (LMC X-4)
(Hutchings et al., 1978)

significant. The average values for the temperature are
slightly different from those reported in Paper I, but
within the uncertainties given in that paper. The val-
ues for the T

e
ff obtained from the 113E spectra are a

bit cooler than those derived from the optical data
alone (see Paper 1 ) . This fact needs to be investigated
further.

3. 2. Light curves

We have studied the phase variability of the ultravio-
let flux from both sources in 8 different broad-band
(100 to 250 8) wavelength regions between 1300 8 and
3100 8 and compared these data to calculated theoreti-
cal light curves for a tidally distorted early-type
star, heated on one side by X-rays. Our light curve
synthesis programme has been described in Zuiderwijk et
al. (1977). The ellipsoidal light variations are calcu-
lated according to the geometry of the system (assuming
corotation), using von Zeipel's theorem and a grid of
model-atmospheres given by Kurucz (1979) to determine
the flux emerging from each point of the stellar sur-
face. The heating by X-rays is taken into account by
the simple "deep heating" approximation (see van Para-
dijs and Zuiderwijk, 1977).

a. LMC X-4

Fig, 1 shows the observed ultraviolet flux variability,
obtained by folding the normalization constants from
the model-atmosphere fits. The eight individual broad-
band regions give essentially the same results and the
calculated light curves indicate only a marginal wave-
length dependence (<0?015) of the amplitudes between
1300 8 and 3100 8. It is immediately clear that the ob-
served light curve in April 1980 differs strongly from
the one of August 1979 around binary phase 0.5, where
we see the X-ray source in front of the optical star.
For the theoretical light curves (full lines) we used
system parameters as found in Chevalier and Ilovaisky
(1977) and Hutchings et al. (1978); these are specified
in the figure caption. The curves were normalized to
the flux measured at phase zero, where the unheated
side of the primary is visible. The deep minimum ob-
served in 1979 cannot be explained by an ellipsoidal
light variation alone. The light curve observed in 1980

Table 2. Results of model-atmosphere fits to the ultra-
violet spectra of LMC X-4 and SMC X-l

WC X-4

h-v'
0
-

05

SMC X-l

log g

4.0

3.0

T
eff

1979 1980 average

27750 t (900 255001 1900 272501 2250
(2a)

24000 ±1400 2350011700 24000+1400

could be explained by an X-ray heated primary atmo-
sphere with l^ -x. 1.2« 1 0

3 e
 erg/s.

After we finished this analysis, a 30.5 day varia-
tion in X-ray luminosity was discovered by Lang et al.
(1981). This periodicity was detected in X-ray observa-
tions covering a period of 1J years and remained pres-
ent at the same level during this time interval. Our
1979 UV data are centered at phase 0.1 of the 30.5 day
period (see Lang et al., 1981) just after the X-ray
turn-on, whereas our 1980 data are centered at phase

S5.3 -

S S . 4 -

ia 55.5

CM

55.6

CO

ci>

54.1

u>
CM

54 .2

* * anticn
• JU.ni

e n u

• JW.T7»

- e «rtiiM

LHC X-4

SHC X-!

0.0 0.2 0.4 0.6 0.6 1.0

ORBITfiL PHflSE

Fig. 1. Ultroaiolet light curses of LMC X-4 and SMC X-l.
Points sham are the normalisation constants o f the best
fits of individual spectra to model-atmospheres. Data
are plotted as magnitudes with Sα error bars. The con-
tinuous lines represent the calculated light curves,
a) LMC X-4: light curves are calculated for q=Mx/MOpt =
0.07, i= 75°, a=10S*1012ant = Sxl03*eg/Z = 0
(deepest at phase 0.5) and 1.2* lO'^erg/s.
b) SMC X-l: light curves are calculated for q = 0.063,
i = 68°, a = 1.8SxlO™cm, LOpt = 8.8* 103Berg/s, Lx=0
(deepest at phase 0. S) and 3 x 203*er<j/a.
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0.75 (» X-ray low state). From a detailed analysis of
the optical data CChevalier et a l . , 1981) we know that
during the X-ray low state we see an optical light
curve consistent with ellipsoidal light variations of
the primary at a constant level of heating. Our calcu-
lated light curve with Lx"= l.2> 103e erg/s f i ts very
well to the observed B-magnitude light curve at the X-
ray low state (see Chevalier et a l . , 1981). In Sect. IV
we discuss the correlation between the X-ray intensity
and the UV light curve.
b. SMC X-l

The observed ultraviolet light curve of SMC X-l (see
Fig. 1) was compared with theoretical light curves for
different X-ray heating parameters. The system parame-
ters used are the same as those used by van Paradijs
and Zuiderwijk (1977). The X-ray luminosity values are
consistent with the observed values (Bradt et aL, 1979).
The observed optical deep minimum at binary phase 0.5
is consistent with the existence of an accretion disk
(van Paradijs and Zuiderwijk, 1977). However, our data
do not have sufficient phase coverage around phase 0.5
to make a detailed analysis of the shape of the light
curve in the ultraviolet.

3.3. Line variability

The average spectra for both sources show absorption
line features which are very similar and typical for
hot stars (cf. Tarenghi et al., 1981). Some of the
lines are interstellar in origin and have been seen
before in the spectra of Magellanic Cloud objects (Sa-
vage and de Boer, 1979; de Boer et al., 1980; de Boer
and Savage, 1980). These lines originate in hot gas
belonging to the Galaxy and to the Clouds. The equiva-
lent widths of the strongest interstellar lines 1260 8
(S II , Si II), 1304 8 (01, Si II) and 1335 8 (C II) are
not variable with orbital phase and have values typi-
cal of those seen in the LMC supergiants R144 and RI3fi
(de Boer et al., 1980). The absorption lines due to
the resonance doublets NV (1240 « ) , Si IV (1394-1403 8)
and CIV (1551 8 ) , which are predominantly formed in
circumstellar matter, exhibit large variations in
equivalent width with orbital phase. The equivalent
width is maximum at binary phase zero. In Pigs. 2 and 3
we have plotted average SWP spectra for both objects
representative for different orbital phases in order
to illustrate the spectacular changes taking place.
The difference between the average spectrum around
phase 0.25 and the one around phase 0.75 for LMC X-4
is due to a change in the amplitude of the variations
between August 1979 (<•>» .75) and April 1980 (most
points of «t» » .25), possibly related to the 30.5 day
periodicity, see below. In Table 3, we give for both
sources the measured equivalent widths of NV , Si IV
and C IV , together with that of the interstellar C II
line; percent variations around the mean value are
plotted against orbital phase in Fig. 4.

The typical absolute error on equivalent width
measurements is of the order of ±0.5 8 (mainly due to
uncertainties in the continuum evaluation) and uncer-
tainties on the relative variations can be assessed
from the fluctuations of the C II line (± lOZ), except
for the NVline in SMC X-l where the absolute error
could be greater (M 8) due to the slope of the con-
tinuum flux.

For the two sources, the resonance line equivalent
widths exhibit similar variations, roughly symmetric
around phase 0.5, with a maximum at 4 " 0.0 (X-ray
eclipse) and a minimum at phase 0.5 .

The NV line shows the strongest variations: we note
that this line almost disappears completely around
phase *-0.5 for LMC X-4. C IV and Si IV show similar
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line variations at smaller amplitudes with a residual

equivalent width at $*0.5 which could be partially due

to an interstellar component (de Boer and Savage, 1980;

Prevot et al., 1980).

The equivalent widths at * « 0, representative of the

undisturbed wind, are comparable for both sources to

those found in MC objects and weaker than in the Galaxy,

in accordance with the lower metallicity in the Clouds

(Hutchings, 1980, 1981; Prevot et al., 1980).
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Table 3. Equivalent widths (in 8)

LMC X-4

SWP

1477
6220
8689
6208
8674
8675
6202
8663
8664
6223
6204
2045
6225
6226
8686
8688

1968
8673
6203
2020
1520
8687
6207
8701
6213
8662
2044
1533
6224

*

0.01
0.03
0.03
0.20
0.27
0.32
0.45
0.49
0.54
0.57
0.59
0.65
0.69
0.74
0.90
0.99

0.03
0.13
0.19
0.22
0.36
0.40
0.41
0.62
0.71
0.85
0.91
0.93
0.95

CII
1335

1.7
1.8
1.9
1.6
1.7
2.0
1.7
1.5
1.7
1.9
1.7
2.1
1.6
1.6
1.7
1.6

2.1
2.0
2.0
1.5
2.1
1.8
2.0
1.9
2.2
1.7
2 .0
1.9
1.9

HV
1240

4.0
4.1
5.8
2.5
2.6
3.3
0.5
0.7
0.8
0.3
0.8
1.2
1.5
2.0
5.1
6.4

SMC X-1

2.0
2.4
1.1
1.2
0.3
1.1
0.7
1.5
1.2
1.4
1.8
2.0
1.5

Si IV
1400

4.1
4.7
7.3
3.6
3.7
3.6
3.3
2.9
2.6
4.1
3.8
3.8
3.6
3.9
6.3
7.4

5.2
5.5
5.1
4.4
3.8
3.7
3.9
4.7
5.0
4.8
6.6
5.2
6.1

CIV
1550

5.1
5.2
7.2
4.4
3.6
4.4
2.0
2.9
2.5
2.5
2.7
2.9
3.1
3.4
6.1
6.6

3.3
4.8
2.7
2.7
2.4
2.4
2.6
2.7
2.5
3.8
4.2
4.0
4.7

IV. Discussion and Conclusions

a. The light curves of LMC X-4

The W light curve obtained for LMC X-4 in April 1980
is consistent with X-ray heating of the primary with
Lx^l.2>i 1038 erg/s, whereas at this time the X-ray
source is expected from the 30.5 day periodicity to be
in its low state. This suggests that while we are
shielded from the X-rays, the primary is not, but is in
fact heated by a considerable X-ray flux. Lang et al.
(1981) suggest a precessing disk to explain the 30.5 d
modulation. It is natural to assume that this disk is
responsible for the discrepancy between observed X-ray
luminosity and observed heating in our April 1980 light
curve, by blocking the X-ray flux towards the earth
without appreciably shadowing the primary.

During the X-ray low state, we would see the disk
edge-on, but during the high state (corresponding to
our August 1979 observations) it could show a consider-
able projected area. The anomalously deep X-ray minimum
at i^1 0.5 in the 1979 light curve could then be due to
a partial eclipse of the primary by the disk. Similar
very deep minima have also been seen in optical data
(Chevalier and Ilovaisky, 1977). More recent optical
work (Chevalier et al., 1981) shows, that the occurrence
of these deep minima is correlated Co the 30.5 day peri-
od, which supports the precessing disk hypothesis. Also
the level of the two maxima of the light curve is seen
to vary in these data, higher maxima being observed
when the minimum is deep.

From Fig. 1 it can be seen, that at phases 0.25 and
0.75 the observed UV fluxes in August 1979 are close to
those of the theoretical predictions; apparently the
extra UV flux from the disk added to that of the star
does not amount to more than a few hundredths of a mag-
nitude. At phase 0.5 the partial obscuration of the
primary surface by the disk makes the system fainter by
Amo.5 - 0.05 to 0.10, depending on the amount of heating
assumed. If we define a as the ratio of the projected
area of the disk to the projected area of the primary,
we have for small differences Am with respect to the
predicted heated ellipsoidal light curve:
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0 S 0.25
° * 2' 5 log e — -0.92(fii»D.5-A«>0.25> 2 0.05 to 0.10

We find that for a disk with a radius equal to the mean
radius of the Roche lobe of the coapact object at a
mass ratio q = 0.1, the angle between the disk and the
line of sight should be ï 25° to 50° to exhibit a pro-
jected area large enough to obtain these values of a.
Depending on the inclination of the LMC X-4 systeo
(> 70°, Chevalier and Ilovaisky (1977)), a disk preces-
sion angle between I2?5 Ci = 7795) and 25° (i = 900)
could be sufficient to allow us to see the disk changing
its orientation from edge-on to the inclination angle
required by its influence on the light curve. (The pre-
cession angle deduced for the disk in Her X-1 is about
30° (Gerend and Boynton, 1976).) Here limb darkening
and finite disk thickness were neglected; both approxi-
mations tend to overestimate the projected disk area
and thus the necessary precession angle needed to ex-
plain the observed magnitude changes.

Similarly defining T as the ratio of the surface
brightness of the disk to the surface brightness of the
eclipsed part of the primary, we find:

The uncertainty in the present measurement of the UV
maxima does not allow an estimate of T. We note, howev-
er, that the interpretation of the anomalously deep min-
ima during the X-ray high state as due to disk obscura-
tion implies T < 1 . i.e. a surface brightness of the
disk lower than that of the stellar surface in the rel-
evant UV and optical wavelengths.

fc. The line variability in IMC X-4 and SMC X-1

Orbital variations in the ultraviolet resonance lines
have been observed before in two other massive X-ray
binaries: Vela X-1 (Dupree et al., 1980) and Cyg X-1
(Treves et al., 1980; see also Hammerschlag-Hensberge,
1980, for a review).

Other studies of the dependence of line strengths on
orbital phase in LMC X-4 were made in the optical region
(Chevalier and Ilovaisky, 1977; Hutchings et al., 1978).
Because these lines are formed in other regions of the
stellar atmosphere than the UV lines, it is difficult
to compare those results to the present ones.

The UV line variations can be understood in terms of
ionisation of the companion stellar wind by the X-ray
flux, and were predicted by Hatchett and McCray (HMC
1977). They introduced parametrized surfaces determined
by the column density to the X-ray source, which form
the boundaries between regions in which an element is
ionised to a given level. These surfaces may be either
closed around the X-ray source or may be open, depend-
ing on the value of a paiameter 'q' which depends on
the characteristics of thfc system (see HMC). The first
type of surface has been ustd to interpret the varia-
tions of the P-Cygni profiles in the Vela X-1 resonance
lines (Dupree et al., 1980).

Since we observe here line variations at phases as
early as $ «0.2 (Fig. 4) , open surfaces (corresponding
to small values of fq') seem to be more adequate. Such
small values for the parameter 'q', similarly observed
in Cyg X-1 for Si IV and C IV lines (Treves et al., 1980),
could arise from greater X-ray luminosity and/or lower
wind density than in the case of Vela X-1; this is con-
sistent with the lack of evidence for a stellar wind in
the optical spectra of IMC X-4 and SMC X-I (Hutchings
et al., 1978; Hutchings et al., 1977).

The open surfaces defined by HMC (1977) for very
snail values of 'q' (q< 1) are not strictly valid since

00 05 U

ornni. PHASE
Fig. 5. Model calculations of the equivalent uidih vari-
ations for different surfaces (at right) in zdiich a
given ion is ionised to a higher level I see text J.

they do not take into account the occultation of the X-
ray flux by the primary surface. Me have computed, as a
function of orbital phase, the integrated column density
to the projected stellar surface for a constant wind
velocity law and two extreme cases of open surfaces: a
plane perpendicular to the line of centers (correspond-
ing to q - 1 in HMC) and a round-nosed cone with its top
at the X-ray source and tangent to the primary. Those
surfaces are drawn in Fig, 5, assuming an orbital sepa-
ration of 1.5 stellar radii; one example of a closed
surface is also given (q = 5). Computations for the sase
geometry and a non-constant velocity law (Castor et al.,
1975) were also performed, but the results do not differ
greatly. A coned-type surface seeics to describe ade-
quately the striking NV equivalent vidth variations
seen in LHC X-4 (Fig. 4). For the other lines, which
show a smaller amplitude for both sources, none of these
surfaces can provide a good fit: the observed variations
having a smaller amplitude and encompassing a larger
range of phases than predicted.

He cannot, therefore, draw any conclusion on the
real geometry of the ionised region for each observed
ion; however, the similar variations of the Si IV and
C IV 1 ines imply comparable transparent regions for both
sources, contrary to Cyg X-Ï for which Si ÏV seems to be
ionised in a more extended region than C IV (Treves et
al., 1980).

The discrepancy between the observed variations and
those deduced from the present discussion could be the
result of the anisotropy of the X-ray flux and the vari-
ability of the X-ray illumination due to the presence
of an accretion disk. In IMC X-4 in particular, such a
variability seems to exist and could be related to the
30.5 days cycle, since the 1980 equivalent widths (X-
ray low state) are systematically higher than in 1979
(X-ray high state) implying a reduction of the size of
the transparent region.
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SUMWRV

We present the results of spectroscopic and UBV observations of the brightest star in the
error box of the X-ray source H0S44-665. This object is a BO-1 V star and a member of the UK.
It shows correlated variations In brightness and colour indices. We suggest that It is a
Be type star observed during a stage of low emission strength. Although a relation between
this star and the X-ray source has st i l l to be proven, the present data add considerable
support to the proposed identification.

I. Introduction

The X-ray source H0544-665, located in the direction of the Large Magellanic Cloud, was
discovered with the HEAO-1 scanning modulation collimator by Johnston et al. (1979). The
source is rather weak (1.8 pjy averaged over the energy Interval 1.5 - 13.5 keV) with a
luminosity of ~ 1.6 10

3 7
 erg/sec at the LHC distance of 52 kpc (see Crampton, 1979), and no

limits could be placed on Its possible X-ray variability. Thorstensen and Charles (1980) found
that the brightest star In the error box (star No. 1 1n the chart given by Johnston et al.
1979) is slightly variable and that Its spectrum perhaps shows weak emission In Hβ.

II. Observations

During December 1981 observations were made (by M.v.d.K.) with a two-channel photometer
attached to the Danish 1.5 meter telescope at ESO (La Silla), With this photometer two areas
of the sky, separated by 62 arc seconds, can be observed simultaneously. One of the channels
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is set on the star of interest, the other is used to measure the sky brightness. In both
channels an EMI 9789QA photomultiplier is employed as detector. All observations were made
through 9 arc second diaphragms. The relative sensitivity of the two channels was determined
by frequent observations of bright stars through both channels.

The optical candidate was observed sequentially through Johnson UBV filters. The observed
count rates were transformed to UBV magnitudes using observations of four stars (No. 1-19,
1-24, 2-5 and 2-8) from the list of Oachs (19721.

We have reduced the V data by making the assumption that the average difference of the
V magnitudes of these four stars with respect to the values given by Dachs, is zero. The
r.m.s. deviation of the relative V magnitudes with respect to the average level observed
during one night, is 0.025 nag. It is therefore unlikely that the V magnitudes of the
H0544-665 candidate, as determined on different niphts, are systematically shifted by more
than ~ 0.02 mag.

The results of these observations are listed in Table 1. The typical accuracy of these
data (including counting statistics, and fluctuations in the sensitivity ratio of the two
channels) is ~ 0.02 mag. in V and ~ 0.03 mag. in B-V and U-B.

During six nights between December 3 to 18, 1981 the star was observed on the 1 meter
telescope at Siding Spring Observatory. The magnitudes resulting from these observations show
a variation with time similar to those obtained in Chile. However, they are fainter by about
0.6 mag., probably due to contamination in the sky aperture. To illustrate the source
variability, these data have been included in figure 1 (as crosses) with a 0.6 mag. correction
to give the same mean as the ESO observations.

Photoelectric observations of this star were also obtained during two observing runs at
CTIO, using the 0.91 m telescope and a single-channel photometer with an RCA 31034
photomultiplier. These measures were transformed to the UBV system using observations of
standard stars made with a similar tube and filter set. Sky readings were taken in a region
devoid of comparitively bright stars, os determined from examination of a large-scale image-
tube plate of the region. The data are listed in Table 1. The original 1979 observations were
first reported by Thorstensen and Charles (1980). The uncertainties are similar to those of
the ESO data.

IPCS spectra of the H0544-665 candidate were obtained on 1981 January 12 with the 3.9 m
AAT and the RGO spectrograph. The dispersion was 33 A/mm and the instrumental resolution was
1.5 A, as determined from arc calibration spectra.

III. Discussion

The only lines clearly visible in the spectrum of the H0544-665 candidate arc the Balroer
absorption lines. The average radial velocity, as determined from these lines equals
+ 369 ± 42 km/sec, which confirms that the star is a member of the LHC.

From the observations at CTIO and ESO we derive average values for B-V of -0.22 and
-0.17, and for U-B of -0.99 and -0.95, respectively. In the standard (U-B,B-V) diagram these
colours correspond to values of the interstellar reddening (using E^g/Ep-v = 0.72] of
E
B-V

 =
 ^'^

7 a n d
 ®'** ^S'» respectively. These values are consistent with reddening values

given previously for the LHC, which cluster near 0.07 mag. (Feast et al. 1960; Sanduleak and
Philips, 1968; Isserstedt, 1975; Crampton, 1979).

The H0544-665 candidate definitely has a variable B-V (see below). Assuming that the
; "standard" reddening value of 0.07 mag. applies, it is often located to the right of the U-B,

B-V locus of main-sequence stars,
indicating a slight U-B excess.

The reddening line crosses the two-color relation at B-V = -0.28, corresponding to a
spectral type 80.5. The average, reddening-corrected, visual magnitude VQ = 15.1 ± 0.15, For a
distance modulus to the LMC of 18.6 + 0.2 mag. (Crampton, 1979), the absolute visual magnitude

;t My equals -3.5 ±0.3, corresponding to a luminosity class V (using the absolute magnitude
calibration of Waiborn, 1972).

This luminosity classification is supported by the observed equivalent width of Hγ, which
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equals 4.5 ± 0.4 A. According to the calibration of the H r equivalent width (as a function of
spectral type and luminosity class) by Balona and Cranpton (1974) this corresponds to
luminosity class V.

For a BO.5 V star the expected equivalent widths of He I lines are ~ 1 A for the tr iplet
lines at \4026 and 4471 and ~ 0.5 A for the singlet lines at X4143 and 4387 (Underbill, 1966).
From a measurement of the equivalent widths of some spurious features we estimate that the
equivalent width noise level above which an absorption feature can be trusted to be real is
between 0.5 and 1 A . This explains why the only He 1 line visible in the spectrum is the
\4026 tr iplet l ine.

Summarizing the above evidence, we conclude that the H0544-665 candidate is a BO-1 V star
located in the LHC.

The properties discussed so far do not by themselves make a strong case for the
identification of this star as the optical counterpart of H0544-665. We will now turn our
attention to its variability and show that this indicates a possible connection with the
Be stars, an established class of binary X-ray emitters (Rappaport and Van den Heuvel, 1981).

The results listed in Table 1 show that the candidate star is definitely variable on a
time scale of weeks, with a total observed variation of ~ 0.3 mag. in V. The light curve, as
observed during December 1981, is shown in Fig. 1. In Fig. 2 we have plotted V as a function
of B-V (ESO observations only). Clearly, there is a colour-magnitude correlation, in the sense
that when the star brightens i t becomes redder. A linear f i t to the ESO data (these span the
largest range ifn colour and magnitude) gives a slope aV/a(B-V) = -2.5. Similarly, there is a
correlation between U-B and B-V (see Fig. 3 ) , which vary according to fi(U-B)/fi(B-V) = 1.7.

Long-term variability, with amplitudes up to ~ 0.5 mag. and correlated changes in V, B-V
and U-B are a well-known property of many Be stars (see e.g. Dachs, 1981; Hi rata, 1981 and
references therein). According to Hirata (1981) the slopes o = AV/A(B-V) and
B = A(U-B)/fi(B-V), as observed for many Be stars, are related. The values of a and $ we find
here are consistent with that relation. Another interesting result found by Hirata (1981) is
the connection between a and the projected rotational velocity V r o t s i n i . The value of
V r o t sini expected according to his results for Be stars is ~ 300 km/sec. The average FWHM of
the Balmer absorption lines in the spectrum of the H0544-665 candidate (corrected for
instrumental broadening through a Gaussian subtraction of the FHHM of the narrowest emission
lines in the comparison spectrum) indicates a rotational broadening of 300 ± 50 km/sec.
Although this can be considered only a rough estimate of V r o t s ini, this result does serve to
show that the photometric behaviour of the candidate star is similar to that observed for many
Be stars.

In order to find a possible indication for the presence of line emission we have measured
the equivalent widths W of the Hβ and Hγ absorption lines. The ratio W(Hg)/W(Hy) equals
0.65 + 0.15. This is somewhat smaller than the values for normal early-type main-sequence
stars (cf. Williams, 1938; Mihalas, 1966), suggesting that perhaps the Hβ line is partially
f i l l e d in by weak emission.

The lack of obvious Be spectral characteristics of the H0544-665 candidate may simply
mean that 1t was observed during a state of low activity. Disappearance and reappearance of
line emission has been observed in many Be stars (cf. Slettebak, 1979, 1981).

A definitive connection between star 1 and the X-ray source H0544-665 cannot yet, in our
opinion, be made. However, the evidence presented here for a connection between this star and
the Be stars (which form a major class of massive X-ray binaries) Indicates that i t is an
attractive candidate for such an Identification.
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Table 1. Results of photometric observations.

Date β-v U-B

1979 Dec. 22.19
24.13

1981 Jan. 4.26
5.24
6.09

1981 Oec. 6.26
7.22
8.20
8.33
11.19
11.20
11.33
12.20
13.06
13.29
14.07
14.24
15.10
15.28
16.07
16.26
18.07

15.36
15.47
15.52
15.46
15.44
15.60
15.40
15.42
15.46
15.28
15.25
15.37
15.30
15.44
15.39
15.46
15.43
15.51
.1.5.40
15.53
15.43
15.46

-0.23
-0.23
-0.23
-0.22
-0.21
-0.22
-0.16
-0.17
-0.21
-0.11
-0.11
-0.14
-0.14
-0.18
-0.18
-0.18
-0.18
-0.19
-0.14
-0.17
-0.18
-0.14

-0.96
-0.96
-0.98
-0.98
-1.00
-1.03
-0.99
-0.95
-0.97

-0.87
-0.91
-0.88
-0.94
-0.95
-0.97
-0.95
-1.00
-0.97
-0.97
-0.98
-0.90

CTIO
CTIO
CTIO
CTIO
CTIO
ESO
ESO
ESO
ESO
ESO
ESO
ESO
ESO
ESO
ESO
ESO
ESO
ESO
ESO
ESO
ESO
ESO
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Figure 1. Variation of the visual magnitude of the H0544-665 candidate. The dots denote
observations made at ESO, the crosses those at SSO (corrected as described in the text).

Figure 2. Correlation between V and B-V of the H0544-665 candidate (ESO data only). The
straight, line through the data corresponds to AV/A(B-V) = -2.5.

Figure 3. Correlation between U-B and B-V of the H0544-665 candidate (ESO data only). The
straight line through the data corresponds to A(U-B)/A(B-V) = 1.7.
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Summary. Results of a 47 d observation of Cygnus X-2 by the
COS-B X-ray experiment are presented. The observed variability
of the X-ray intensity is investigated for the presence of n;udu-
lation at either the 9?843 optical period or the 1l?23 X-ray periou
claimed for this source. Upper limits are given to pulse amplitudes
for periods between I d and 200 s.

Clear dips were observed during the time of highest source
intensity, with transitions of up to 40".. in the source (lux in less
than 1-2 10Js. It is suggested that the dips may be connected to
the reported UV flaring activity.

Key words: X-ray sources - Cygnus X-2 COS-B

Introduction

The X-ray source Cyg X-2 was associated, at an early time, with
the variable star V1341 Cyg (Giacconi et al.. 1967). Extensive
search for periodicities from optical photometry has lead to the
proposal of periods ranging from 0.9 to 14d (Chevalier et al..
1976: Wright et al., 1976; Basko, 1977). while a convincing 9?8
orbital period was more recently determined on the basis of
optical line velocities (Cowley et al., 1979).

The X-ray source is found to vary between a typical low and
high state. The presence of a 9?8 X-ray modulation was claimed in
low state (Marshall and Watson, 1979; llovaisky et al.. 1979). but
was not confirmed from long baseline observations which seem to
indicate an 1!?2 period instead (Holt et al.. 1979). The nature of
the source is still a matter of strong debate with two contradictory
models, one involving a degenerate dwarf at 250 pc (Branduardi et
al., 1980), the other a neutron star at 8kpc (Cowley et al., 1979).

Previously published X-ray observations were made with a
relatively sparse daily coverage (Parsignault and Grindlay. 1978;
Holt et al., 1979; Branduardi et al.. 1980). We report here on a 47 d
COS-B X-ray observation of the source with continuous 100s
resolution coverage of the source flux over periods of 30 h.

Observations

The COS-B X-ray detector is an 80cm2 collimated proportional
counter with an energy range of 2-12keV (see Boella et al., I974).
Cygnus X-2 was in the 10c FWHM field of view of this detector

permanently between June 2nd and July 19th. 1981; it was
observed at a geometrical efficiency of 0.6. SSCyg (4U2I40 + 33I
was also in the detector field al an cfficienc\ of somewhat less than
0.5; at maximum intensity (Bradt ct a).. 1979) it would ha\e
contributed about I c,s to the total counting rate.

Due to the high apogee (10* km) of the orbit of the COS-B
satellite, the X-ray experiment is characterized by a high charged
particle background. Most of this background is eliminated on-
board by anti-coincidence and pulse-shape discrimination. The
residual background is subtracted by means of its relation to the
ncar-simultaneously measured charged particle rate, as known
from pointings to fields empty of detectable X-ray sources. This
relation is usually reproducible to -»• I c 's from one observation to
another but we cannot exclude systematic effects due to changes
in the mean properties of the charged particles within one
observation. During the observation of Cygnus X-2. the charged
particle background varied between 55 65 c«s on a typical time
scale of 10 d. After the background subtraction and correction for
aspect, the resulting X-ray counting rate, shown in Fig. I. is in the
2O-5Oc/s bracket. This corresponds to a flux of 5.2 to
13IO"ergcm" 2 s" ' (2-12keV) for an assumed 5keV
bremsstrahlung spectrum (Branduardi el al.. 1980). consistent
with a low to moderate intensity level of Cyg X-2 (Bradt et al.,
1979).

The data gaps in Fig. 1 are the result of periodic satellite
switch-off upon entry of the radiation belts (once every 36 h) and
rejection of data because of occasional charged particle storms.
Each 2048 s bin corresponds to the average of 20 equally spaced
25?6 measurements, statistical error per bin is about 0.7 c s. The
signal is variable on all time scales from 10 d (not correlated to the
background variability) down to the 100s tempc.al resolution of
the data. Sudden transitions in the intensity of up to 40 "o and
numerous dips of similar depth, all unconx-lated to the particle
background, are visible throughout the observation, superposed
to a smoother flux variation.

Send offprint requests to: J. M. Bonnet-Bidaud

Analysis and Results

Period Search

The data have been investigated for periodic intensity modu-
lations using both folding and FFT techniques. Possible modu-
lations at the 11?23 ASM X-ray period (Holt et al . 1979) and the
9?843 spectroscopic optical period (Cowley et al., 1979) could not
have been discovered from the present 47 d observation. To test
whether a modulation at either of these periods can be found back
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(JD- 2441758.51

Fig. 1. The counting rate from Cygnus X-2 after background subtraction and aspect correction. Statistical error on each 34 min bin is
about- 0.7 c/s. Strong dips are visible and marked by vertical lines (see also Table 2)
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Fig. 2». The Cygnus X-2 counting rate folded using the predicted Fig. 2b. Same as «, with the folding period of 11?23 from the
X-ray ephemeris of Cowley et al. (1979) with a period of 9?843. ephemeris of Holt et al. (1979)
Formal error per bin is less than O.Sc/s

in the observed X-ray variability, the signal was folded according
to the corresponding ephemerides: r=JD2443000.9+11.23E
and T=JD 2443166.7+9.843 E (predicted X-ray phase). The re-
sulting light curves are given in Fig. 2. It should be kept in mind,
that these light curves could be spurious, resulting from irregular
flux variations. Indeed, the charged particle background, when
folded, shows "light curves" of similar modulation depth (but of
different shape and phase) as the X-ray flux.

The 11?23 light curve resembles the "sawtooth" shaped one
seen in the ASM data, with the maximum occurring about 0.06

(ASM: 0.07) later in phase than midway between the minima, and
a best fit sinusoidal amplitude of 9.0% (ASM: 7.2%). The epoch of
the minimum of the best-fit sine wave is JD2444780.6±0.6,
halfway between the predicted minima. This corresponds to a
correction to the 11?23 period of plus or minus 0.03+0?0l,
consistent with the OfO3 error quoted by Holt et a). (1979). The
trace resulting from the 9?843 folding has its minimum at
JD 2444780.1 ±0.8,close to the value of JD2444781.0±0.4 pre-
dicted for the X-ray star superior conjunction (Cowley et al.,
(979). The relative full amplitude from a sine fit to the modulation
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Fig. i. The Cygnus X-2 power
spectrum. The low frequency pan of
the spectrum is shown,with the power
normalized to 1 in the high frequency
part. The complex structure around
1?5 (n^50) corresponds to the satellite
orbital period. Peaks at l?06 (n ̂ 73)
and 3?2 (n~24) (marked by arrows)
are not found in the background
transform
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Table I. Upper limits for coherent pulsations in Cygnus X-2

Period range Highest relative semi-amplitude

1.1
0.26
0.19
0.065

-0.26 d
-0.19 d
- 0.065 d
-0.035 d

0.035 d - 200 s

4 "„
2 "..
0.8"..
0.5".,
0.2"..

is 14°... much lower than the 35-40°» reported by Hovaisky et al..
(1979). The light curve is also visible in the higher luminosity pan
of the observation (days 12-40 in Fig. I> only.

In conclusion, the observed shape and amplitude of the 9?843
and 11 ?23 period light curves do not favour either of these periods
above the other, though the phase coincidence vith the ephemeris
for the 9?843 period, predicted from optical line velocities (Cowley
et al., 1979). is better.

For further period searching, we constructed a 2 1 6 bin power
spectrum of the signal with a resolution of 1.5 10""" Hz. Figure 3

TaWe 2. Characteristics of the Cygnus X-2 dips

Date
(JD 2444000.0)

Source int.
(c/s)

Dip rel. ampl.
("«I

Dip width
FWHM(h)

Trans, time
(h)

Phase'
<9.8d) (11.23 d>

762.23
764.31
768.47
776.07
777.65
778.10
779.02
782.25
784.17
785.33
785.47
786.76
787.05
787.33
788.10
790.20
793.30
796.16
797.82

28.5
32.8
27.7
40.2
47.2
42.3
38.1
37.0
44.7
41.7
41.9
49.8
52.8
48.9
43.2
40.2
38.9
33.6
35.1

18.6
19.5
16.9
18.6
20.3
22.7
22.3
22.9
14.3
21.8
30.5
23.9
16.7
39.2
27.1
13.2
13.6
12.5
15.1

0.25
0.48
0.27
1.21
3.12
2.88
2.16
4.32
0.96
0.48
1.92
2.16
0.72
1.20
1.97
0.51
1.22
0.89
1.23

0.14
0.21
0.14
0.21
1.70
1.80
1.30
2.72
0.42
0.28
0.42
0.71
0.35
0.36
0.71
0.21
0.21
0.35
0.85

0.61
0.82
0.24
0.01
0.17
0.22
0.31
0.64
0.84
0.95
0.97
0.10
0.13
0.16
0.24
0.45
0.76
0.06
0.22

0.84
0.03
0.40
0.07
0.21
0.26
0.59
0.62
0.80
0.90
0.91
0.03
0.05
0.08
0.15
0.33
0.61
0.86
0.01

* Phases are computed according to the following ephemerides:
Spectroscopie phase: T=2443161.68+9.843 E (Cowley et al., 1979) (spectroscopie phase, cor-
responding to X-ray phase 0.52);
X-ray phase: r=2443000.9+11.23 E (Holt et al., 1979)
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COS-B (X-ray) Cygnus X-2

20
28.0 28.5 290

(JD-2444758.5)
Fig. 4. Detailed structure of some of the source dips. Each bin is
8.5 min duration with typical error bar of about 1 c/s. Notice the
rapid transitions (~ 103 s) even for the deepest dip

shows the low frequency region of this power spectrum; the power
was normalized to a mean value of 1 in the high frequencies. The
highest power (apart from the low frequency noise) is attained in
the complex structure around 1?5. This feature corresponds to the
if S3 satellite orbital period; it is also present in the transform of
the charged particle background. The peaks at 3?2 and l?06 might
just be significant; they have no clear counterparts in the back-
ground transform, but could easily be the result of a combination

of irregular fluctuations and window effects (notice also (he
approximate 1:2:3 ratio of the frequencies involved).

For shorter periods, the power spectrum allows us to put
upper limits to the relative amplitude of coherent pulsations from
Cyg X-2. The theoretical statistical 99"o confidence detection level
limit can be calculated for this case as 0.1%: intrinsic source
fluctuations increase this value appreciably, especially towards
lower frequencies. Table I lists the highest detected power, ex-
pressed in terms of relative semi-amplitude of the corresponding
modulation, for several frequency regions.

In practice, due to Doppler shifts, the power of a pulsating
X-ray source in an orbit with e,sini=5 10" cm and Potb=9*1843
(Cowley et al.. 1979) will be spread out over about 1700 P ^ , bins
in (he power spectrum. For the shortest detectable periods
(PpuK = 200 s). this effect increases the detection limit by a factor of
about 3.

The absence of delectable pulsations is in line with the general
Population II X-ray source character of Cyg X-2 (no eclipses, soft
spectrum, high £., Lapl\: see. e.g.. Parsignault and Grindlay (1978).

Dips in the Cyg X-2 Flux

llovaisky et al. (1979) reported the occurrence of X-ray dips and a
deep (I4h) minimum at X-ray phase 0.5. In the present data,
similar but slightly less deep minima are visible at various phases
(sec at JD2444770.0. 79.0. and 80.0 in Fig. !). The nearly con-
tinuous recording of the X-ray flux with the COS-B experiment
allows the study of flux variations as short as a few minutes, bui
no spectral information is available.

A set of 19 clear dips ( duration less than 0?5) in the X-ray
intensity was selected and studied in a detailed way (see Table 2\
Most of the dips (12) occur between JD 2444775.0 and
J D 2444789.0. during the time of highest source intensity (see
Fig. 1).

They are variable in strength and shape, with relative ampli-
tudes ranging from 12 to 4O'.V>. half-maximum widths from 15 min
to 4h and transition times from 8 min to 2h.

A few of these transitions are shown in more detail in Fig. 4.
Even for the deepest dips, the intensity can drop or recover very
quickly, within 1-2 103s (compare llovaisky et al.. 1979).

We have looked for regularity in the occurrence of the dips
with respect to the periods of 9?8 and 11?23 claimed for she
source. The phases of the dips are indicated in Table Z We nole
that the strongest dips occur predominantly in a (0.0-0.3) phase
interval of the 9?8 period, with all but one being in the (0.6-0.3)
interval (phase 0.0 corresponding to the optical star superior
conjunction, or X-ray phase 0.52). However the restricted sample
does not clearly establish this effect; in particular, as the two
proposed periods are nearly in phase during the observing period,
a similar but less impressive clustering is also observed for the
11?23 period. The optical star. V 1341 Cyg, exhibits erratic va-
riations on timescales of minutes of several tenths of a magnitude
(Kristian et al.. 1967). which can be interpreted as UV flaring
activity, preferentially occurring in the same 9?8 phase interval
0.6 0.3 (Cowley et al. 1979). If the clustering of the X-ray dips
is real, this would relate the two phenomena. Since L^ i.op.
- 100-450 (Badt et al., 1979), this suggests that the X-ray flux
during the dips may be reprocessed into UV with an efficiency of
the order of a percent. Simultaneous observations are indicated to
check for time coincidence of these events.
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SUMMARY

Results are presented for 44 days of pointed COS-B X-ray observations of the galactic
center region around GX 5-1. I t is found that GX 5-1 exhibits relatively rapid (~ 103 s)
intensity transitions as well as flaring events with a typical time scale of ~ 10 s. Neither
GX 5-1, GX 3+1 nor GX 9+1 shows evidence of periodic intensity modulations due to orbital
motion on time scales from minutes to fractions of a day. These results are discussed in the
context of proposed models for bright galactic bulge sources.

KEY WORDS: X-ray binaries - bright galactic bulge sources - type II X-ray sources

I . Introduction

The galactic bulge contains about 15 persistent X-ray sources with an X-ray flux
exceeding 100 pJy, among which are some of the brightest sources in the galaxy (see, e .g . ,
Bradt et a l . 1979). Observationally, these objects belong to the type II X-ray sources (see,
e.g. , Canizares 1975), generally characterized by the absence of pulsations and eclipses, by
soft X-ray spectra and high ratios of X-ray to optical luminosity. Binary models which have
been proposed for this class of objects rely on a weak magnetic field, or on one that is
aligned with the rotation axis of the compact object (see, e .g. , Cominsky et a l . 19801, a
small mass ratio MQpt/Mx (Joss and Rappaport 1979) and the presence of a thick accretion disk
(Milgrom 1978) to explain many of the observed characteristics.

For the lower luminosity type II sources (Lx < 1036 erg s"1) the mass transfer could be
driven by gravitational radiation in a highly compact binary containing a main sequence dwarf
(Rappaport, Joss and Webbink 1982). In the case of the higher luminosity galactic bulge
sources, magnetic braking effects in a compact binary (Verbunt and Zwaan 1981), mass transfer
from a red giant (Webbink, Rappaport and Savonije 1982) and mass transfer from a helium main
sequence star (Savonije 1982) have recently been proposed to explain the high luminosity of
the observed sources. The main observational differences between these models, apart from the
obvious differences in appearance of the donor star (if i t is visible) would be the binary
period: ranging from > 10 d for a red giant, to < 1 h for a lobe-filling helium main sequence
star . However, in view of the lack of quantitative evidence, i t is probably fair to say that
the bright galactic bulge sources remain something of a mystery.

Previous observations of bright galactic bulge sources for durations of longer than one
day (Forman, Jones and Tananbaum 1976, Mason et a l . 1976, Parsignault and Grindlay 1978)
yielded X-ray light curves of typically a few tens of measurements per day. From these
observations, i t became clear that the sources generally have a variability factor of less
than 3, and do not exhibit periodic pulsations above the level of a few percent. Portman
(1981), on the basis of Ariel V RHC observations with 100 min resolution, suggests the
existence of regular variations with periods of several days in three galactic bulge sources.
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In the present paper, data are presented which provide nearly continuous coverage (with
100 s resolution) over intervals of 25 h, of the X-ray flux fro* a field in the galactic bulge
probably dominated by the brightest of the bulge sources, GX 5-1. These data were obtained
during two pointed observations with a total duration of 44 d.

II. Observations

The X-ray detector onboard the COS-B satellite (Boeila et al. 1974) is a proportional
counter with 80 cm

2
 effective area In the energy range 2-12 kev. The collimator provides an

approximately trapezoidal angular response curve with a nearly flat top of 1.1° and a FWHH of
10". The sensitivity is essentially zero beyond 10.5° from the center of the field.

During the 33 d of the first observation, from September 17 to October 20, 1975, the
center of the circular field of view gradually drifted from o = 2 6 9 . 4

0
, 6 = -25.1° to

a = 268.4", 6 = -24.1°; during the second observation, February 24 to March 7, 1977 (11 d),
the drift was from 8 = -25.2° to -24.9" at a constant a = 270.0°. Short term pointing jitter
was damped to better than 1'.

Figure 1 shows a map of the observed region with the detector field of view during the
1975 observation superimposed. It is clear that there were a number of sources within the
field of view; however, on the basis of the luminosities quoted in the catalogues of Forman et
al. (1978) and Bradt et al. (1979), and under the assumption that no transient sources were
active, only three of these sources, GX 5-1, GX 3+1 and GX 9+1, are likely to have contributed
appreciably (>5%) to the total counting rate (Table 1). The contribution of GX 5-1 was very
likely to have been between 25 and 65% of the total.

Figure 2 shows the behaviour of the counting rate during both observations, together with
an observation of the Crab nebula which was made just before the 1975 GX 5-1 observation. For
these plots, the original data, consisting of ~ 25 s Integrations of the X-ray flux alternated
with ~ 75 s of background measurements every 102.4 s, have been averaged into 1024 s bins. A
charged particle background of approximately 100 c/s has been subtracted. The typical
statistical error per bin is 1 c/s {Iα). Gaps in the data are due to passage of the satellite
through the radiation belts of the Earth, once per 1.5 d orbit, and to occasional charged
particle 'storms'.

The first frame of Figure 2, containing the Crab data, shows a nearly steady flux. A
small downward trend in the counting rate is due to the pointing drift. From this observation
it 1s deduced that 1 COS-B c/s corresponds to 12.6 pJy (2-11 keV mean) for a Crab-type
spectrum. This observation also clearly demonstrates the stability of the detector as well as
the constancy of the non-X-ray background.

The change In counting rate behaviour on day 16, after slewing to the GX 5-1 field, is
readily evident. The total counting rate increases by a factor of about two over that of the
field containing the Crab nebula. The appearance of the count rate plot is dominated by
flaring behaviour and relatively abrupt changes in intensity with an amplitude of ~ 40 c/s;
these have a characteristic time scale of a few thousand seconds. Together with some slower
transitions of similar amplitude, these combine to yield an erratic temporal behaviour which
shows no apparent periodicities.

The same type of behaviour is visible in the second observation (last frame of Fig. 2),
more than a year later.

In a search for periodicities with small amplitude which might underlie the Irregular
variability of the signal, the data have been subjected to a Fourier analysis. A 2 -point
fast Fourier transform yielded a power spectrum with a frequency resolution of 0.3 μHz and a
Hyquist limit corresponding to 200 s (Figure 3). None of the peaks In the power spectrum
corresponding to periods shorter than about 1 d Is significant. For periods longer than one
day, the power spectrum Is much enhanced by the effect of the 1.5 d satellite period and the
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Intrinsic source variability that is apparent in the data. Accordingly, many of the low
frequency amplitudes exceed the 99% confidence upper limit for statistical fluctuations due to
photon noise. The same is also true for the transform of the 'window'-function and for
transforms of data obtained during other observations. The significance of any peak in this
region is therefore difficult to evaluate from our data alone.

Taking into account the excess variability in the signal at low frequencies, we quote
upper limits {99% confidence) on periodic variability for the various sources within the field
of view. The upper limits for the individual sources in Table 2 are given for the (worst case)
assumption, that they were at their lowest luminosity thus far observed. Apart from the
DC component, the highest peak in the power spectrum (of marginal significance), corresponds
to a period of 6.5 ± 1.0 d and a full amplitude of 13 c/s (see Fig. 3). This peak is probably
caused by recurring 1-2 d episodes of lower average flux visible in the data around days 21,
27, 32, 39 and 47.

IV. Discussion

The observed irregular intensity transitions occur on a short time scale (a few 1O3 s i .
This makes i t highly probable that each individual transition is the result of an event in one
particular source, rather than the accidental superposition of smaller flux changes from
several of the sources in the field of view, all taking place within ~ 103 s. The amplitude of
the flares and transitions, ~ 40 c/s, then pinpoints GX 5-1 as the only remaining source with
a previously observed flux range large enough to have caused them (Table 1). As they are
visible in both observations, separated by 1.5 y, they probably do not originate from a
transient source. It should be noted, however, that an origin of this variability in an
unknown recurrent transient or in one of the observed 'steady' sources at an unusually high
level of variability can not strictly be excluded.

If the rapid irregular variability arises in GX 5-1, this implies that this source
frequently changes Its Intensity with a factor of at least 2 within less than an hour. Within
the framework of a binary model with mass accretion, one might attempt to explain the
variability in terms of changes in the intrinsic X-ray flux, i . e . , in the accretion rate, or
as the result of variable extinction or obscuration of the X-rays.

First, consider variable partial obscuration of an extended X-ray source by an accretion
disk whose thickness varies with azimuth angle (White and Holt 1982). If the thickness of the
disk is some fixed function of the position angle with respect to the symmetry axis of the
binary system, (e.g. , depends on the angular distance from the impact point of the accretion
stream), i t would be difficult to understand how such a disk could effectively hide the
orbital motion of the system, while causing rapid intensity changes of a factor of > 2.

Changes in the distribution of absorbing gas structures on the scale of the binary
system, moving under the influence of gravitational forces, would occur on time scales similar
to the orbital period, and consequently this could only serve to explain the observed flux
changes in highly compact systems with periods of the order of 1 h. In larger systems, small
absorbing structures would have to be Invoked.

The present data do not contain spectral Information, but in previous observations (Mason
et al. 1976, Parsignault and Grindlay 1978), on somewhat longer time scales than discussed
here, a positive correlation between intensity and spectral hardness was observed for GX 5-1
and several similar sources. This is opposite to the Inverse correlation that is expected for
intensity variations due to changing absorption, and rather points to variations in the
accretion rate itself as an explanation for the observed variability. A higher accretion rate
could cause spectral hardening by, for example, an increase in absorption close to the compact
object (Kylafis et al. 1979 and references therein), or by higher temperatures in the X-ray
producing region.

It is possible that the degree of variability In the accretion rate required to explain
the luminosity variations is caused by instabilities in the inner region of the accretion disk
(Lightman 1974, Pringle 1976). These might be more pronounced In Type II X-ray binaries
because of the probable absence of a strong magnetic field, which could allow the disk to
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extend very «uch closer to the compact object than in Type I sources.
The apparent lack of variability on time scales of hours for GX 5-1, GX 3+1 and GX 9+1

tends to rule against highly compact binary models. I t should be noted, however, that the
X-ray flux of the 41 min X-ray binary 4U 1626-67 (Middled? ten et a l . 1981) is not observed to
modulate with the orbital period. Furthermore, the 50 min X-ray binary 4U 1915-05 (Walter et
a l . 1982, White and Swank 1982), which exhibits partial and erratic X-ray eclipses, would
exhibit only a small amount of power at 50 min in a Fourier spectrum, and such modulations
would have been diff icult to detect in any of the sources except for GX 5-1 .
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Table 1 Observed Steady Sources

Source

GX 5-1
(1758-250)

GX 3+1
(1744-265)

GX 9+1
(1758-205)

NGC 6440
(1745-203)

GCX-3
(1743-288)

GCX-1
(1742-294)

GX 1+4
(1728-247)

NGC 6624
(1820-303)

GX 13+1
(1811-171)

1755-338

GX 9+9
(1728-169)

FIELD TOTAL

OBSERVED

Offset (e)

0.2

2.9

4.1

4.5

4.9

5.5

5.7

8.3

8.4

9.3

9.5

Collimator
Transmission

1.00

0.76

0.62

0.58

0.54

0.47

0.45

0.20

0.19

0.12

0.11

Expected
Counting

Rate (c/s)
Max Kin

111

40

33

8.3

3.8

4.5

7.8

6.5

6.8

0.9

2.8

225.4

~ 175

42

13

11

0.8

0

1.9

1.2

1.0

2.3

0.3

1.5

75.0

Expected
Percentage
Of Total

Max Min

65

24

19

4.9

2.3

2.6

4.6

3.8

4.0

0.5

1.7

25

8

6

0.5

0

1.1

0.7

0.6

1.3

0.2

0.9

The non-transient X-ray sources in the field of view of the COS-B X-ray detector. The
flux from non-transient, unresolved sources in the galactic center region Is estimated to have
contributed less than 2 c/s to the total counting rate (Forman et a l . 1978). Second column
gives the distance of the source from the center of the detector f ie ld , third the collimator
transmission efficiency at which the source was observed. Maximum and minimum expected
counting rates were calculated according to the flux ranges given in Bradt et a l . (1979).

126



Table 2 Upper Limits to Modulation

Source 1.0-0.38 d 0.38-0.16 d 0.16-0.06 d 0.06-0.01 d 0.01 d-200 s

Total
Count
Rate

GX 5-1

GX 3+1

GX 9+1

GX 13+1

3.4%

14%

43%

57%

-

1.9%

7.5%

24%

31%

-

1.1%

4.2%

13%

18%

81%

0.5%

2.1%

6.6%

8.8%

41%

0.2%

0.9%

2.9%

3.9%

18%

99% confidence upper limits to periodic modulations. The upper limits were derived from the
local mean power for an assumed exponential distribution of power amplitudes. Note that the
upper limits for an individual source were calculated from the (worst case) assumption that
the source was at its lowest previously observed level.

Figure 1. Hap of the observed region near the galactic center. The geometrical transmission of
the detector decreases approximately linearly from the center to the edge of the field of view
(large circle).
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Figure 2. The counting rate from the GX 5-1 field and, for comparison, from the Crab at 1024 s
resolution. A charged particle background of about 100 c/s has been subtracted from the
signal; statistical error per bin Is about 1 c/s. Note that the first three frames are
consecutive 1n time.
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3. The low-frequency part of the power spectrum of the GX 5-1 1975 observation. The
power was normalized to a mean value of 1 at high frequencies. The complex appearance of the
spectrum around 7.7 μHz (1.5 d) Is due to the satellite orbital period. Notice the high power
in the 1.8 μHz (6.5 <J) bin, marked by an arrow.
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NEDERLANDSE SAMENVATTING

Röntgendubbelsterren zijn stelsels van twee sterren dte in een nauwe baan om elkaar heen
draaien. Een van beide sterren is een compact object, een ineengestorte ster van zeer hoge
dichtheid.

In de stelsels die in dit proefschrift aan de orde komen, is het compacte object
vermoedelijk 1n alle gevallen een neutronenster, een ster met een doorsnede van slechts
ongeveer 20 kilometer en een massa gelijk aan ee"n tot twee maal die van de zon. Een dergelijke
ster heeft een dichtheid vergelijkbaar met die van een atoomkern en bestaat waarschijnlijk
grotendeels uit dicht opeengepakte neutronen.

De begeleider van de neutronenster is meestal een min of meer 'normale' ster, met één
bijzonderheid: hij verliest grote hoeveelheden materie. Deze materie valt uiteindelijk op de
neutronenster neer. Omdat in de omgeving van een neutronenster een zeer sterk zwaartekracht-
veld heerst, wordt de materie tijdens dit proces met kracht naar beneden gedreven. Hierbij
treedt sterke verhitting op, er een groot deel van de vrijkomende energie wordt omgezet in
rontgenstraling. De hoeveelheid rbntgenstraiing die wordt uitgezonden tijdens dit
'accretie'proces kan oplopen tot een paar honderdduizend maal de totale energieproductie van
de zon.

Zowel de hoge dichtheid als het sterke zwaartekrachtveld van een neutronenster maken het
bestuderen van dubbelstersystemen die neutronensterren bevatten van fundamenteel belang. Zij
stellen ons in staat iets te weten te komen over de werking van de natuurwetten onder extreme
omstandigheden, die op aarde nooit voorkomen. Misschien is het compacte object in bepaalde
röntgendubbelsterren zelfs een 'zwart gat', een nog buitengewoner object dan een neutronen-
ster. In zekere zin bestaat een zwart gat eigenlijk alleen nog uit een uitermate sterk
zwaartekrachtveld. Röntgendubbelsterren kunnen ons verder iets leren over supernovaexplosies,
dat wil zeggen ontploffingen van zware sterren waarin naar men aanneemt compacte objecten hun
ontstaan vinden. Tenslotte vormen röntgendubbelsterren een stukje van de legpuzzel die laat
zien hoe uit bepaalde sterren (en dubbelsterren) weer andere ontstaan.

Om de door röntgendubbelsterren uitgezonden rontgenstraling (ernstig verzwakt door de
grote afstanden van deze systemen) te kunnen waarnemen, is het nodig de aardatmosfeer te
verlaten. In de hoofdstukken 2, 3, 4 en 6 van dit proefschrift worden waarnemingen van deze
rontgenstraling beschreven die zijn verricht met de COS-B satelliet van de Europese
ruimtevaartorganisatie ESA. Een aanzienlijk deel van de meetinstrumenten in deze satelliet
werd gebouwd door de GROC Werkgroep 'Kosmische Straling' aan de Rijksuniversiteit te Leiden.
Röntgendubbelsterren zenden meestal ook andere soorten straling uit, zoals zichtbaar licht en
ultraviolette straling, bijvoorbeeld afkomstig «an de 'normale' ster. Hoofdstuk 5 is gewijd
aan waarnemingen van deze soorten straling.

In hoofdstuk 1 bespreek ik de veranderingen van de omloopstijd van de dubbelster die
worden teweeggebracht door de materieoverdracht en door eventuele materie-uitstoot uit het
dubbel stersysteem. In de hoofdstukken 2, 3 en 4 zal dit onderwerp steeds weer opduiken.

Hoofdstuk 2 is gewijd aan het systeem Cygnus X-3. Deze zeer heldere röntgenbron in het
sterrenbeeld de Zwaan wordt waarschijnlijk door gaswolken aan ons oog onttrokken, zodat ook
met krachtige telescopen geen zichtbaar licht waarneembaar is (wel infrarode straling). Het is
daardoor niet bekend wat voor een soort ster de begeleider van de neutronenster is. De COS-B
waarnemingen tonen (onder andere) veranderingen van de omloopstijd, voor een deel
waarschijnlijk een gevolg van de effecten besproken in hoofdstuk 1, maar voor een ander deel
mogelijk te wijten aan effecten die te maken hebben met vervorming van de begeleider door de
zwaartekracht van de neutronenster. Deze waarnemingen leveren Informatie op over de
materiestromen en over de aard van de begeleider.

De stelsels besproken in de hoofdstukken 3, 4 en 5 bevatten een OB-reus of -superreus als
begeleider, een hete, blauwe ster met een 10 tot 30 keer zo grote massa en een 100 tot 1000
maal zo groot volume als de zon. Twee van de stelsels die aan de orde komen bevinden zich (net
als Cygnus X-3) in ons eigen melkwegstelsel: Centaurus X-3 en Vela X-l. De overige (SMC X-l,
LHC X-4 en H0544-665) bevinden zich in de Kleine en de Grote Mageilaanse Wolk, twee kleine
melkwegstelsels die om het onze heen draaien.

en
Het onderwerp van hoofdstuk 3 is de materieoverdracht en het accretieproces in 'Cen' X-3
SMC X-l. In deze systemen kan de materieoverdracht in principe op twee manieren
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plaatsvinden: i) Hete sterren (zoals OB-sterren) vertonen vaak een sterke 'sterrewind':
materie wordt in alle richtingen weggeblazen door de druk van het door de OB-ster uitgezonden
licht. Een deel van deze materie kan door de neutronenster worden onderschept, ii) Als de baan
van de neutronenster zich dicht genoeg bij het oppervlak van de begeleider bevindt, kan
materie van het oppervlak van deze ster direct worden 'aangezogen' door de zwaartekracht
uitgeoefend door de neutronenster ('Roche-lobe overflow'). In Cen X-3 en SMC X-l heeft dit
laatste proces vermoedelijk de overhand; in Vela X-l (hoofdstuk 4) wordt de materie hoogst-
waarschijnlijk via een sterrenwind overgedragen. Verder wordt in hoofdstuk 3 ingegaan op de
oorzaken van de in deze twee systemen vaak optredende 'extended low states', onregelmatig
optredende periodes van vaak enige weken, gedurende welke in onze richting vrijwel geen
róntgenstraling wordt uitgezonden.

Hoofdstuk 4 gaat in op waarnemingen van róntgenpulsaties van Cen X-3 en Vela X-l.
Rontgenpulsaties ontstaan als de rontgenstraling wordt geproduceerd in een kleine, hete plek
op het oppervlak van de neutronenster, die door de aswenteling van de neutronenster periodiek
aan het oog wordt onttrokken. Afhankelijk van de snelheid waarmee de neutronenster om zijn as
draait, zien we hierdoor de helderheid van de rdntgenstraiing enkele malen per seconde tot een
paar maal per uur op zeer regelmatige wijze op en neer gaan. Het geheel is enigszins te
vergelijken met da werking van een vuurtoren!icht. De oorzaak van het ontstaan van de hete
plek is het zeer sterke magneetveld van de neutronenster (ongeveer een biljoen maal zo sterk
als dat van de aarde), dat de neervallende materie als in een trechter bijeendrijft (naar de
magnetische polen).

Door zeer nauwkeurige metingen van de pul sa ties is het mogelijk zowel de baan te meten
die de neutronenster in het dubbelstersysteem beschrijft, als informatie te verkrijgen over de
eigenschappen van de neutronenster zelf. Dit zijn dan ook de belangrijkste oogmerken van het
onderzoek dat in dit hoofdstuk wordt beschreven.

Hoofdstuk 5 beschrijft waarnemingen van zichtbaar licht en ultraviolette straling.
Hetingen van de ultraviolette straling, die door de röntgendubbelsterren SMC X-l en

LMC X-4 wordt uitgezonden, zijn verricht met de ESA/NASA-sateliiet 'International Ultraviolet
Explorer'. Op grond van bijzonderheden van de ultraviolette hel derheidsvariaties van de van
LMC X-4 wordt aannemelijk gemaakt, dat dit systeem een 'accretieschijf' bevat. Dit is een
platte ronddraaiende wolk gevormd door materie die door de zwaartekracht van de neutronenster
is ingevangen. In deze wolk spiraleert de materie geleidelijk naar binnen, om uiteindelijk in
het centrum van de schijf op de neutronenster neer te vallen. Accretieschijven danken hun
ontstaan aan hetzelfde verschijnsel, dat in de aardatmosfeer de ronddraaiende luchtmassa's
doet ontstaan die wij als depressies en hogedrukgebieden kennen, met dit verschil, dat in dit
geval ook de zwaartekracht van de centrale neutronenster een belangrijke rol speelt. Ze treden
waarschijnlijk altijd op in geval van Roche lobe overflow; als de materie-overdracht geschiedt
door middel van sterrenwind is hun aanwezigheid veel minder zeker. (In artikel 3.1 wordt aan
dit laatste probleem enige aandacht besteed.)

In het artikel over de rontgenbron H0544-665 worden waarnemingen in zichtbaar licht
beschreven die met aardse telescopen zijn verkregen. Dit artikel vormt een voorbeeld van het
werk dat onvermijdelijk voorafgaat aan het bestuderen van rontgenbronnen in zichtbaar licht:
hier wordt gepoogd uit te zoeken of een bepaalde ste>- werkelijk verantwoordelijk gesteld kan
worden voor eerder in zijn buurt waargenomen rontgenstraling.

De begeleiders in de systemen die in hoofdstuk 6 aan de orde zijn hebben een veel
geringere massa dan de OB-sterren uit de voorgaande hoofdstukken; waarschijnlijk is hun massa
lager dan één maal die van de zon. In dit soort lage-massa systemen zijn de effecten van de
baanbeweging meestal zeer moeilijk te vinden. Ook de rontgenpulsaties ontbreken meestal,
mogelijk omdat de neutronensterren in deze systemen zo oud zijn, dat het magneetveld, nodig
voor het ontstaan van de 'hete plek', ernstig verzwakt is. Een deel van het onderzoek
beschreven in dit hoofdstuk bestaat uit het zoeken naar regelmatige veranderingen in de
röntgenhelderheid die op baan- of pulsatie-effecten zouden kunnen wijzen. Verder worden de
onregelmatige heiderheidsveranderingen bestudeerd die 1n deze systemen wel in overvloed
aanwezig zijn.
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Stellingen behorende bij het proefschrift 'Observational Studies of
X-Ray Binary Systems'.

1. Oe meeste 'low states' van Centaurus X-3 worden veroorzaakt door een
overmaat aan massaoverdracht.

2. LHC X-4 bevat een precederende accretieschijf.

3. De correlatie tussen de helderheid en de relatieve modulatiediepte
van de röntgenstraling uitgezonden door Cygnus X-3 wijst op de
aanwezigheid van een eclipserende röntgendubbelster in dit systeem.

4. De geleidelijke toename van de haanperiode van Cygnus X-3 is een
sterk argument tegen het optreden van 'Roche-lobe overflow' in dit
systeem.

5. Het is onjuist, zoals in discussies over materieoverdracht en
accretie in nauwe dubbelsterren vaak gebeurt, de termen 'disk-fed'
en 'wind-fed' als tegengestelden te gebruiken.

6. Gegevensopslag op magneetbanden dient gestandaardiseerd te worden.

7. In de bijbel komt geen passage voor die zegt dat homoseksuelen niet
voor de klas mogen staan, maar wel een waaruit afgeleid kan worden
dat deze ter dood gebracht moeten worden. Het is derhalve
onwenselijk de bijbel in deze als richtsnoer te nemen.

LevitiauB 20:13

8. Indien men het in het plan Lievense voorgestelde spaarbekken bij een
overschot aan windenergie zou leegpompen en bij een tekort weer
laten vollopen in plaats van, zoals voorgesteld, andersom, zou net
een lagere ringdijk kunnen worden volstaan en zou de kans op
calamiteiten geringer zijn.

'Windenergie en waterkracht', rapport van de
Begeleidingscommissie Voorstudie Plan Lievense,
Staatsuitgeverij, '' s-Gravenhage, 1981.

9. Het is verbijsterend te constateren met hoeveel enthousiasme een
deel van het Nederlandse politie- en justitie-apparaat gebruik heeft
gemaakt van een gedeeltelijke opschorting van de grondrechten in de
gemeente Amsterdam op 11 en 12 oktober 1982.

'Geen Hood Zaak', een uitgave van het Klachtenbureau
Politieoptreden Amsterdam.

10. Bezuiniging op de klimaatregeling van universiteitsgebouwen wordt
contraproductief op het moment dat het schrijfgerei de aldaar
werkenden de verstijfde vingers ontglipt.

M. van der Klis, 2 februari 1983


