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iii.

X—ray Binary Systems — Ariel V SSI Observations

M.G.Watson

ABSTRACT

The basis of our current theoretical understanding of galactic
x-ray sources is reviewed. Models are outlined involving close binary
systems containing a compact object accreting mass which has been lost
from the nondegenerate star by a variety of mechanisms. The present
status of galactic x-ray astronomy is discussed, with emphasis on the
links between established observational categories and the characteristics
of the proposed models.

Observational results, consisting primarily of extended x-ray light
curves derived from analysis of Ariel V SSI data are presented for two
main classes of galactic x-ray source: (i) high-mass x-ray binaries
containing an early-type giant or supergiant star; (ii) low-mass x-ray
binaries in which the nondegenerate star is a late~type dwarf. For the
high-mass binaries emphasis is placed on the determination and improvement
of the orbital parameters; for the low-mass binaries, where a less complete
picture is available, the discussion centres on the type of system involved,
taking into account the optical observations of the source.

Finally, the properties of two further categories — the sources in
the galactic bulge and those associated with dwarf novae - are discussed
as examples of rather different types of galactic x-ray emitter. In the
case of the gazlactic bulge sources current observations have not lead so
far to a clear picture of the nature of the systems involved, indeed their
binary membership is not established. ZX-ray emission from dwarf novae and
related objects is a relatively recent discovery and represents the opening
up of a new field of galactic x-ray astronomy.
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Abbreviations and Units

24:
25:
3U/4U:

ASM:
MJD:
"RMC ¢
SSI:

U.F.U.:

Units

designation of a number of new sources detected by any of the
Ariel V experiments (e.g. A0620-00). .

designation of sources listed in the "2A" catalogue (Cooke

et al. 1978) based on SSI observations.

designation of sources accurately positioned by the SAS-3 RMC
(see compilation in Bradt 1978).

designation of sources listed in the third/fourth Uhuru catalogues
(Giacconi et al. 1974; Forman et al. 1978).

the Ariel V All Sky Monitor,

Modified Julian Date. MJD = JD (Julian Day) - 2 400 000.5
Rotation Modulation Collimator (Ariel V or SAS-3).

the Ariel V Sky Survey Instrument.

Uburu Flux Unit = 1 Uhuru count s (see Units).

A number of different intensity units are used in x-ray astronomy;
they are inter-related as follows:

1 SST count s = 2.5 /LJb(averaged over 2 - 11 keV)
1UMEucmmts4 = 1.1 F%( " THET ")
. Icrab = 1060 )‘Jj( " " " " )

where 1 ,;.JJ= 2.42 x 10'-12 erg cm_'zs"1 KeV-1.

Each conversion assumes an incident Crab-like spectrum.
Note that the actual energy ranges of the SSI, and Uhuru,
differ from the nominal band used here for the conversion
factors.



Preface

For a new discipline, x-ray astronomy has.reached maturity remarkably
quickly, It is already cleaf that the study of x—-ray astronomy plays an
esseptial part in our understanding of the fate of ordinary stars at the
endpoint of stellar evolution where almost unrestrained gravitational con-
traction leads to the formation of exotic superdense forms of matter: white
dwarfs and neutron stars, or the final collapse ofvthe star to the black hole
state.

On a more mundane level, the discoveries concerning the binary nature
of some, if not all, compact galactic X-ray sources have revitalised interest
in the strucﬁure and evolution of close binary systems of all kinds. Whereas
it is true that many of the more exciting of these discoveries have already
emerged (particularly from the observations made by the Uhuru satellite in
the first three years of this decade) it is only now, with the accumulation
of ever increasing amounts of information about galactic sources, that a
pattern of sorts is beginning to emerge.

In a way‘this stage of consolidation is more interesting, and certainly
more demanding on those actively involved in the field. Throughout this
thesis the relationships between apparently disparate behaviour in a vériety
of sources is stressed with emphasis on tﬂe "sténdard" binary model, without,
hopefully, ignorihg the possibility of the existence of totally new classes

of object.



Chapter 1

GALACTIC X-RAY SOURCES: THEORY AND OBSERVATION

1.1 Introduction

This thesis is concerned with the analysis and interpretation
of observations of galactic x-ray sources. This chapter outlines
the theoretical work on which our current understanding of such sources
is based, and reviews the present status of galactic x-ray sources from
the point of view of the observational data available. Since much of
the data later presented is analysed in terms of temporalAvariability,
this topic is discusséd in the last section.

1.2 Theoretical Considerations

1.2.1 Basic Ingredients

4

The basic features of compact* galactic x-ray sources which any

successful theory must explain are:

35 -1

- 1038 erg s 3

(i) 1luminosities 10
(ii) variability on timescales ~ 0.1 s (down to 1 ms);
(iii) temperatures (inferred from x-ray spectra) of 107-108K.

Most current theories explain this picture in terms of accretion. of
material onto a compact objéct*. As was firét‘noted by Ginzburg (1967),
the energetics of such a system are dominated by the gravitational energy
available to the accreting.material as it falls down the potential well of
the compact object. The first papers dealing with accretion onto a compact

object were by Zel'dovich and Novikov (1966) and Shlovsky (1968). Since

then the basic idea has been developed by many authors (see § 1.2.2).

* Throughout this thesis the term "compact x-ray source" will be used to
imply an unresolved, i.e. stellar object, and the term "compact object"
to mean a gravitationally collapsed star i.e. white dwarf, neutron star
or black hole. In practice many compact sources contain compact obgects,
but this is not necessarily the case.
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The success of the quel depends critically on the inclusion of
the compact object. With the benefit of hindsight it is easy to see
why this must be the case. Consider the infall of particles of mass m,
from infinity to the bottom of the gravitational well of an object of
mass M, radius R. In thé Newtonian approximation (which suffices for
order of magnitude calgula.tions) the energy gained by each test particle
is: _

AE = m (%n-‘-) (1.1)

For a s’teédy flow of matter g%— into the pofential well the average

rate of energy release will be:

= (ME 02)

If a fraction ¢ of this energy appears as x-ray radiation, the x-ray

luminosity will be:

L_ . 6(%‘-) o | (1.3)

Without detailed knowledge of the accretion and radiation processes
involved, we can only set limits on the temperature of the emergent
radiation. - Assuming cooling is efficient (e.g. Lamb 1975) we have

for the radiation temperature T:

Top € 7% T (1.4)
where.'l‘bb is the black body temperature given by:
1
L 4
T, = |—>— (1.5)
bb [ 4 sz o ]
and T £ is the free—fall temperature given by:
cu | (1.6)
klpp = (R ) my
where ¢ and k are Stéfan's and Boltzmann's constants and oy is the
n '

nuclegx’ mass, and we have assumed the emitting region to have dimension

R equal to the radius of the object.



In order to meke some quantitative estimates of the likely

luminosities and temperatures of the radiation resulting from

accretion, we shall assume an accretion rate %%- = 10-8 M0 yf

(=7 x 10'7 g 3_1) and an efficiency € = 0.1 (the justification of

1

these values will 5e apparent later). The resultant luminosities and
temperatures for accretion onto a normal star, whité dwarf, neutron star
and black hole, all with mass M = 1 M@’ are given in Table 1.1.

It is clear that, in generél terms, the luminosity and temperature
characteristics of galactic x-ray sou:ces'can only be obtained by.accretion
~onto a neutron star or black hole. Accretion onto an ordinary star pro-
duces negligible luminosity especially as the true efficiency factor in
this case will be_several orders of magnitude less than the value assumed.
In the case of a white dwarf the radiation would be primarily optical and
UV. A more detailed study of accretion processes reveais a less clear
cut situation - accretién onto a white dwarf can give x-ray emission in
certain circumstances, especially if the accreting gas is shocked up to
free fall temperatures (Tfffv 2 x 109K£). In any system it is also
essential that the radiation be able to escape without serious absorption
or degradation by surrounding matter. In general terms, however, -a fuller
‘analysis leads to essentiallj the same conclusions.

The values assumed for the efficiency and accretion rate are those
typical for a close neutron star binary. The efficiency can-bé estimated
theo:etically; for white dwarfs it is probably ~ 0.001, for neutron stars
~0.1 and for black holes ~ 0.1 - 0.4, the precise magnitude depending on
 the details of the accrétion process (e.g. Novikov and Thorne 1973, Rees 1976).

Any model which will explain ths'gross features of the luminous galactic
xX-ray sources will most probably involve accretion onto a neutron star or
black hole. This conclusion is reinforced by the timescales of variability
observed in many galactic sources which are justvthose expected from an

emitting region close to a compact object (see § 1.4).



TABLE 1.1

Resulté of Accretion

. . R Luminosity  T,. (K) T..(K)
opaect Radius (R@) (erg s bb ff
Main-sequence star ~ 1 1032 2x10° 2x100
White dwarf "~ 1072 1034 5x 10" 2x10°
Neutron star ~107 1037 107 2x102
Black hole ~1078 1038 5x100 2x 10"

TABLE 1.2

Current Status of Galactic X-ray Sources

Category

Supernova remnants and associated pulsars
(e.g. Crab, Vela, Pup A, IC443, etc.)

X-ray bursters

X-ray bursters associated with steady sources
Globular cluster sources

Binary systems

Puléating systems

Transients and transient-like variables
Galactic centre sources

Cataclysmié variables

Total number of galactic sources
(Jvl <10° or known to be galactic)

Number known

6 (>2 keV)
(~13 in total)
> 30

~ 10

7

12 + 7 possible
14 + 2 possible
~ 30
~10

~4 (>2 keV)

~ 150



1.2.2 The "Standard" Binary Model

The idea of powering the x~ray emission in compact x-ray sources
from the gravitationgl energy released by accretion onto a compact object
has been developed to a stage where a reasonably well defined "standard"
model now exists (e.g. Gursky and Schreier'1975). The basic hypotheses
on which this model is based are (e.g. Lamb 1975):

(1) +the compact object is a member of a close binary
system (B'~ days) with an "ordinary" non-degenerate

star;

(ii) mass transfer from the ordinary star to the compact

object is taking place;

(iii) the mass flow is accreted onto the compact object

resulting in x-ray emission.
This model has been outstandingly successful in explaining specific
source behaviour, and its plausibility has led to spéculation that all
compact x-ray sources might be explained in thése terms (e.g. Gursky and
Schreier 1975). At present I am not aware of any specific observation
which cannot be explained in térms of this model, although this is not
surprising considering the large nuhber of free parameters available,
) Most of this chapter assumes that the "standard" model is indeed applicablé.
In the remainder of this section some aspects of this model are discussed
in more detail.

1.2.3 Mass—loss Mechanisms

The possibility of mass-loss and méss transfer wifhin normal close
binary systems has played an important part in investigations of the
evolution of close binaries.. In the specifié context of ;—ray biharies
attention has focussed on a small number of mass-loss mechanisms. - Although
~ these are discussed individually below, the possibility of intermediate
modes of mass transfer should be ﬁorpe in mind.

(i) Stellar Wind

All stars probably possess a stellar wind at some le#el - the sun

. - -1 :
itself has a stellar wind amounting to ~ 10 14 Mey « Strong stellar



winds, howe#er, are only found in early-type stars, mainly giants and
supergiants with spectral types earlier than B1 (Lamers et al. 1976).

In such stars stellar winds ranging between 10-5 and 10_9 Mey-1 are
established on the basis of optical and UV studies (Lamers et al. 1976)
and also of course from x-ray obse;vations. The actual mechanism for
the production of such strong stellar winds may involve the effects of
radiation pressure on the Outér atmosbhere of the star, probably'enhanéed
by the low surface gravity* of these stars (Castor et al. 1975).

The importance of stellar winds in explaiﬁing the behaviour of the
high-mass binary x-ray sources (see Fig. 1.1 for typical system) was
first emphasised by Davidson and Ostriker (1973) with particular reference
to Cen X-3. It is important to note that not all of the stellar wind
will be accreted by the compact object (see Fig.1.1). Only material
which passes within the Bondi-Hoyle accretion radius T, is captured,

where r

A is given by:
' 2GMx v , ( )
T, —— 1.7
A 2., 2
(Vk +V )

where Vk and Vw are the orbital and wind velocities respectively. In

the spherically symmetric case the accretion rate onto thé compact object

is: o
m
. P 2 1.8
r © 2 Try (1.8)
4ra '

where a is the orbital separation, ﬁx is the mass-transfer réte onto
the compact object and &p the mass-loss rate from the primary star. For
typical values of N&, Vk,'Vw and a, rA.s O.1a, resulting in accretion

3

rates onto the compact object ~ 10-2 - 10 ° times smaller than the mass—

loss by stellar wind from the primary.

* In close binary systems the effective Sufféce gravity will be even
further lowered if the star is close to filling.its Roche lobe.



accretion disc (?
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equipotential

surfaces
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Fig. 1.1 (a) Accretion via stellar wind mass-loss

(b) Aocretion via Roche-lobe overflow



Because the mass—loés by stellar wind is approximately isotropic,
the angular momentum of the wind relative to the compact object is smalln
and the formation of an accretion digc, the cé1tra1 feature of many models
of binary x-ray sources, is somewhat marginal. The outer radids of the
accretion disc for accretion from a stellar wind can be estimated as

(McCray 1976):

N ' B
T, ® }(—3) =~ 3x 105(3&5-8 v, (;ﬁ} P2 cm (1.9)
\a 0 "0

' and P is the

where Vw is the wind velocity in unifs of 1000 Km s
binary period in days. As can be readily seen, the dimensions of the’
disc are of the same order as tﬁe radius of the compact object. The
existence of a disc around a magnetised neutron star where the influence
of the magnetic field may influence the gas motions out to ~a108 cm is
in particular doubtful, although there is indirect evidence for discs in
systems of this type from spin-up timing measurements on x-ray pulsars

(Rappaport and Joss 1977).

(ii) Roche-lobe Overflow

The second major possibility which has been considered is accretion
from material flowing through the inner Lagrangian poiﬁt (L1) of a system
where the ordinary star is overfilling its Roche equipotential surface
(Roche Lobe). Strictly speéking the precise description of the mass—loss
depends on the rotational state of the star in relation to the binary system
{eca—ppmentir—43, but the discussion here will apply equally well if the
star does not corotate. Roche-lobe overflow occurs as the result of
expansion of the stér in response to nuélear exhaustion'and thus is expected
to be particularly important in stars which have just started their evolution

off the main sequence*. Mass—loss from a star filling its Roche-lobe will

* Another possibility is Roche-lobe overflow caused by a decrease in the
Roche-lobe size due to decay of the binary orbit, as may occur in very .
close binaries as a result of tidal interaction and gravitational
radiation losses (Faulkner 1976).



occur on a timescale similar to the evolutionary timescale for the
expansion. Thus for early-type stars Roche-lobe overflow will result

3

in mass-loss rates of ~ 10 -.10—5 MO y_1, a rate high enough to totally

obscure the x-ray source. For late-type main sequence stars (later than
FO) Roche-lobe overflow ratesa 10-8 - 10-10 M@ y—1 are expected - exactly
the rates needed to power a typical galactic source. In constrast with
the stellar wind mass-loss, Roche—lobe overfléw involves a narrow stream
of material which wili have significant angular momentum with respect to
the compact object. In this situation we naturally get the formation of
an accretion disc (see Fig. 1.1). The dimensions of the disc are typically
of the same order as the Roche-lobe surrounding the compaét object (i.e.
comparable with the orbital separatidn)and thus it is likely to be very
much larger than either the radius of the compact object, or the magneto-
spheric radius if a magnetic field is.present.

| Ob;ervational evidence for Roche-lobe overflow is mainly indireét,
often based on the determination of the orbital elements of the system
revealing that the primary is semi-detached, and fhat the Roche-lobe
overflow is therefore a likely mode of mass—loss.l This is certainly the
case with dwarf nova systems (e.g. Bath 1976). ~ The best studied case of
mass—-loss by Roqhe-lobe overflow in an:x?ray binary is Her X-1’where both
x-ray (Jones and Forman 1976) and optical studies (Middleditch and Nelson
1976) indicate the presence of a large accretion disc, very plausibly
resulting from the Roche-lobe overflow of HZ Her.

(iii) Other Possibilities

Although the terms stellar wind and Roche-lobe overflow probably
describe the mein modes of mass—loss-likely to occur within close binary
systems, there is a greater variéty of underlying mechanisms driving the

mass—loss than discussed above.  In particular, mass-loss by stellar



wind may be enhanced by the heating effects of the x-ray flux impinging
on the atmosphere, producing a "self-excited" wind (e.g. Basko et al. 1977).
The magnitude of the wind produced in this manner has been the subject of
some debate and at present the results are not conclusive (Basko et al.
1977§ McCray 1976). A second possibility has been studied by Alme
and Wilson (1976) who considered a wind powered by density wa&es (driven
by radiation pressure) in a star nearly filling its Roche-lobe. This
mechanism comes close to being intermediate between the steilar wind and
Roche;lobe overflow cases.

Low-mass stars in very close binary orbits may, as mentioned in
the footnote (p.6), overflow their Roche-lobes as a result of orbital
decay. This has been considered in the specific case of 4U1626~67
where x-ray pulse timing implies a very short binary period for the system

(Rappaport et al. 1977).

1.2.4 Accretion Disbé

Accretion taking place as a result of Roche-lobe overflow, and
possibly in the case of stellar wind mass-loss, is likely to lead to the
formation of an accretion disc. Accretion onto the compact object via
an accretion disc is very efficient, principally because the radial inflow
timescale is long enough to allow adequate thermalisation of the gravi-.
tational energy, and thus the study of discs, for example as performed by
Pringle and Reesv(1972) and Shakura and Sunyaév (1973), is-of great import-—
ance to the understanding of x¥fay binaries. Comprehensive reviews of
this subjeét are found in Lightman et al. (1977) and Shm (1976). Here
the basic disc structure and characteristics are outlined following Rees
(1976).

Material lost from the primary star moves in towards the compact
object under the influence of Coriolis forces until it ehcounters the

outer edge of the disc (see Fig 1.1). The material in the disc then



follows approximately Keplerian.orbits, but spirals inwards due to the
effeéts of viscosity at a rate determined by the efficiency with whiéh
viscous drag fransports angular momentum outwards., The disé is heated
mainly by viscoué friction, and not_directly by the release of.gravi-
tational energy; this thermal energy is then radiated. This is rather
imbortant since the gas has time to radiate before it moves into tightly-
_'bound orbits and is accreted onto the compact o‘bjeét. For radiation
from a thin disc (scale height < disc radius rD) we have fof the luminosity
per unit area at _ra.dius T from the compact object:

0 - (53] [ s 1o

T

where ;nx = %— as before, p is a numerical factor ( P < 1) which depends

on the inner boundary conditidns, and T,

The spectrum of the disc radiation depends principally on the disc

is the radius of this boundary.

density which is determined by the accretion rate and viscosity. 4An

estimate of the disc temperature can be made however (cf. equations 1.3

-1.6):
Pr) Yy T () » (Tx10%m, = U)K (1.11)

where ﬁ10 is in units of 1670 My vy

is expressed in solar masses. This relationship ensures emission at.

1, Ty is in units of 106 cm and MI

x-ray wavelengths from the region near a black hole or neutron star

(r ~ rb)*, provided the disc extends this far in, and provided the

35

accretion rate m 2.510, equivalent to luminosities I&:> 10 erg s-1.

1.2.5 Accrefion Processes

The behaviour of a binary system as an x-ray source is dominated
‘by the accretion proceséés taking place close to the compact object. Here
we consider the likely results of accretion, both radial and disc-like,

onto a black hole, neutron star and white dwarf.

* Note that the bulk of the luminosity comes from small radii — eqn. (1.10)
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(i) Accretion onto a Black Hole

For disc accretion onto a black hole .the inner boundary of

the disc T, is conventionally taken as the radius of the innermost

6GM
x

o2

‘ stable circular orbit. For a Schwarzschild hole T, = 3rg =
(where fg is the "gravitational.radius" of the black hole
= 3%? ), for a "maximal Kerr" hole r, = Ty Accretion onto a
black ;ble from an accretion disc can be very efficient, estimates of
the efficiency range from ~6% for a Schwarzschild hole to‘n'42% for a
"maximal Kerr" hole. In the absence of an accretion disc, i.e. if the
accretion flow is radial, the x-ray luminosity of-the black hole system
may be very low, since the matter may fall.directly into the hole without
having time to radiate signifiéantly. If, however, turbulent viscosity
is important radiative cooling may still occur (Meszaros 1975). Note
that a detailed analysis of the processes taking place near the black hole

demands a full general relativistic treatment.

(ii) Accretion onto a Neutron Star

For disc accretion onto an unmagnetised neutron star, the inner

boundary of the disc will be just the neutron star radius. Significant
x-ray emission can be expected from the neutron star surface, this is

true whether or not accfetion is from a disc. If the neutron star has

a substantial magnetic field, the accretion flow near the neutron star

will be dominated by the effects of the magnetic field. The inner boundary
of the accretion disc will be the Alfven surface (or loosely the ﬁagneto—
sphere) at a radius T from the neutron star. This radius can be estimated
by considering the balance between the gas aﬁd magnetic pressure, giving

(McCray 1976):

g 4/r(u 1T -2/
r, % 3x10 f‘30 (Mo)

X Ly cm (1.12)
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. . . . v 30
where ’430 is the magnetic moment of the neutron star in units of 10
gauss Cmﬁ (corresponding to surface field B= 1012 gauss) and L37 is

37

the x-ray luminosity in units of 10 efg s-1. 'Rotation of the neutron
star can have significant effgcts on the Alfven surface, however, and
stability of the magnetosphere is not always ensured (Lamb 1975).

Inside the magnetosphere the accretion flow follows the field
lines leading to accretion onto the magnetic pole caps of the neutron
star. Providing most of the luminosity comes frpm these small regions,
high radiation temperatures (ﬁF>108K) can be expected. This mode of
accretion also provides a natural explanation for the behaviour of x-ray
pulsars, since any misalignment of the magnetic and rotation axes of the

neutron star will result in anisotropic radiation, i.e. a "beaming" effect.

(iii) Accretion onto a White Dwarf

The possibilities for x-ray emiésion from a white dwarf have been
relatively little studied until recently, simply because of the difficulty
of achieving the high luminosity and temperature reépired for the "standard"

.galactic X-ray source. Straightforward appli¢ation of eqn.(1.11) for disc
accretion onto a white dwarf (remembering that € ~ 0.001) implies that

2 My y.1) are required to

extraordinarily high accretion rates (:‘nx}, 10°
produce x-ray temperatures (T'2,1O7K). However, in the spherical
accretion case a stand-off shock may be formed above the white dwarf
surface in which fhe gas is shock heated to ~ 1081{ (e.g. ‘Katz 1977).

A similar model invoking the presence of a magnetic field which effectively
yields radial accretion onto the magnetic pole céps even in the presence

of an accretion disc haé been discussed by Fabian et al. (1976). Ricketts
et al. (1978), following Fabian et al., have successfully applied this
model to the hard x-ray observations of SS Cyg, a dwarf nova which is
almost certainly an accreting white dwarf. It now seems that accreting

white dwarfs can be "hard" ( ),1O7K) x-ray emitters but it is unlikely

that any will have 1umin03;ties L. > 1036Verg 8-1, since higher luminosities
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demand such an accretion flow that the x-rays have little chance of
escaping from the emission region.

1.2.6 Radiation Spectrum

The dominant radiation mechanism for a hot plasma with T > 1O7K
is thermal bremsstrahlung (or free-free) emission leading to a differential

spectrum of the form:

dp,
_T = gA n,

dE

for a wnit volume of plasma at temperature T with elebtron density n,

2 1% oxp (<B/kT) (1.13)

(g is the Gaunt factor which depends on both T and E, and A is a constant)
(cf,)Blumenthal and Tucker 1975). In a realistic situation the emitting
region will have a range of electron temperatures, thus the emitted
spectrum will be the sum of the contributions at each T, giving a spectrum
which may be closer to a power law than the original exponential form.

At x-ray energies the emitting region in a- typical galactic source
will be optically thin to free-free absorption. Electron scattering
opacity may be important, however, and will tend to change the shape of
the spectrum, and the total luminosity. The high energy end of the
spectrum tends to a Wien forﬁ with photons at this end being degraded by
electron scattering to lower energies.

Outside the emitting region the passage of the x-rays through "cold"
matter, both loc;lly (e.g. in the accretion disc) and in the interstellar
medium, will lead to photoelectric absorption. Since photoelectric
absorption can only-takg place if E » I, where I is the ionisation potential

of the atomic species in question, each element will make a separate contri-

~bution to the overall absorption with an edge at Eo = I. The overall

absorption opacity has the form:
K(E) «E’8/3' for EalI

-K(E) g3 for B » I (1.14)

N e e e

k(E) «2 /2  forE I
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Siﬁce the abéorption'coefficient depends on Z4, photoelectric absorption
is dominated by the effects of the heavier elements even though their
cosmic abundance is low. For convenience the photoelectric absorption
is often parameterised in terms og a "cut-off" energy Ea where

I pserved = Temitted - ©XP [-'(%§) 3} . TNote that the strong energy
dependence of the absorption means thét only the low energy x-rays below
~ 3 keV are significantly affected.

The spectral resolution of "typical" x-ray detectofs, such as those

used on the SSI (see Chapter 2), is often of the order 50% which severely

‘ limits the precision with which source spectra can be measured. Indeed

most spectral fits are made to simple spectral forms characterised by only
three or four parameters. Thus at the moment the observations are makihg
few demands on the theory.

1.2.7 The EvolutionaryHistory of X-ray Binaries

The formation.of close binary s&stems'of the type thought to be
responsible for the bright galactic x—fay sources has been the subject
of much investigation. Indeed if a plausible evolutionary scenario were
not forthcoming, the existence of such systems, as inferred from a wealth
of observational data, would be rather problematic. Most of the work to
date has focussed on the evolutionary history of high-mass x-ray binaries,
although low-mass systems have recently received a little more attention.

Firstly we trace the evolution of a massive binary system, closely
following the work of van den Heuvel (1976), in which it is assumed that
the orbit is circular, mass and angular momentum is conserved, and that
both stars corotafe (note'that these assumptions are not totally self-
consistent). The initial system (see Fig.1.2) consists of a 4.7 day
binary system with stars of mésses 20 M, and 8 M . Star 1 (the more

0] O]

massive star) evolves first and will fill its Roche-lobe after 6.2 x 10

6

yr.*. Subsequent mass—transfer from star 1 to star 2 oécurs via Roche-lobe

* This is case B mass—exchange since the more massive star leaves the
main-sequence before filling its Roche-lobe.
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4

overflow on a thermal timescale. After ~ 3 x 107 yr mass-fransfer
ceaées when star 1 initiates core helium burning. . Star 2 is now the
more massive with Mzss 22 M@ . Within‘6 b4 105 yr the helium star will
eiplpde as a supernova, leaving behind a neutron star. The results of
supernova explosions in binary sysfems have been extensively studied;

in this specific case the system is very unlikely to be disrupted since
the explosion occurs in the least massive star. The condition for dis—-
rﬁption ié a symmetric explosion is M1 > 2 MNS + M2, where MNS is the
mass of the neutron star left as the remmant of the supernova explosion.
Since M, > M, this con@itic&n is not satisfied. Assymetrical effects
(recoil and "rocket" processes) may cause disruption buf only increase
the disruption probability by a small ambunt (principally because the
assymetric kick has to be in the right direction in order to significantly
affect the system) (De Cuyper et al. 1976).

After the SN explosion the evolution of star 2 continues until,
after ~ 4 x 106 yr, it will become a supergiant with a strong stellar
wind and the system now resembles the "standard model" discussed above.
The lifetime of the x-ray source is determined by the evolution of the
supergiant. After ~ 4 x 104 yr the supergiant will overflow its Roche-
lobe and the copious mass—loss is expected to extinguish the x-ray emissiqn.
In the subsequent evolution of this system the second phase of mass—transfer
will eventually end with the SN explosion of the core of star 2, leading
most probably to disruption of the system. If the system remains bound
it might then resemble the binary pulsar PSR1913+16.

A number'of objections can be made to this scenario, particularly
in respect of the conservative assumptions concerning mass and angular
momentum, In particular, if the evolution progresses via a contact

. stage, significant mass-loss from the system will occur (Flannery and

Ulrich 1977). Van den Heuvel's scenario does however give reasonable
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‘estimates for the total number of high-mass x-ray binaries in the

galaxy at any time. For example, assuming progenitor binaries number
~ 20,000, of which 1/5 evolve via case B mass exchange, the expected

4 yr) yields an estimate of

lifetime in the x-ray phase (~ 2 - 5 x 10
~ 0.6 = 1.6 sources within 3 Kpe of the sun. The number actﬁally
observed is 3 (Cyg X-1, Vel X-1 and 4U1700;37).

Secondly we consider the'evolutionary possibilities for the
formation of low-mass x—ray'binaries,'following van den Heﬁvel (1977).
One of the more plausible scenarios involves evolution of the low-mass
binary from a cataclysmic variable, implying that the neutron star
originates from a white dwarf driven over the Chandrasekhar limit by
mass accretion during the semi-detached stage of evolution. The for-
mation of the neutron star may involve a supernova explosion, or it_may
be possible for the collapse to take place "quietly", in which case there
isvno problem of disruption. Fig.1.3 illustratesvthis scenario for a
specific system, chosen to be initially similar to Z Cam. In this case
a supernova does occur, leading to mass-loss, widening of the binary system -
and the production of an eccentric orbit. |

A number of uncertainties in this scenario precluds any sensible
estimate of the number of progenitor systems which will produce x-ray
binaries §f-this sort. Since cataclysmic variables are reasoﬁably common
objects, such a scena;io may be sufficient to explain the number of low-
mass x-ray binaries observed, profided the probabilities involved are not
too low. Note that the x-ray phase of the system shown in Fig.1,3.will
only commence when the evolution of the "red main-sequence star" fills
its Roche-lobe unless some other form of mass transfer takes place. Such

a system will therefore be very old ( ~ 10'0

yr) before significant x-ray.
emission occurs and, as pointed out by van den Heuvel, will be'very long-

lived since Roche-lobe overflow from the least massive component is stable

end will occur on a nuclear timescale.
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Other evolutionary scenarios have beeniconsidered, particularly
in connection with Her X-1. For example, Suntantyo (1974) has considered
the origin of Her X-1 from a progenitor massive éjstem with an extreme
initial mass ratio. Although his édenario reproduces the presenf
features of the ng X-1 system, it involves a supernova explosion of:
~ the more massive component, which implies a high disruption probability,
and thus that systems of this type will be rather rare.

1.3 rGalactic X-ray Sky

1.3.1 Introduction

~ Observations in the "hard" x-ray band (22 keV) by a series of
X-ray astronomy instruments on board earth—orbiting satellites have
revealed the existence of ~ 400 discrete sources of cosmic x-ray emission.
The positions of mény of these sources* are shown in galactic coordinates
ip Fig. 1.4. Sometning like 50% of these sources are concentrated at low
galactic latitudes ([blg15°). This concenti'ation of sources in the
plane of the galaxy has long been interpreted as implying that the majority»
of low latitude sources are galactic in nature, and conversely that the
high latitude_éources are primarily extrégalactic (e.g. Matilsky et al. 1973).

General confirmation of this view is provided by the differing

log N - log S distributions for high and low latitude sources. For sources
with \bl<:20° a distribution consistent with N(D> S) « §70-4 ig féund, whereas
sources with |b|>20° have N(>S) « g1+5 (Forman et al. 1978; Warwick and
Pye 1978). The high latitude distribution is consistent with source isotropy
i.e. an extragalactic (or nearby galactic) population; the low latitude
distribution indicates a "line" distribution whicﬁ has been taken as indi;
cative of spiral arm population, although it is more likely that the distri-
bufion seen arises from the convolution of the sourée luminosity function with

a complex spatial distribution (cf. Johnson 1978)

* Sources plotted are mainly those in the 3U and 2A Catalogues together
with a variety of other Ariel V, SAS-3 and HEAO-A sources.
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Detailed suﬁport for this picture comes from the individual
. identifications of low latitude sources. At the time of writing (1978
September), some 30% of all low latitude sources have been identified,
almost entirely with galactic objects: supernova remnants, globular
clusters, binary star systems, etc. (Bradt. 1978; Margon_1978)._ A
small number of sources identified with galactic objects have of course
been found at high galactic latitudes; these sources are mainly nearby
(£ 1 Kpé distant) or are galactic halo objects with large scale heights
above the gaiactic disc. |

Apart from a small number of supernova remnants; all galactic
sources are uniesolved, i.e. point-like with the highest resolution
currently available. All sources which have been studied with
suf ficiently high‘time resolution show variability on timescales of
seconds, if not shorter (Forman et_al. 1976). This is evidence that
the majority of galactic sources are compact, "stellar" objects. Detailed
observations of a small number of sources have shown that they are members
of close binary systems with a general similarity to the "standard" model.
outlined in §1.3. |

As well. as showing strong concentration in the galactic plane,
galactic sources are also on average brighter than the high latitude
population. Ipdividual observations indicate that the brighter galactic

35 _ 4038

sources have luminosities in the range Lx = 10 erg 3-1. This
conclusion is also reached if an approximately uniform distribution of
sources across the galactic disc is assumed with the observed source

count distribution. (Note that several lower luminosity sources are
knowmn - see §1.3.2). The limiting sensitivity of the current generation

of x-ray instruments (Imi = 1 U.F.U. for 4U Catalogue; I in ™ 0.5 S8I

n ml

counts s_1a= 1.3 U.F.U. for 2A Catalogue) indicates that a source with'
L, 2,1036 erg s~! should be detectable, and hence known anywhere within

the galaxy (d £ 25 Kpc). In practice source confusion severely limits
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the effective sensitivity to weak sources in crowded regions of the

37

galactic place, so that a more conservative value Ik:2’10 erg s-1
probably represents the lower limit to which all galactic sources are
known. For transient sources with a small duty cycle of x-ray emission
the situation is even worse - for example gply sources with Lx‘),1038
erg =" would have definitely been detected by the Ariel V ASM
(Kaluzienski 1977).

1.3.2 Classes of Galactic X-ray Source

On an observational basis galactic x—fay sources can be subdivided
into different categories according to a vgriety of criteria, e.g. specﬁra,
time variability, type of object associated with, galactic position. Such
categorisation can be useful in sorting out the wealth of observational
data, but unless it reflects the fundamental nature of the sources dis-
cussed, such a procedure is unlikely to promote further understanding.
Arguably the most powerful method for classifying galactic x-ray sources
(and indeed extragalactic sources also) has been by the nature of the
optical counterpart. The classification scheme then is based on the
fifm foundation of optical astronomy rather than the sometimes rather
tentative interpretation of x-ray observations.

The current status of galactic x—-ray sources is summarised in
Table 1.2 in the form of observational 6ategories. Note that the cate-
gories overlap and some sources are members of two or more categories.
Only three of these categories rely on optical identifications but in
fact the majority of 5oth binary and pulsating, and a number of transients
and bursters, have optiqal»counterparts. (Indeed the binary nature of some
systems is only established by optical studies).

1.3.3 Optical Identification

Most optical identifications are initially suggested on the grounds

of positional coincidence alone. The positional accuraéy of séanning
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experiments such as Uhuru* or the Ariel V SSI is typically of the

order 10 arcminutes for a weak source, but can be £ 1 arcminute for a
modulation collimator experiments (e.g. The Ariel V RMC or SAS-3 RMC).

In the galactic plane (]bl<:10°) the stellar density is on average ~ 14
stars per square arcminute for stars brighter than 20" (Allen 1973), thus
stellar identifications are only feasible if arcminute RMC positions are
available for the x-ray source. Identifications with objects other than
individual stars is much easier, provided these objects are rare‘(e.g. |
globular clusters, supernova remnants) and can be accomplished with the
larger errorﬁoxes available from scanning experiments.

Positional coinéidence is rarely enough to establish an identification§
various other properties have been used to confirm the association with the
optical object. These include:

(1) wunusual colours. Many, x-ray counferparts are noticeably
blue. In retrospect this is somewhat fortuitous since the
reasons for this are rather complex (see f 1.3.7 and 1.3.8);
(ii) unusual spectral lines. He II A 4686 emission lines, for
example, are often present in x-ray binary systems (McClintock
et _al. 1975).
(iii) correlated x-ray/optical activity. Photometric or radial
velocity variations at the knownix-ray period establish the
‘identification without doubt. Other correlated variability,
such as transient flaring, has also established identifications
(e.g. Murdin et _al. 1977). |

The criteria used for establishing optical identifications are of

course based to a large extent on observations of other optically identified

x-ray sources, so that the process is both iterative and subject to some

* The Uhuru positions for the strongest sources are £ 1 arcminute
in size however.
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uncertainty. Once eétablished however, observations of the optical
,éounterpart‘can yield a wealth of information including a range of

' orbital parameters for binary systems and estimates of the distance
and age of the objecf.

1.3.4 Globular Cluster X-ray Sources

At present seven* x-ray sources are known to be associated with
globular clustefs. Their properties are outlined in Table 1.3, based
on a recent review by Grindlay (19779. Except for the transient source
in NGC 6440, all of the x-ray sources have been positioned accurately
enough by the SAS-3 satellite (Bradt 1978) tb establish that the emission
emanates from within the cluster care, although this need not necessarily
be a central object. On the basis of the small sample available there
may -be some correlatidn of x-ray emission with concentration class although,
as noted by Grindlay (1978), there is some evidence that NGC 6712, Liller I
and the two new candidates are tidally disrupted clusters.

The x-ray spectra of globular cluster sourées generally show low
bremsstrahlung temperatures kT ~ 5 — 8 keV, similar to those found for
the galactic centre sources. Their luminoéities-are generally lower:
- Lx'z 1036 -'1037 erg s—1. All tﬁe sources are known to be §ariable
on a range of timescales, but none so far has shown periodic modulation.
Three, possibly five, globular cluster sources are ass§ciated with x-ray
bursters. The association of bursters with globular clusters has been
the subject of much debate. It is probably safe to say that a high pro-
portion of globular cluster sources are bursters, but that the majority of
bursters are not in globular clusters (Lewin and Joss 1977).

The nature of the globular cluster sources is still unresolved.

3

Most models involve either a nuclear, massive ( ~ 10 MO) black.hoie 6r
a low-mass short period binary system (Grindlay 19774, although direct

evidence for either model is not forthcoming.

* Kron 3 and Terzan 2 have also been suggested very recently (Grindlay 1978)
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1,3.5 X=-ray Bursters

The first x-ray burster was discovered in late 1975, since then
over 30 burst sources have been detected — most of them in the galactic
plane with a marked concentration towards the galactic centre. The
overall properties of bursters are summarised by Lewin and Joss (1977)
and in a recent review by Lewin (1978).

Bursters are characterised by impulsive x-ray flares with rise-—
times 0.1 = 1 sec and decay times ~ 10 - 100 seconds, with luminosity

38

at peak of gxas 107" erg 5-1. Recent observations have lead to the
classification of bursts into Types I and II (Lewin 1978). Type I
bursts have been seen from more than 25 of the known buﬁsters. They
show spectral softening during the evolution of the burst and fecur on
timescales of hours to days. Type II bursts have been seen from the
Rapid Burster (MXB1730-335) and possibly from several ordinary x-ray
binaries and pulsars. Théy show no spectral changes during.the burst
and recur on timescales of seconds to minutes. Type II bursts may also
have been seen from Cyg X-1, LMC X;4, 4U1258-61 and 4U1223-62, although
there is no certainty that the flare—like events detected are caused by
the same mechanism as in the Rapid Burster.

Four burst sources have been tentatiiely identified with.faint blue
stars (mB'V 18®). The identification of MKB1735-44 is certain, since
optiqﬁl bursts have recently been detected from the counterpart star
(Grindlay et _al. 1978). At least three, and probably five, burst sources
are locafed in globular clusters; as remarked earlier this association
seems to be well established. Ten burst sources have associated "steady"
x-ray emissi§n. Indeed several were known as steady sources before.
burst activity.was noted, and these sources are listed in Table 1.4
(taken from Lewin 1978). The x-ray spectra of these aésociated sources

are generally'"soft", having typical bremsstrahlung temperatures éimilar
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to both the globular cluster and galactic centre sources. There,éfe
no reported periodicites (eclipsing or otherwise) in any burst source
despite extensive searches (Lewin et al. 1976; Buff et al. 1977).

Some progress has been made in constructing models‘for bursters.
These centre on either accretion instabilities onto a compact object, or
thermonuclear flashes in matter accreted onto the surface of a neutron
star. The current view favours thermonuclear flashes for Type I bursts;
Type I1II bursts are almqst certainly due to accretion flow instabilities
(hence their occurrence in "ordinary" sources).

1.3.6 Galactic Centre Sources

The third group of sources which may have links with both globular
clusters and x-ray bursters are those bright sources located near the
galactic centre, varioﬁslytermed"galactic centre" or "galactic bulge" -
sources. These sources are discussed in more detail in Chapter 5.

It is difficult to give a precise definition of the galactic centre
sources, but it is clear if we examine the longitude distribution for the
brightest galactic sources (see Chapter.5) that there ié a remarkable
concentration towards longitude zero, with over 80% of the sources with
I > 100 UFU being within 30° of the galactic centre. If these sources,
or a subset of them, are physically similar then their longitude distri-
bution must imply that they are all close to the galactic centre, certainly
within the galactic bulge region. As is argued in Chapter 5, there are
certain observational similarities in terms of x-ray spectra and time
variabiiity which probably imply physical similarities. If fhese sources
are all at ~ 10 Kpc in the galactic bulge then they are the most luminous

38

galactic x—ray emitters with Lx'v 107" erg s-1 (close to the Eddington

limit for a 1 M@

The nature of the galactic. centre sources remains problematic -

compact object).

this is in part due to the lack of optical identifications. A low-mass
binary model for these sources can certainly be constructed (Jones and

Raine, 1978; Milgrom 1978) but other possibilities exist, e.g. for isolated
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black holes accreting from the interstellar hedium. One important
approach to this problem may be to clarify the obvious links of these
sources with those in globular clusters and with x-ray bursters.

1.3.7 High-mass Binary Systems

To be able to classify a source as being a high-masg binary
implies a more detailed knowledge of the system than for the three
previous categories discussed, thus the list given in Table 1.5 is subject
to greater uncertainty. The sources listed were selected by'the criterion
that their optical counterpart be a high-mass star (M > 3 M@, in ﬁany
cases M > 5 M@). Thus, provided the identification is correct, and the
systems are all binaries, the description "high-mass binary" will be
appropriéte. Note that this list includes the five "Uhuru" binaries
often referred to as "Supergiant binaries" and is, in a sense, an extension
to this class of source.

Of the 20 sources listed all but one (GX2+5) are associated with
a star of spectral type earlier than AO. | Where the information is available,
main sequence'stars, giants and supergiants are more or less equally represen-

ted. Such early-type stars all have masses in excess of 5 M, with the

@
exception of late B main-sequence stars for which M~ 3 - 4 M, (Allen 1973).
(The optical counterbart of the unusual system GX2+5 is classified as
M6 III and will thus have M ~ 8 M@).

.A vériety of regular periodicities are seen in the sources in
this list at x-ray and optical wavelengths. Twelve sources have long
periods (P > 104é) which are almost certainly orbital, mainly in the range
1 - 20 days. Seven of these sources (i.e. ~ 30% of the total) show x-ray
eclipses, which is about the number expected by chance if all 20 sources -

are high-mass binaries with a random distribution of inclination angles

and binary periods similar to those already established. Thus the prospects
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Notes to Table 1.5

Column (1)

(2)

(3)

(4)
(5)
(6)

(7)

(8)
(9)

X-ray source name. 4U and 25 designations are given
when possible. (Refs. [36] and [37] ).

Optical identification. Question marks indicate uncertain
identifications. Figure in square brackets is reference to
identification, and to columns (3) and (4) if not given there.

Spectral type and luminosity class of optical ID. Colon
indicates uncertain or incomplete classification.

Approximate V magnitude.
Galactic coordinates of x-ray source. (Degrees, 1950,0)
X-ray spectrum of source, taken from Jones (1977) (ref. [34] )

unless given. Code letter indicates approximate bremsstrahlung
spectrum: :

H: kT » 10 keV

M : 10 3 kT % 7 keV

S

..

kT £ 5 keV
HS : spectrum with 'H' and 'S' components

4

Known periods £ 10's. Letters in brackets have the following
meaning: o

X : seen in x-ray band

O : seen at optical wavelengths

R : iseen at radio wavelengths

I : seen at infra-red wavelengths
rv ¢ seen in radial velocities only
E : eclipsing (in x-ray band)

Extra brackets indicate doubt about that category; question
marks doubt about the reality of the period.

Known periods ;,1043. Details as for (7).

Extra information about source.

Figures in square brackets refer to references. No attempt has been made
to find the original reference in every case. Those sources marked with
an asterisk are the well-studied "Uhuru" binaries. For these, unless
references are given, data has been taken from one of the standard sources,
such as ref. [35] .
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for finding further eclipsing binaries in this list are rather poor.
Thirteen of the sources listed have short periods (ﬁulsation pe:iods*)
(P < 1045) ranging from ~ 1 - 6000 seconds; These periods mare thought
to arise from the spin modulation of the x-ray emission from a rotating
neutron star (or possibly white dwarf, although this can be discounted
in several well studied cases - see Rappaport and Joss 1977). Two
sources, Cyg X-1 and Cir X-1, almost certainly do not have pulsation
periods. Their short timescales ( € 10 ms) behaviour is characterised .
by irregular flaring (Rothschild et al. 1977; Toor 1977) which has
often been intefpreted as supporting evidence for thé presence of a
black hole in these systems. Regular modulation of the x-ray emission
from a black holé ié probably impossible, since the magnetic and spin
axes of the hole must be aligned (Ruffini 1975).

The clearest similarity between sources in this Table exists in
their x-ray spectra which are all "hard" in the sense of haviné bremss—
trahlung temperatures in excess of 7 keV (~ 8 x 1O7K); In fact the
majority have temperatures > 10 keV. This feature has often been noted
previously (e.g. Ostriker 1977).

These high-mass binary sources show a varietj of ﬁon—periodic
variability on longer timescales than the typical binary periods. In
particular A1118-61 is an x—réy transient which flared up briefly in
1974~5 and_ﬁas not been detected at any other time; A0535+26 and 4U0115+63
have recently been established to be "recurrent" transients (possible
recurrence period for A0535+26 ~ 200 days). Cen X-3 and SMC X-1 have
periods of low intensity occurring on a timescale of montﬁs, Cir X-1

shows a similar pattern with a timescale of years. Cyg X-1 displays

Note that the term "pulsation period" refers to a pulsed modulation
‘and not to a period of pulsation (i.e. radial oscillation) of the object.
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two quite distinct intensity states with correlated changes in x-ray
spectrﬁm and radio activity, again on a timescale of yéars.

It is important to note however that some important differences -
exist bétween sources in this list« Moét striking must be the inclusion
of two nearby x-ray sources; X Per and § Cas which have x-ray luminosities
2 - 3 orders of magnitude smaller than the others. In addition the
specific properties of Be stars may dominate the behavioﬁf of the'5 sources
which are identified with them.

To summarise the observational features of high-mass x—ray binaries,
these systems are characterised by:

(i) short binary periods (A~ 1 - 30 days?);

(ii) hard x-ray spectra;

(1ii) presence of x-ray pulse periods (~ 1 = 6000 seconds);

(iv) irregular variability on timescales from months to years.

The study of these systems indicates that a very likely accretion

mechanism is mass—-loss from the primary staf’by a dense stzllar wind (as
discussed in'§ 1.2.3). The possibility of Roche-lobe overflow, and mass-
. loss enhanced by large rotational velccities in Be stars must also be con-
gsidered (see e.g. Maraéchi et al. 1977). The presence of pulsation periods
is most easily interpreted in terms of‘the compact secondary being a rotating,
magnetised neutron star and this also provides a natural explanation for the
high x-ray temperatures observed (cf. Davidson and Ostriker 1973). .

1.3.8 Low—mass Binary Systems

Remarkabiy few galactic x-ray sources are known to be in low-mass
binary systems with any éertainty. There is however very strong indirect
evidence that many systems 6f this type ére X-ray emitters.

The 20 sources listed in Table 1.6 have been selected on the criterion
that their opticalvcounterpaft has MK 3 M@, and in most cgses.< 2 M@;

The stafus of both the idehtifiﬁations and the spectral types assigned to

the optical counterparts is far more uncertain than for the objects listed.
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Notes to Table 1.6

Columns as in Table 1.5, except for:
Column (3): n.s.: indicates non-stellar spectrum similar
to that of Sco X-1
" blue: star shows UV excess and is inconsistent

with being reddened early-type star (see text).

(6): Sources marked with (+) show strong spectral
changes. Typical spectrum is quoted.

Figures in square brackets refer to references. No attempt |
has been ma.cie to find the original reference in every case. These
sources marked with an asterisk are the well-studied "Uhuru" binaries.
For these references are given, data has been taken fromv-one of the

standard sources such as [41].

** gpectral type for 1630-47 counterpart estimated

from U, B, V, I colours given in ref. {20].
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in Table 1.5, principally becausé the majority are faint stars with

mv > 15m. For those stars whose spectral type is avgilable, G and K

dwarfs predominate. The other counterparts in this list have been

judged to be low-mass, either by their similarity to Sco X-1 (5 sources )

or, more certainly, if they exhibit;a non-stellar blue continuum (4 sources).
For the latter category one can argue that, if the source is a binary, the
optical star must be low luminosity and hence loﬁhmass for the spectrum

to be dominated by the blue continuum, assuming this to arise from either
the accretion disc or x-ray heating of the optical star (e.g. Joss and
Rappaport 1978).

Remarkably few of the sources listed show evidence for binary periods
(3 definite and 4 possible) and only two have pulsation periods. The x=-ray
spectra are predominatel& "soff" with bremsstrahlung temperatures €7 keV,
although several "harder" sources appear in this list (N.B. both pulsating
sources are "hard"). These sources display a remarkable range of time
variability. The list includes three x-ray transients,_fhree "recurrent
transients'" and four of the steady sources assbciated with bursters.

These low-mass binaries, if indeed they are all of this type, do not
form as homogenous a group as the high-mass class. Nevertheiess, we note
the predomiﬁance of low x-ray temperatures and paucity of pulsation and
binary periais.' These features are arguably also properties of two other
categories of galactic source = those in globular clusters and the galactic
centre sources (see § 1.3.4 and 1.3.5) and this is the principal evidence

~for low-mass binary models for these sources.

The differences in fhe x-ray properties.of the high-mass and low-mass
binaries mus% reflect some basic feature of these systems. One possibility
is that differences arise from the stellar population types of the systems.
The high-mass systems are mainly pop I, young objects, whereas the low-mass

" systems are expected to be predominantly pop II, i.e. older. If the mag-
netic field of neutron stars decays with time, as has been suggested(Gunﬁ

and Ostriker 1970; Ewart et al. 1975), the low-mass, older binary systems
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may contain neutron stars with insignificant surface fields. This
would certainly explain the lack of x-ray pulsations and also the lower
x-ray temperatures, since for a similaf accretion mechanism, "harder"
x;ray emission is expected from a neﬁtron star with a strong magnetié
field (since the size of the emitting region T, will be that of the
polar caps rather than the neutron star radius, cf. eqn.1.11).

It is also interesting to note that, on the basis of fhe identi-
fications made to date, low-mass binaries must be much more numerous than
high-mass binaries as x=-ray sources. This follows simply from the strong
gselection effect towards identification with early-type stars due to both

their rarity and intrinsic brightness.

1.3.9 Transients
Although the existence of transient x-ray sources has been recognised

for over 10‘years, their nature remains obséure\witkrthe exception of a

small number of sources which have been observed extensively, particularly

with the Ariel V satellite (see Chapter 4). The sources listed in Table

1.7 have all been designated "transients'" although the precise definition

has never been established. A working definition has Been suggested by

Kaluziénski (1977).. His definition (which would exclude a number of

those sources listed) requires: |

. 3)

(i) 1large variability (Imax/Imin- > 10°

3
(1i) mean interval between possible recurrent outbursts
T oo ® 2 JT (note that this is similar to the condition
suggested by Cominsky et al. f978' that the sources
have a small duty-cycle relative to fhe total observation
time); | |
(iii) for sources which are weli observed, the light curve

should show the typical rapid rise (« days) and slow

decline (-~ weeks - months) characteristié of optical novae.
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Since many "steady" galactic x~ray sources show variability by
factors > 10, the relaxation of condition (i) above will almost certainly
vmean that some of the sources listed are not true transients, and that
their apparent transient characteristics are due only to the limited
sensitivity of' current x-ray instrumeﬁts.

Only a few transients have been.reliably identified with optical
objects (these are included in Tables 1.3, 1.5 and 1.6), and there is
direct evidence of binary membership for only one transient source
(4U0115+63, Rappaport et _al. 1978 - note that this is a recurrent transient).
Nevertheless most transient models involve binary systemé containing a
compact object, essentially similar to the models for steady sources dis-
cussed in f 1.2, In these models the large variability shown by transients
is usually interpreted as being due to drastic variations in the accretion
rate onto the compact object. Transient source models are discussed in
more detail in Chapter 4.

| A classification of transients intotwo classes showing different
spectral temperatures, timescales and luminosities has been suggeéted by
Kaluzienski (1977). The bimodal temperature distribution is confirmed by
the work of Cominsky gg_gl..(1978é, the other differences are perhaps less
compelling. The temperature distribution found is precisely the same as
that seen in '"steady" binary sourcesv- the "hard" sources being associated
with the high-mass, pulsating sources, the "soft" sources with low-mass
systems (cf. § 1.3.7 and 1.3.8).

1.3.10 Low Luminosity Sources

It is only fair to conclude this section on the observational aspects
of galactic x-ray sources by mentioning the existence of a class of object
which is rather outside the terms of reference of this thesis. A recent
review by Garmire (1978) lists 30 x-ray sources which have been identified
with nearby stars (d £ 100 pc) and have very low x-ray luminosities (Lx« 1039

- ) »
erg s ). Such sources can only be detected at present out to a few hundred



parsece and thus have a very broad latitude distribution, making them.
difficult to distinguish from extragalactic objects unless very precise
positions are evailable. In addition to their low luminosity, many of
these sources are characteristicallyﬂvefy soft (kT ¢ 1 keV). The softest
sources will never be detected at large dietances from the sun due to

the 1erge intefstellar absorption at these low photon energies.

Garmire divides these low luminosity sources into five main
categories: cooling white dwerfs (efg. HZ43), coronal emission sources
(e.g. Cen),.flare stars (emission from magnetically active regions?
e.g. RS CVn binaries, uv Cet), interacting stellar wind sources (e.g.
Algol?) and cataclysmic variables (e.g. AM Her, U Gem). The emission
meclanisms responeible for the x-ray flux observed are thus probably
rather different from those discussed above with the exception of the
cataclysmic variables where accretion onto a-white dwarf is thought to
be responsible for the x-ray activity (see § 1.2.5).

In addition to the low lumihosity sources discussed by Garmire,
we expect to find a number of ordinary accreting neutfon star sources
of the type discussed earlier at low lﬁminosities. X Per, with a
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luminosity Lxcs 1077 erg s—j, is almost certainly a system of this sort,
since pulsar timing measurements strongly suggest that the compact object
in this system is a neutron star (Rappaport and Joss 1977). The lower
luminosity of such systems is presumably Jjust the result of much lowef
accretion rateé, and their apparent rarity probably only reflects the
iimited sengitivity of current_sufveys (although the luminosity function
of galactic x-ray sources has yet to be adequateiy determined).

With the advent of a new generation of vastly more sensitive x-ray
observatories (starting with HEAO-B) we can expect the study of lewer

luminosity sources of all types to become of prime importance in the

understanding of the phenomenology of galactic x-ray emitters.

29.
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1.4 Time Variability

1.4.1 Observational Considerations

In contrast with most astronomical objects (with a few notable
exceptions) galactic x-ray sources show a remarkable degree'of varia—-
bility on a vast range of timescales from 10--3 sec to > 10 yr. On the
shortest timescales ( < 100 ms) the variability seen is unique to
galactic x-ray sources (and the Crab and Vela pulsars!).

From an observational point of view the timescales on which
variability can be observed are set by a variety of constraints. At'
the shortest timescales photon statistics, even for the brightest source,
limit the time resoiution to ~1 ms, and a time resolution of 10 ms -

100 ms is typical'of the current generation of x-ray astronomy satellites.
Observatiéns on timescales from seconds to days are usually possible with
even modest instruments, although timescales of the order 5 few hours are
often problematic since the earth orbital period of most x-ray astronomy
satellites is in this range, and the observafions,are almost always inter-
rupted at least ohce'per orbit. Observations longer than a few days are
often difficult to make, either because of demands on observing time or
because of a variety of'constra;nts oh keeping the satellite attitude
steady for extensive pefiods. The Ariel V satellite is unusual in this
respect in that continuous observations of up to 30 days have been possible.
On even lﬁnger.timescales the only continuous monitoring possible is with
instruments such as the Ariel V ASM (see Chapter 2) which have large fields
of view, but suffer from rather low sensitivity.

Figure 1.5 illustrates the variability, both chaotic and periodic,
seen in several typical galactic soufces’on both short and long timescales.
.Figure 1.6 summarises the observational picture for x-ray variability in

galactic sources, together with a few examples for ordinary stellar systems.
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1.4.2 Theoretical Aspects

In general terms the regular periodicitiés seen in galactig sources
are the most easily understood, since they must reflect some rotation (or
conceivably free pulsations) within the system. Quasi-regular and chaotic
variability is much more difficult to interpret since there are,uéually a
number of mechanisms which might lead to the sSame behaviour. Nevertheless
some constraints can be placed on the origin of the variations simply by
- considering the physical limitations implied by the timescale.

| The ultimate 1limit is set by the light travel time considerationms.
If the x-ray emission comes from a region with dimension R, variability

cannot occur on timescales shorter than tLt given by:

B
c

.':Ulw

t = z2.3(

(81

@) ~ 3x10° (é—) sec (1.14)

.

where Ré is in units of 106 cm., A more realistic limit comes from
considering the free—-fall timescale from a radius R within the system

(Ostriker 1977):

o % ' L (X "% . +3/2
. ~—=] =~ 1.6x 10 (_x_) (-—) sec (1.15)
ff (R3) M@_ R@
. | (X % 'R +3/2
R X o
| | Mg/ \Rg | |

For example, a typical close binary system has dimensions R ~ 10" cm,

. with Mx~ 1 MO’ This gives tﬁ. ~ 1 hour. For free-fall from the

magnetosphere of a neutron star (R ~ 108 cm), tﬂ.~ 0.1 sec (this may
be directly relevant to models for x-ray burst sources where trise~ 0.1 sec).
Note that the free-—fall timescale also gives the maximum angular velocity

for a spinning object before'brealcup occurs:

()
R

N
P

max

ot

HZ' - (1.17)
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For a star with R ~ 1 R@’ the breakup angular velocity corresponds
to a spin period of ~—1O3 sec, for a white dwarf a period of 1 - 3 sec,
and for a neutron star ~10-4 sec,

For a black hole the relevant timescale is that which borresponds

to the period of the last stable orbit. For a Schwarzchild hole this is:

_4 M
t =~ 4.5 x 10 (E’-‘- sec (1.18)
0

amd for a maximally rotating Kerr hole:

s (X | o
t &~ 6.4 x 10 5(ﬁ:- sec ~ (1.19)

(Ruffini 1975).', (The constraints implied by eq_ﬁs. 1.14 = 1.19 are also
illustrated in Fig. 1.6). .

It is clear that x—ray variability on the shorteét timescales, for
example the millisecond variability in Cyg X-1 and x-ray bursts (see
Figs. 1.5 and 1.6), must originate ét or near the surface of & compact

object (regions with R £ 108

cm). The general variability on timescales

as short as 0.1 sec seen in a large number of galactic sources (e.g.Forman
et al. 1976) must also originate in regions smaller than ~ 109 cm (1 R@).
In terms of the breakup angular velocities given by equation 1.17, the
shortest spin periods detected in x-ray sources (~ 1 sec, Fig.1.6) must

be related to the rotation of a neutron star, whilst the longer periods

(,g 1000 sec) demand an object at least as compact as a white dwarf.

On longer timescales (hours to.days),vperiodic modulation is easily
understood in terms of the orbital motion of the x-ray source. The
origin of chaotic and quasi-periodic variability is more difficult to
pin down, since both accretion instabilities (particularly within an

accretion disc) and secular variations in the mass transfer rate may play

their‘part. Instabilities in the accretion flow are almost bound to occur -
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some of the possibilities are discussed by Ostriker (1977). As before
the timescale for Variabilify will be given approximately by the free-
fall timeécale.* Thus only instabilities in the outer disc regions are
expected to give variability on longer timescalés.

Variability in the mass transfer rate is known to occur for both
Roche-lobe overflow and‘stellar wind mass-loss. For example, the
repetitive outbursts in dwarf novae are believed to be a result of varying
Roche—-lobe mass-loss by the non-degenerate star (Béth 1976), although the
underlying mechanisms are not well understood (Bath 1977). Dramatic
changes in the stellar wind are thought to explain the long term variability
of sources like Cen X-3 (Schreier et al. 1976), and recurrent "hard" transients
like 4U0115+63 (Rappaport et al. 1978). At present the mechanisms which
drive these secular variations in mass-loss rate are not generally well
understood. One might expect however that such variations would show a
spectrum of timescales similar to those apparent in ordinary stellar systems
(e.g. recurrent novae; Algols, etc. — see Fig. 1.6).

With such a range of possibilities it is perhaps surprising that
all galactic x-ray sources do not show wvariability on all timescales. One
reason for the lack of short timescale variability (including céherent
pulsations) in some sources (e.g. Sco X—1).may be the existence of a gas
shell surrounding the x—réy source which is optically thick to electron
scattering (1:es » 5) (Maraschi et al. 1977). This shell will effectively
smooth out any variability on timescales t < (1 +‘tes) %-, where R is the
radius of the shell. Gas shells of this sort may exist preferentially in
low-mass binary systems in which mass transfer occurs via Roche-lobe overflow,

and may thus explain the lack of x-ray pulse periods in these sources.

Note however that the radial infall timescale for a viscous accretion
disc is »t leading to timescales of ~ months for large discs, such
as may resu£€ from Roche-lobe overflow.



Fig.

2.

1

Ariel V Satellite



Chapter 2

ARJEL V SATELLITE, SKY SURVEY INSTRUMENT AND DATA HANDLING

2.1 Introduction

The Ariel V satellite has a scientific payload of six x~ray
astrbnomy experiments provided by four British and one American
institutions. The experiments span the energy range 0.3 keV - 1.2 MeV

with a variety of broadly complementary capabilities for determining

source spectré, positions and variability. Since laﬁnch in 1974 October

the satellite has operated remarkably successfully, despite a few minor
problems, and the pro;ect is planned to continue untll 1979 October (see
Fig. 2. 2 for history of operatlons)

2.2 The Ariel V Satellite

Ariel V, shown in Eig. 2,1,7is the first British satellite devoted
to x-ray astronomy. Its only true predecessor is the Ameriﬁan UHURU
satellite ﬁith which it has much in common, although a‘number of previous
spacecraft, such as OSOf7 and Copernicus, héve included posmiq-x—ray

-astronomy experiments. The important features of the satellite are
summarised in Table 2.1. |

The low, nearly equatorial orbit of the satellite is designed to

maximise the shielding of the experiments by the earth's magnetic field

4.

from the cosmic ray flux. In practice the particle background is adequately

low except when the spacecraft passes near the South Atlantic Anomaly.
This is catered for by use of a background rate veto flag, accessible to
each'experiment, to inhibit data collection if desired. Power for all

spacecraft systems is-supp;ied during the sunlit portion of the Qrbit by



TABLE 2.1

Ariel V Satellite : Main Parameters*

DIMENSIONS Height 86.4 cm; width 95.9 cm.
WEIGHT 132 kg.
ORBIT 556 x 512 km; 2. 9° inclination to equator.
LAUNCH 1974 October 15 from San Marco platform, Kenya
by 4-stage Scout rocket.
ATTITUDE
Sensing 2 pairs of sun slit—-sensors, 2 pairs of Earth albedo-
sensors (1 pair redundant). Sector generator supplies
1024 equi-spaced signals per satellite rotation.
Control Spin-stabilised at ~ 10 rpm. Manouevres and spin-rate
changes using pulsed gas jets fed by liquid propane
tanks (or using magnetorquer system - see text).
Accuracy’ emm 405 Dnﬁ.~02 in one orbit;
per day (can be corrected by small attitude
changes on command)
POWER SUPPLY Solar cells covering 7/8 of circumference of satel lite.
In eclipse power supplied by 3 Ah NiCd battery.
Power consumption ~ 12 w.
DATA HANDLING On-board computer with two 4096 word (8-bit) core stores.
TELEMETRY Data dumps and satellite commands relayed via VHF link

with NASA STDN ground stations (part of NASCOM network).

Based on "The Scientific Payload for the UK~5 Satellite",
SRC Report (1973).



SATELLITE EXPERIMENT

Launch (October 15 1974%) Z
: o LE System detector 1 fails
LE System detector 2 fails
(LE System switched off)
N
Beginning of problems with o
gas jets ,
Intermittent attitude sensor
failures, backup system used
g
o
<«
2A Catalogue completed
o~
Manoceuvre gas supply 2N
exhausted. Magnetorquer -
system takes over.
©
o~
o))
<«
-1 2A Catalogue completed (?)
o
[
o
<«
End of catellite operations(?)

Fig. 2.2 History of Ariel V and the SSI since launch
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solar cells which cover 7/8 of the periphery of the spacecraft.. Power
requiremehts constrain the solar vector to be within 45° of the normal
to these solar cells, i.e. within 450 of the spacecraft spin plane (see
Fig.2.3). | During eclipse an on—-board battery keeés the satellite "live"
but cannot provide enough power for operation of the experiments.

Ariel V is a spin—staﬁilised satellite with a nominal spin-rate
of 10 r.p.m. Control of the spacecraft attitude and spin-rate (at least
for the first three years of operation) is achieved by use of three pairs
of pulsed gas jets (see Fig.2.3) fed from a liquid propane tank via
reducing valves. At launch the gas supply was esﬁimated as being sufficient
for a total of ~4OOO° of manoeuvre. Operational_problems with the reducing
valves have led to rather larger gas usage than expected, and at the time of
writing the gas supply is exhausted (see Fig.2.2). Restricted manoeuvres
can, however, still be made by powering the on-board magnetorquer coil
thus inducing an attitude change by interaction with the earth's magnetic field.
Attitude manoeuvres as large as 10° per day in R.A;, but only ~ 0.5O per day
in declinafion are possible with this method, but pointing directions are
severely constrained by the requirement that the satellite spin-rate remains
reasonably steady. (Llarge spin-rate changes can be induced by‘the magne-—
torquer — earth's field interaction).

The data-handling system for both the experiments, and the spacecraft
house-keeping data, is based on two 4096 word (8-bit) core stores. The
contents of both stores are dumped every orbit, on command, to a NASA STDN
groﬁnd station (at Quito, Ascension Island, and more recently Guam).
Manoeuvres and changes to the exberiment command registers are also made
on ceitain 'paSSes over the same ground stations. This results, in the

case of manoeuvres, in the loss of experimental data for that orbit.
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WSSL Experimenf A
WSSL Experiment C

Leicester

Experiment D Imperial College

Experiment F

X

Thermol
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111 1P
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NASA/GSFC
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Spin / Despin Jets Attitude Sensing System

Telemetry Antenna
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satellite equator

Line drawing of the Ariel V satellite showing the experimental
payload and main spacecraft systems.

Fields of view of) the experiments. (Both figures from smith

and Courtier 1$7
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Notes to Table 2.2

Column

Column

Column

Column

Column

(2)

(4)
(5)

(6)
(7)

.

Name of institution operating experiment.

(MSSL = Mullard Space Science Laboratory;

GSFC = Goddard Space Flight Centre). Reference
to expt. description given in brackets.

Field of view (full width at half maximum) in
degrees. ' _

Approximate optimum positional accuracy for a
bright source in one orbit (degrees).

Minimum time resolution (seconds).

Range - Energy range in keV.
N - No. of energy channels.

AE/E — Approximate energy resolution (%).

These values are the launch characteristics of the
experiments.

* These three experiments can operate in 'pulsar' mode in which
x-ray counts are accumulated in 16 bins according to the phase
of the preset 'pulsar' period. The time resolution in this
‘mode is limited by detector characteristics and the stability
of the on-board clock to about 1 ms.

References

~N O UV AN

Wilson (1977)

Cooke et _al. (1978)
Villa et al. (1976)
Sanford and Ives (1976)
Griffiths et al. (1976)
Carpenter et al. (1976)
Keluzienski (1977)
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Four of the experiments on Ariel V are mounted on the top of the
satellite and view along the spin-axis, i.se. are essentially "pointed".
The other two, including the SSI, are side-mounted and thus scan the sky
as the satellite rotates. The configuration of the experiments and their
approximate fields of view are shown in Fig.2.3. Further details of the
experimeﬁts are given in Table 2.2. '

2.3 The Sky Survey Instrument

The Sky Survey Instrument is a scamning proportional counter system
sensitive to x-rays in the energy range ~ 2 - 18 keV, with up to 16 PHA
channels of spectral infbrmation and normal time resolution of x 100 minutes
(one satellite orbit). The instantaneous field of viéw of the experiment,
set by the mechanical slat collimators, is a cross—shaped fan beam, one |
arm of the cross corresponding to the low-énergy and the other to the. high-
energy detector system. Experimental data from the SSI is accumulated
throughout each orbit in the 1024-word section of the satellitevcore-storé
al located. The satellite sector—generator provides 1024 eQui-spaced signals

per satellite rotation. “~These signals are used to divide the scan into

360°
1024

SECTOR 360o MODE operation each core-store location will correspond to one

1024 azimuthal sectors (width = = 0.350). In the simplest case of
azimuthal sector. Data from the SSI in this observing mode are shown in
Fig.2.5. Where spectral information is required the limited core-store
available demands a trade—off between the arc of the scan covered and the
number of energy channels stored. For example in SECTOR 45° MODE data
from only 45o of the scan is used (i.é. 256 séctors) but for each sector 4
channels of speétral information is stored (making .a total of 4 sets of
256 sectors). In order to make spectral mode observations of specific
sources the start sector (sector zero) can be preselected to enéure that
the correct arc of the scan is observed. Further details of the SSI are

given in Table 2.3.



COLLIMATORS

DETECTORS

CALIBRATION

BACKGROUND
REJECTION

DATA STORAGE

TABLE 2.3

Sky Survey Instrument Parameters

Stainless steel slats defining:

FIELD OF VIEW : 10.6° x 0.75° canted at 65° to spin plane.
Low energy (LE) and high energy (HE) systems collimators
have fields of view which cross on the spin plane (see
Fig. 2.4).

Two pairs of proportional counters -~ one pair for LE,
one pair for HE system.
Windows : LE system 0.0086 cm Be

HE system 0.0127 cm Be

Filling gas: LE system 2 cm depth
HE system 4 cm depth

Ar(76%) :Xe(16%): coz(a%) at 900 mmAHg.

Energy range : LE system 0.8 - 6 keV
. HE system 2.4 - 20 keV (nominal values
: at launch)
PHA divides counts in each system into 8
energy channels with geometrically spaced
boundaries :

%

Eupper 1.3 Energy resolution ~ 60

El 1 at 6 keV.
ower

Effective area: 280 cm2 for each system.

In-flight calibration by Fe55 K capture source irradiating
detectors by removing masking shutters on command.

(1) Each detector is surrouaded on 3 sides by a guard
detector in anti-coincidence with main detectors.

(2) RTD rejects events with rise-time above selectable
threshold.

(3) Pulses outside range of PHA rejected.

These 3 methods result in rejection of ~ 96% of non x-ray
background.

Contamination by solar x-rays is avoided by inhibiting

data collection when the sun is within 15° of the spin
plane (sun diode veto). Experiment is also provided with
background rate veto flag from either Expt.C or D allowing
inhibition of data collection during periods of high back-
ground (such as passage through the South Atlantic Anomaly),

~ Experimental data is accumlated in 1024 16-bit core-store

locations addressable by sector position, energy and time.

Continued ...



EXPERIMENT Coordinate system has spin—axis as pole with spin

COORDINATES plane as equator. The spacecraft has a sector
generator which divides each spacecraft rotation
into 1024 sectors. The zero sector starts when the
sun is detected in the sun slit sensor. The fields of
view of SSI and sun slit sensor are aligned so sector
zero is also the zero point of experiment azimuth
(unless offset by start sector).

EXPERIMENT Experiment is controlled by a 27-bit command register,
CONTROL set by signals from ground station.

Control options : HT and pre-amps (ON/OFF)
Calibration source shutter (OPEN/CLOSED)
Coarse gain control
RTD threshold select o
Select background veto flag (C/D)
Select start sector
Select observing mode

OBSERVING 11 observing or diagnostic modes are available. Normal

MODES observations are made in SECTOR mode where data is
accumulated according to sector position and energy.
Restrictions in core-storage require a trade—off between
energy channels and extent of azimuth scanned, i.e. 360
scan with no energy information; 22%° scan with 8 energy
channels. Azimuthal resolution stays constant at one
sector = 0.350. A

OPERATIONAL Background count-rate = 9 counts il (estimated 50%

CHARACTERISTICS diffuse and 50% non x-ray). Maximum observing time
per 100 minute orbit is = 60 min, due to switch-off
during eclipse. Typical observing time for particular
source is 2« 30 min. due to effects of earth-screening,
giving actual exposure times ~ 2 sec per azimuth sector.

SENSITIVITY 3o sensitivity for one orbit (source on,spin plane
2« 6 SSI counts s ' = 15 UHURU counts s 2 3 x 10
erg cm 25~ (2-10 keV).

(see § 2.4.2 for more details).

0
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czirr.uth
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0.6
FWHM
0.2
2 3 o 2. C 6 8 10

Sectors Elevation

Instantaneous field of view of the Sdl as defined by the
slat collimator. dote definition of azimuth and elevation

coordinates.

Azimuth and elevation response functions of the 331 collimators
(based on observations of the Crab). Departures from the
theoretical triangular shape are due to random mechanical
misalignment of the collimator cells.
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At launch both detector systems were working normally but shortly
afterwards both low-energy éystems counters developed leaks which made
them unusable after only a feﬁ months (see Fig.2.2). The low-energy
system was switched off in 1974 December; thus the majority of the SSI
observations have been made with the high-energy system alone.

The SSI is designed to perform two,major tasks:

3

(i) to swrvey the whole'sky with a sensitivity of 10 ° I

Crab
with sufficient positional éccuracy to make}identifications
possible;

(ii) +to make a detailed study of the variability of individual
sources.

The failure of the low-energy.system has led to some changes in the

observational strategy for the all-sky survey but has not seriously

affected the study of individual sources (although simultaneous low—energy -

system observations would have been useful in monito:ing spectral changes).'

The results of the sky survey for sources at high galactic latitudes

(Ibl>>100) have already been published as the '2A' catalogue containing

105 x~ray sources (Cooke et al. 1978). Detailed studies of individual

sources héve been pubiished in a number of papers, some of these results

being presented in Chapters 3, 4 and 5.

Observing time with the Ariel V satellite is divided more or less.
equally between five of the experiments (the sixth, expt.G, makes no spedial
demands on the gpacecraft attitude since its field of view covers most of
the sky (see Table 2.2)). In the pre—agreed observing programme each
experimeﬁt _typically has control over the spacecraft attitude for several
days continuously, during which pefiod the spin-axis position will normally
be kept approximately steady by making small attitude changes dailj to
correct for drift. The total attitude change during one ébservation is
usually restricted to £ 30. " Thus the observations with the SSI consist

of_sets of orbits with nominally the same spacecraft attitude ("observing
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SSI scans of the galactic plane made in 19?0 November. Top
histogram shows a section of the data accumulated in one orbit,
bottom histogram shows the same section of the scan for data
accumulated for 100 orbits with corresponding dramatic increase
in sensitivity. The solid line 1 he II' I 1
and the labels indicate the peal: matching \;ith catalogued source
cerlorrned o: ;ne scan
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slots") spanning typically 1 =10 days. Approximately 80% of these
slots will of course be made with the’spaceéraft attitude chosen by one
of the other experiments, but because of the wide strip of sky scanned
by the SSI, practically all this data will be of some value, at least for
sky survey purposes. (FPurther details of the obéerving programme are
given in Silk 1976 and Elvis 1978).

| Provided the attitude change in each observing slot does not
exceed ~=3°, the SSI aata from each orbit within the slot can be coherently
summed with little loss in spatial resolution by overiaying the sector
dafa making allowance for the small attitudg drift from orbit to orbit.
Examples of both single orbit and summed data are shown in Fig.2.5. The
sensitivity to weak sources is obviously much greater in the summed data
(signal-to-noise ratio has a ~ ﬁ% dependence on the number of orbits
summed) and the observations are normally analysed in this form'for the
determination of source pqsitions, and for éxamining the variability of
weak sources. Variability studies of strong sources can be made using
the single orbit data with the advantage that the highest time resolution
is then available.

In principle, observations with the SSI consist of 14 = 15 satellite
orbits per day, tyg data from each orbit being relayed to Leicester via the
NASA ground stations'and OCC at the Appleton Laboratory. 1In practice
about 20% of all orbits are lost due mainly to telemetry problems and
scheduling priorities at the ground stations. The SSI data received at
Leicester is stored in machine-readable form in one extensive data base
which includes all the useful observations made since launch. The data
are analysed on both a "quick-look" and long-term basis. The "quick—look"

analysis is really no more than a preliminary scan of the data with the

object of identifying transient events, etc., and is completed within about
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a day (at most) of the time of the observation. The long-term analysis
proceeds at a more leisurely pace and is diécussed in the next section.

2.4 SSI Data Analysis

The essentially simple format of the SSI data for each'satellite
'orbit lends itself particularly well to ﬁnalysis with one standard pro-
gram. This program, now known as "SCAN" has been continuously déveloped*
since the start of Ariel V operations and now pérfonms automatic processing
of thé SSI data with remarkably few problems. The program analyses the
data on a single orbit baéis, but if required will also coherently sum all
orbits.with nominally the same spacecraft attitude and perform a similar
analysis on the summed data, deriving for each orbit énd sum of orbits a
flux and position for each peak detected in the daté, associating these
peéks with catalogued x-ray sources where possible. Almost all the data
presented in this thesis rely on the "SCAN" analysis of the SSI observations.

The basic operation of the analysis program is illustrated in a
simplified form in Fig. 2.6. The flow chart shownis for the analysis of
a single orbit; analysis of summed orbits is essentially identical witﬁ
the addition of a summing routine between steps (1) and (J)-and additional
checks on the experiment mode, start sector and attitude in step (C).

Points to note on the flow chart are:

(A): Data for each.orbit consists of thé timing, attitude and
housekeeping information for that orbit, together with the

contents of the 1024 word core-store allocation (the experi-
mental data).

(B): (i) This routine evaluates the mean attitude and error estimates
from the 7 independent attitude records in the data.

(ii) Total integration time is determined from the experiment
event codes and event times which are a recard of the switch
on/off times corresponding to the start/end of orbit; entry/
exit into Earth eclipse and start/énd of background rate veto.
In the event of the corruption of the event data the program
can usually make an intelligent correction. '

* The original program was mostly the work of G.R.Eadie, development since
launch has been undertaken almost single-handedly by Dr.C.G.Page. Previous
versions of the program were.called "OSA".
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(4) . (Rea.d in data )

(one orbit )

v

(B) INITIALISATION

Evaluate observing mode,spacecraft attltude,
total integration time.

Locate sun~-diode veto.

Locate data errors and correct.

Correct for sector generator rate error.

Y

(c) CHECKING

Reject orbit if : too many data errors;
integration time error;
attitude error too large.

W

A 4

(D) Calculate exposure time round spin plane.

N

(E) Calculate expected positions and fluxes
for catalogued sources in field of view.

\ 4

(7) Compute background level.

\f

() Subtract background from data.

Y

(H) DETECTION

Search for all peaks with SNR > SNR,,..

Y

(1) . MATCHING

Match peaks against catalogue sources and
optimise matching., Calculate positions,
fluxes,errors,reliability factors for all
detections including unmatched peaks.

(J) Output data for each detection.
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(iii) Parts of the data affected by the sun diode veto (see
Table 2.3 and Fig. 2.8) are flagged to avoid background
fitting problems, etc.

(iv) . Telemetry problems, and more rarely faults in the space—
craft data handling system, can occasionally lead to
corrupt core data. Simple corruptions can usally be
rectified or, if necessary, the value reset by interpolation.

(v) A slight fault in the sector generator clock (see Table 2.3)
leads to the last sector being only 0.4 sectors wide (i.e.
onerotation = 1023.4 sectors). This results in both a
distortion in the azimuth scale and low exposure in the .
last sector. A correction for these effects is made at
this stage.

If thé data quality is too low, either because of data corruption
or large errors in the basic orbit parameters, the orbit cannot
be analysed. These orbits are rejected.

Exposure time is calculated from the total exposure time at a
series of points every 16 sectors (-~ 6°) around the spin plane
by evaluating the Earth occultation factor, taking into account
the on/off times for the experiment (see (B) above).

The expected positions and fluxes for all catalogued sources in
the field of view of the experiment are calculated using the
spacecraft attitude. The source list used is a composite
catalogue of known x-ray sources.

The background level is estimated empifically from an examination
of the data. The level is derived for apparently source-free
regions and is extrapolated over the rest of the data, constrained
by the requirement that it be a reasonably smooth function of
azimuth. Except for regions of high source density the back-
ground fit is usually remarkably good (see Figs. 2.5 and 2.8).

The detection routine searches for all peaks which have SNR Y SNR .
(usually 2.5 or 3« ). The peaks are located in decreasing i
order of size using a generalised least squares fitting algorithm

to the azimuth response (note that a point—source will produce an
azimuth response shaped peak_in. the data). The curve fitting is
iterated until acceptable X © values for the fit are obtained.
Unacceptable X 2 values will result from spurious peaks of various
origins; these will be rejected at this stage. A list of all peaks
and their associated- parameters is passed to (I).

Matching is achieved by comparing the set of detected peaks with
the set of sources predicted to be in the field of view (see (E)
above). The best match is evaluated by assigning a figure of
merit to each association of peak with known source and iterating
the procedure to achieve an optimum solution. The details of
this procedure are somewhat complex, but in practice the results
are reasonably consistent with a manual analysis. In the case
of highly confused regions anomalous matches can occur and re-
course to manual analysis is necessary. This routine also
evaluates fluxes, positions and their associated errors for all
matched sources, and alsofor all "new sowrces" (unmatched detections).
Upper limits to the fluxes of undetected sources can also be deter—
mined.
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(J): Output of the analysis results is usually in the form of
lineprinter listings and histogram plots (e.g. Fig.2.5). The
results can also be output in a condensed, machine-readable
form in order to create a file for further analysis.

The SCAN analysis of the data is the basis for both immediate
interpretation of the observations, andralso for most further processing;
for example, the production of x-ray light curves or the determination of
source positions.  Much of this'further analysis can also be done auto-
matically using a number of special puipose programs. Most of these
programs rely on a "source data file" (SDF) produced by the SCAN analysis
of all the SSI observations, either on a single orbit or summed orbit basis.
The SDF is basically a machine-readable summary of the results output by the
SCAN analysis (see step (J) above). The structure of the overall anal&sis
scheme for SSI data is shown in Fig.2.7.

The two routes shown from the SDF indicate the two main areas of
further analysis - determinatiop of sourcé positions and the s£udy of time
variability - which represent the bulk of all the analysis performed on the
SSI data. Not shown aie the routes corresponding to spectral analysis, or
PST analysis, neither of these fit into the overall structure for somewhat _
complicated reasons.

Although much can be achieved with automatic processing of the data,
a number of froblems arise which are either difficult or impossible to allow
for in the analysis programs and have to be solvéd externally, often maﬁually.
These problems include source confusion (especialiy in the galactic plane),
spurious peaks in the data (e.g. due to solar x-rays), large background
effects due to fluorescence x-rays produced in the Earth's afmosphere and bad
background fits arising from unresolved source complexes near the galactic
centre or from tﬁe steep background gradient encountered where the Earth's

limb occults the x-ray sky. Some of these problems are shown graphically in

Fig.2.8.



Tig. 2.7 OVERALL STRUCTURE OF SSI ANALYSIS

—

Raw data file

X-ray catalogue

SDF

POSITIONAL ANALYSIS
LOP maps
Errorboxes etc.

TIME VARIABILIY ANALYSIS
Mean flux,variability
Light curves
Fourier Transforms
Fold- X analysis etc.
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sun

peaks
100 200 300
fluorescence
300 400 500
200 300 400

Sections of SSI summed orbit histograms illustrating wvarious
problems with the data: (a) multiple sun pealzs due to solar
x-rays penetrating side of the collimators, and bad background
fit (near sector 200) arising from unresolved source complex
near galactic centre; (b) detection of atmospheric fluorescence
x-rays resulting from enhanced solar activity; (c) steep
background gradient (resulting in poor fit) at position where
earth’s limb occults sky.
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2.4.1 Determination of Source Positions

The determination of source positions is an important facet of
~ the analysis of SSI data, although it is not given much prominence iﬁ
this thesis. Full descriptions of the procedures and problems are
given in Cooke et al. (1978) and Elvis (1978).

The detection 6f a peak in the SSI data (normally a summed orbit
data set for positional work) enables the one-dimensional position of the

. 01

corresponding x-ray source to be determined with an accuracywde“gﬁﬁhv
where eé_is the FWHM of the collimator azimuth response (see Fig.2.4),
and SNR is the signal-to-noise ratio of the detection. The position in
the elevation direction (i.e. approximately perpendicular - see Fig.2.4)
is only determined to within i_Q%, where ¢% is the FWHM of the collimator
elevation reéponse (Fig.2.4). The detection can thus be represented as
a line of position (LOP) on the sky with dimensions ~ 2A8 x 2¢%_. Such
LOPs can be plotted on a sky map directly from the data contained in the
SDF. Scans over a particular x-ray source with different spacecraft
orientations Qill yield LOPs intersecting at the position of the source
with a range of positional anglés. An IOP map for a single source is
shown in Fig.2.9. Complications arise in regions of high source density
since intersections of LOPs associated with different sources can easily
arise, making the determinatioq of new source positions in particular rather
complex. |

The precise position and errorbox for a source can be determined from
the LOPs by evaluating the joint probability distribution in the region of
overlap of the LOPs. The overall distribution is calculated by assuming
that the probability distribution for each LOP is a Gaussian of standard

deviation ¢, where d is given by: -



2.9 Line of position (LOP) nap for all SSI- observations of 2A12pl1-290
(= E]( Hpdrae) plotted in celestial coordinates, (iTunbers on line;
refer to orbit and sector numbers of detections).

"ip. 2.10 Isoprobabilitp contour nap derived fron the LOPs shcvn in Fip.
Approxinatel” elliptical contours correspond to , 90n and
99-71- probability respectively. Lrrorboxes (dashed lines) for
AU and original 2A position determinations are also shorn, the
solid lines are edges of the LOPs.



43.

81\ ° L
762 = %’ (ﬁ%) ﬁ-eoz (2-1)
0%7

Bo is an angle (= 997', empirically determined) which estimafes the
systematic uncertainty in the location of the LOP arising from errors
in the spacecraft attitude, and the factor 1/3 comes from a detailed
consideration of the statistics (see Cooke et al.1978).

The Jjoint probabiiity distribution is then just the product of
the individual distribution (pi) evaluated at each point in the region

of interest:
N

P(x,y) = ]_[ p, (%,¥) | o (2.2)
‘ i=1
where the product is taken over the N lines of position. The best -
estimate for the position of the source is the point of maximum proba-
bil'ity,'and the errorbox is the contour which encloses (traditionally)
90% of the total integrated probability. _ | The probability distribution
contours calculated from the LOPs inFig. 2.9 are shown in Fig. 2.10.

Some idea of; the positional accuracy possible using this analysis
can be gained by considering the case where the errorbeox is determined
from N lines all of equal width Ty The errorbox dimensions will then
‘be qf order g_g_c-)-. For example, if each line has SNR = 5, O'o = 0%11 (from
eqn. 2.1 w:H:kIl\T 90 = O?O’{), for 5 lines of position the resultant positional
accuracy would be ~ O?OS # 3 arc minutes. This assumes that the lines
overlapvpezv'fectly; in practice this is unlikely to be the case and the
true positional accuracy will be several t,imes.-( A~ 3) worse than that
estimated. The limiting accuracy obtainable from the SSI data is set by

the size of 90. If SNR is large enough, (ge-N%:)«eo, and the errorbox
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size ﬁill depend only on the number of LOPs. The largest number of
LOPs normally available for a well-observed, strong source is ~ 25,
which would give a pasitional accuracy of ~ 1 arc minute. Again this
is an overestimate of the recision available. The empirical limit,
derived from the errorbox sizes of the strongest sources, is ~ 2 arc
minutes.

2.4.2 -Determination of Source Intensities

Time variability of x-ray sources is a major part of this thesis.
It is important therefore to establish in detail  the way in which inten-—
sities are derived from the data, and how various errors in the intensity
measurement arise. The procedure discussed here for determining the
intensity of a source, and for estimating the errors is mathemati#ally .
very similar to that implemented in the SCAN program (?.e. as in step (I)
“of Fig. 2.6). '

- In general the total count accumulated at a particulaf point in one
orbit's observation with the SSI will be made of confributions from three
separate sources of x;ray photons - Cq the count from a discrete source
in the field of view, 3 the count from the diffuse x-ray background and
Sy the count from the non x-ray (particle) background events: |

c = o+ (cd + cb) | (2.3).

The total background contribution (cd + cb) is estimated empirically (see
§ 2.4), giving Cq directly. The tqtal count from the source, assuming
it to be a point source, is given by the integral of ¢y over the .azimuth

response £(8 ) (see Fig. 2.4):
8,
c :
_s . £(8) as . (2.4)
w

6,
where w_is the angular velocity corresponding to the scan rate of the SSI,

and 91,92,are angles‘well either side of the source profile. Since the
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azimuth response is well approximated by a triangular function

(FWHM (9%) = 0..90), eqn. (2.4) can be re-written:

C, = g(g) +(0) I | (2.5)
where g(@) is the elevation response function (see Fig. 2.4), Is is

the source intensity*, and t(8 ) is the source exposure time which

takes into account both the factor (%i) arisiné from the integral in

eqn. (2.4), and the azimuth dependence arising from the variation in

Earth screening of sources at different positioné in the scan, i.e.

t(8) = 5‘2- T () (2.6)

where T(8 ) is the total exposure time at azimuth 8 per orbit.
From eqn. (2.5) it is clear that the error in the derived intensity,

Is’ is given by:

81 $c
s _ s 8g St
I T C + g +_ t . . (2.7)
. s 8 .
_ Sc, _ 4 |
The factor < - R ° where SNR is the signal-to-noise ratio for the -

S
peak (as in §2.4.1). In the case where the source is weak the Poisson

fluctuations of the background dominate the noise giving SCS X AC. + C_.

d b

Using the typical background intensity, and the exposure time vajues quoted

in Table 2.3, SCS for a source on axis (g(@) = 1) will be:

* The "intensity" used here, and extensively throughout this thesis, is
just the corrected count-rate which is related to the flux density $
from the source by: ‘

E2
I = | €(E) A s(E) aE (2.8)

E
: 1
where € is the efficiency, A is the effective area of the detectors
and E1 and Ey are the lower and upper energy limits of the experiment.

See Cooke et al. (1978) for further details. Intensities of this sort
are commonly used in x-ray astronomy. . .
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SCS ~ 2 counts il A (2.9)

or for integration over N orbits:

SC = & count s (2.10)
S 2
N
Thus eqn. (2.7) becomes
§1 |
' ]:s o2 T ¢ 8¢ + %} (2.11)
s Cs N g

Errors in the exposure time (t(8 )) arise from both the inherent
accuracy of the timing data, and also from possible unéertainties
deriving from theverror in the spacecraft attitude. Both sources of
error normally contribute only a few percent to the total error in the
intensity (%}-<$ 0.02) except in certain abnormal conditions (corrupt
timing data, etc.). On the other hand errors in the spacecraft attitude
can cause substantial errors in the elevation response factor (g( @ )) for
large source elevations. Fig. 2.11 shows the fractional error (%fﬁ'éfising
from an error in ¢, 5¢ = 0.05 ¢%¢8 095, as a function of ¢. Errors as
large és this will occur for certain regions of the spin plane if the
attitude uncertainty has a value of 035 (see Table 2.3). The average
value of S¢ over the whole spin plane will of course be rather less than
this. Nevertheless the‘rapid increase in (%f) for ¢ > 6° seriouély
affects the accuracy of intensity measurements made at higher source
elevations., This is illustrated in Fig. 2.12 which shows, for a.variety
of source elevations, the minimum inteﬁsity measurable to an overall accuracy
of 20% as a function of the number of orbits over which thé signal is inte-
grated. It is clear that for high source elevations the intensity error is
dominated by the effects of attitude errors'on the collimator responser
factor. For this reason light curves of even strong sources at high elevétions
are nowhere nearly as useful as those obtained with the source near the spin

plane.
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The final factor which can sometimes affect the accuracy of
intensi£y measurements is source confusion. Since the FWHM response
of ‘the collimator in azimuth has a width of % 2.75 sectors ( = 0%9),
sources wiil be confused if ‘the separatioﬁ of the centres of their peaks
in the data is less than ~ 5.5 sectors. In the worst case, where the
peaks are exactly aligned, no intensity determination (except. for an
upper limit) is possible'u.nless the intensity of‘ bne of the sources can
be independently estimated. In the less severe situation where the peaks
overlap but caﬁ be resolved (separation »2.75 sectors) additional uncer-
tainty in the intensity determina.tioﬁ a.rises_ from’ the soﬁrce fitting pro-
cedure since the intensities of the two peaks cannot be derived uniquely
in the presence of background noise. The errors introduced by source
confusion are only important, however, if confusion is with an approximately

equal strength or stronger source.
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Chapter 3

HIGH-MASS X-RAY BINARIES

3.1 Introduction

One of the ﬁost imporfant discoveries to have emerged from
x-ray astronomy since 1970 is the existence of a class of x-ray
binary systems consisting of a high-mass star and an approximately
solar mass‘comﬁact object. Observations with the Uhuru satellite in
1971 revealed the existence of the first member of this class, Cen X-3
(Schreie? et al. 1972). The binary nature of Cen X-3 was apparent,
both from the eclipsing nature of the x-ray lightlcurve, and from the
cyclic variations in the period of 4.8 second pulses detected. Schreier
et al.'s initial analysis indicated that the companion of the x-ray source
had to be massive (M 217 M@). Subsequent optical ideﬁtification of Cen X-3
with a 13m 0 III star (Krzeminski 1973) confirmed this systém as a high-mass
binary. .

Since then several new members of this class have been identified;
they now number about 20 (cf. Table 1.5). As discussed in § 1.3.7 x-ray
binaries with a high-mass companion star have a wide range of observational
similarities. Theoretical models for systems of this type are successful
in explaining the overall features of the x-ray emission ( § 1.2.2 = 1.2,6),
and their relative abundance in the galaxy (§ 1.2.7).

For the small number of sourees in this class which have been studied
extensively both optically and at x-ray wavelengths, many prbperties of the
binary system are well established (in particular the orbital elements and
masses). For this reason the study of these sources no longer focusses oﬁ
the ggzggg'of the system,.the emphasis having shifted to an understanding of
the physics of the mass—loss and accretion processes, and to the nature of

the ccmpact object.
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3.2 4U0900-40 (Vel. X-1)

3.2.1 Background
The binary nature of Vel X-1 was revealed by OSO47 and Uhuru

observations of the source made in 1972 (Ulmér et al. 1972; Forman
et al. 1973) which established that the x-ray light curve showed an
x-ray eclipse lasting ~2 days recurring with é period §f ~9 days.
Vel X-1 was subsequently identified with HD 77581, an early-type
supergiant wifh photometric variability at precisely the same period
(Hiltner 1973; Vidal et al. 1973a, b; Jones and Liller 1973).

" Optical studies of HD 77581 (see excellent review by Vidal 1976)
indicate a complex pattern of gas flows within the system. The photo-
metric light curve shows two peaks per binary cycle as is expected from
the ellipsoidal variations of the primary (which is close to filling its
Roche-lobe), but also considerable scatter which has been attributed to
circumstellar material in the system. High dispersion spectra, in par-
ticular of the He line, show a complicated profile composed of several
phase~dependent components, which has been interpreted in terms of gas
flows within the system (e.g. Bessel et al. 1975).

Early x-ray observations of Vel X-1 had indicated its variabi lity
on a range of tiﬁescales, but had failed to detect regular pulsations.
Pulsations were eventually discovered in 1975 by the SAS-3 satellite
'(McClintock et al. 1976) at a period of ~ 283 seconds, almost two orders
of magnitude longer than had previously been seen in a steady source (e.g.
Cen X-3 or Her X-1), but of the same ordef as the periods established in |
the "transient" sources A1118-61 and A0535+26 by the Ariel V satellite.

X-ray and optical observations of Vel X-1 have.provided the eclipse
duration, x-ray and optical mass functions and the spectroscopic mass of

the primary star, allowing the determination of the orbital elements.of
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the system with an accuracy mainly determined by the errors in the
observed quantities, and our understanding of the ways in which the
system departs from the simple binary model assumed.

3.,2.2 SSI Observations and Analysis

Vel X-1 was scanned by the SSI on ~» 900 separate satellite
orbits between 1974 November and 1976 April, including coverage in
17 binary cycles. The extended light curve of,these-oﬁservations is
shown in Fig. 3.1. Table 3.1 summarizes the SSI obser&ations, and
includes some derived quantities discussed later.

All the data presented refer to single orbit observations in the
SSI high—energj gsystem (-~ 2 - 18 keV) with é time resolution of 100 min.
The gaps in the light curve arise principally from satellite orbits in
spectral mode where Vel X-1 is 6ut of.the field of view, and also from
calibration and command orbits. The fluxes have been corrected for both
exposure time and the collimator response.

The characteristics of the light curve and their pdssible érigin
are discussed in Section 3.2.3.

(a) Binary Period

The binary nature of Vel X-1 was established by Ulmer gg_gl.(1§72),
and the first accurate period was given by Forman et al. (1973) from Uhuru
observations. The identification of Vel X-1 with HD 77581 (Hiltner 19733
Vidal et _al. 1973 a,b) has allowed optical measurements of the period to
be made from both the radial velocity and light amplitude .variations. The
most accurate optical period was quoted by Hutchings (1974b) based on radial
velocity curves spanning 17 yr. He gave P = 8d.966 i;od.oo1.

Accurate x—ra& determinations of the orbital period have so far
been based on the spacing between eclipse centres. Analysis of the orbital

variations of the pulsation period will of course eventually provide the

most accurate measure of the binary period. Until now the most accurate
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4 001 (Charles et al. 1976), determined

x-ray period is P = 8d.963 + 0
from Copernicus and Uhuru eclipse centres.

Table 3.2 éuﬁmarizes the time of the ecIipsé centres taken from
published data and those determined from the SSI observations. A least
squares fit fo this data yields the following improved period (P) and
époch of eclipse centre (phase 0.0)

d

P = 8%.964 + 02,0005 (1) E. . = MID 42620.30 + 0.05 (1 )

0.0

These values are in good agreement with those quoted by Charles et al.
but are not entirely consistent with Hutchings' result. The discrepancy
betweén the periods suggests either that the errors have been underestimated
or that the period is changing. If the difference is real, the change is
of the same order (é/?t~'10-4,y;5 as that observed in Cen X-3 (Tuohy 1976)
and thus might arise through some form of tidal interaction (cf. Pringle
1974).

By extrapolating our epoch of phase zero (= superior conjunction
of the x-ray source) back to Hutchings' (1974b)'epoch, we get a minimum
difference of Od.21, corresponding to ~ 4o if oureétimate of the errors
on his epoch is correct. This discrepancy ma& be interpreted as a constant
phase difference between the x-ray and optical sclipse centres amounting to
Zkf = ¢;,x—ray - ¢o,0pt = 0.023. A phase difference of this order could

arise through mass flow within the binary system which is asymmetric

relative to the optical primary (Rappaport et al. 1976).

(b) Eclipse Duration
| The definition of'the x-ray eclipse is beset with'several problems
which have led to a variety of values being quoted, ranging from 1.7 to
2.0 daysQ This range reflects: |
(1) The intrinsic variability of the eclipse duration;
(ii) the energy dependence of the eclipse width;

(iii) +the gensitivity and time resolution of the observations.
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Recently Avni and Bahcall (1975) have stressed the importance of
the eclipse-width determination in deriving thé mass ratio for the
binary system. It was with this in mind that we attempted to obtain
the bést possible eclipse profile.'

Fig. 3.2 shows the Vel X-1 data folded modulo 8d2964.and.divided into
100 phase bins. -Only those bins around the eclipse centre are shown. The
transition is not abrupt for either eclipse entry or exit, so the phase of
eclipse entry/éxit has been defermined from a linear fit to the bins.defining
the eclipse. To some extent the choice of bins is subjective, and the
errors ﬁave been estimated with this in mind. The enfry/exit phases are
défined here as the points where the linear fit crosses I = 2 counts/s
since this is the 3¢ upﬁer limit on the source intensity in eclipse (see
later).

The eclipse width is A = 0.188 + 0.007 as a phase, or AT = 1‘1.59'
+ Od.06. This corresponds to an eclipse semi-angle Be = 330.83-_ 1%.3.
Since this value is derived from the folded-binned histogram of all the
data, it is in a sense an average value, but the increased sensitivify
obtained by binning allows us 10 regard it as a minimum value.

Our value is considerably smaller than either the Uhuru width
ee‘ = 38° + 1° (Foman et al. 1973), or the Copernicus result ee = 39°8
+ 0%4 (Charles et al. 1976). The difference must in part be due to the
'softer' energy range of both these experiments, since in general térms
the eclipse width is expected to vary inversely with energy in the x-ray
band. In addition the individual eclipse entry/éxit times given in
Taﬁle 3.2 illustrate the intrinsic variability of the eclipse width.
'Only by monitoring the source for many cycles can one hope to estéblish
the minimum eclipse width.

Awni (1976) has generalised the analysis of the eclipse duration

of Vel X-1 to include the effects of both eccentricity and departures
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from corotation. Referring tc; his Table 2, which is calculated using
the ﬁoét recent x-ray (McCiintock et al, .1 976) and optical (van Paradijs
et al. 1976) radial velocity data, our central value ) N 34° implies
the following' restrictions on the value of the inclination angle i:

M

for ( ﬁi = 0.072)
opt

(i) For no primary rotation (wr = 0), 1 » 68°%

o}

0

i =Pg)y 1217

(ii) For 'average' corotation (mro

s . . . 0
(1ii) For corotation at periastron (”rot _wperi) i>» 82",

We note that forw . = O the range of inclination angles is somewhat

t
larger than is usually considered for Vel X-1.

During eclipse Vel X-1 is never seen above the 3o detection level
(~ 5 SSI counts s 'at best) on single satellite orbits. The x-ray intensity
in eclipse can be better estimated bb'r suming the data from individual orbit's.
Fig. 3.3 shows the histogram of the sector data from a sum of 17 orbits
centred on phase zero of cycle (55) where the source elevation from the
satellite spin plane was ~1° giving near optimum sensitivity. The nearby
supernova remnants, Vela X and Puppis A, are clearly resolved, but there is
no apparent emission from Vel X-1. The 3¢ upper limit to the source flux |

is 2.0 SSI counts su Assuming a distance of ~ 2 kpc for Vel X-1 (Zuiderwijk

et al. 1974), this implies L £ 6 x 1034 erg s in eclipse.

(¢c) Characteristics of the Light Curve
From an inspection of the light cﬁrve presented in Fig. 3.1, the
following features emerge:

(i) some cycles are very "quiet", characterized by both a low
intensity level and little variability, e.g. cycles (2) and
especially (54); on the other hand evidence of flaring is
seen on several cycles, particularly cycle (31) where a
flare lasting ~1 day reaches a peak intensity of 307 SSI
counts s™'(corresponding to ~ 0.8 of the Crab intensity).
The overall average out—of-eclipse intensity is ~ 30 SSI
counts s
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(ii) the range of intensities seen on most cycles is about
an order of magnitude;

(iii) although some features are common to consecutive cycles,
this is by no means the rule and there is little similarity
"in observations separated by more than a few binary periods;

(iv) whereas many cycles show evidence for intensity dips (e.g.
cycle (58)), which have previously been interpreted as absorp-
tion features due to an accretion wake near the compact secon-
dary (Badie et al. 1975; cf. Jackson 1975), the overall pattern
is highly variable with little evidence for stable absorption
dips on individual cycles. The interpretation of high- and
low-intensity states in terms of absorbing material is provided
by spectral data taken at the end of cycle (57) and during

~cycle (58), clearly showing that the high-intensity states
are characterised by little absorption (Eg < 1 keV), whereas
the low—intensity states are characterised by heavy absorption
(Eg~ 5 keV), where E, is the energy at which the source
intensity is reduced to e=! of the radiated value. Similar
evidence was found in the earlier SSI spectral data (Eadle

et al. 1975).

Fig. 3.4 shows the histogram of all the Vel X-1 data folded modulo
€§%964.and divided into 50 phase bins. Obviously many individual features
are smoothed out by this technique, but the gross features which emerge are:

(1) general absorption regions between phases 0.2 — 0.4 and
0.5 - 0.7. We cannot exclude the possibility of a secondary
maximum phase ~ 0.6, as found for CenX-3 (Pounds et al.1975),
though the ewvidence for this is very weak;
(ii) +the mean intensity is higher in the first half of the folded

data; the mean flux over phases 0.5 - 0.8 is 23 percent
lower than the mean flux over phases 0,12 - 0.5;

(iii) eclipse entry has a longer timescale (-~ ot 7) than eclipse
exit (< 0%44) (see also Fig. 3.2). This behaviour is also
seen on several individual cycles, e.g. cycle (30).

3.2.3 Interpretation

The primary star, HD 77581, is a ~ 21 M@ supergiant of spectral
class BO.5 Ib and mass-loss of approximately 10-7 M® yrrﬁs expected by
stellar wind (Lamers gi_gl. 1976). This is possibly confirmed by optical
observations (see review by Vidal 1976). Such a wind.will’be focussed

in the gravitational field of the secondary giving rise to x-ray emission
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(Pringle and Rees 1972; Davidson and Ostrikerr1973) and the supersonic
passage of the secondary through this wind will result in a bow shock and
accretion wake (Pounds gi_gi. 19753 Jackson 1975). The accretion-wake
‘ model was developed by Eadie et al. (1975) for Vel X-1 to predict an up-
stream (i.e. preceding the orbiting'Secondary) as well as a down-stream
accretion‘wake, and this can explain the absorption struéture between phases
0.2 and 0.4, as well as the more general absorﬁtibn between pﬁases 0.5 and
O.7. A phase difference of,180° between these two absorption régions, as
predicted from the geometry of the shock cones, is difficult to confirm
from the observations since ‘the broad absorption featureé have no clear
structure, comprising the summation of many phase-independent absorption
dips over many cycles._

The simple model of the stellar wind and static shock cone is,
however, clearly inadequate to explain the variability in the x-ray emission
from cycle to cycle. Complications to the stellar wind model result from -
considerations of the radiation preésure-driven mass—loss from the outer
regions of an accretion disc (Wickramasinghe 1974). In particular, the
relatively long decay timé leading into eclipse could be caused by the
optically thick gas streams falling back on to the primary surface. TFurther-
more, radiation pressure from the flat x~ray spectrum of Vel X-1 will tend to
reduce the stellar wind from that paft of the primary en face, except near
the equatorial plane. A shock region is bredicted to arise from the inter-
action of the primary stellar wind and the out=-flowing material from the
outer parts of the accretion disc.

Evidence for Roche-lobe overflow in the Vel X—1/HD 77581 syétem'is
provided by high—dispersion measurements of the Hot emission and absorption
profiles (Bessell et al. 1975) and observations of He II k44686 emission

from the region between the two stars (Hutchings 1974b). Such overflow may



56.

occur only at periastron (Hutchings 1974a). Bessell et al. (1975) form

a pictﬁre of the main gas streams in the system by an interpretation of
the complex H& absorption profiles as a function of phase (shown in Fig.
3.5). The main gas stream is found to flow from the inner Lagrangian
point L1, though there appears to be further material roughly on the
opposite side of the primary to the main stream, and emanating either

from L3 (unlikely, since this would mean far more activity) or else from
the accretion disc around the secondary. Kondo et al. (1976) consider
the effect of radiation pressure upon the Roche equipotential surface and
conclude that material leaving L1 will have access to the whole system,
thus supporting the gas stream model of Bessell et al. - The main stream,
leaving L1 and flowing past the secondary (with some capture and accretion)
would tend to disrupt any standing shock wave formed by a étellar wind, and
would cause any absorption dips fo become irregular from cyéle to cycle,
both in deptﬁ and phase.

The material suggested by Bessell et al.(1975) to be concentrated
roughly in region B (Fig. 3.5) on the opposite side of the éecondary from
the main gas stream would tend to produce x-ray absorption centred near
phase 0.1. The emergence from x-ray eclipse is, however, often sharp and
a broad absorption feature is evident over phases 0.2 - 0.4, This would
place the absorbing material closer to the accretion disc and tend to support
its origin there (cf. Wickramasinghe 1974). |

The possibility of a large part of the absorption being caused'by
material in the outer regions of the‘accretion disc would tend to further
enhance the irregularity of individual dips in the x-ray light curves. If
the overall absorption features were mainlx due to this material, however,
the phase dependency would presumably not be as great, and there would be.

no observed lack of absorption near phases 0.1 and 0.5.
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The appearance of flares, both in the present aata and in that
of Uhuru (Forman et al. 1973) perhaps supports the suggestion of at least
some accretion by Roche-lobe overflow. The luminosity of these flares
reached & maximum of ~ 10°1 erg/s, still well below the Eddington limit

of ~ 2,100

erg/s for a 1.5-Mo compact objeét. Shakura and Sunyaev

(1973) and Pringle (1973) pointed out that Roche-lobe overflow would lead
to 'smothering' of the x-ray emission, but Kondo et al. (1976) have inves—
tigated the effect of radiation pressure on the Roche equipotential surface
and found that the amount of matter accreted will be decreased by this
effect. Excessive Roche-~lobe overflow may, hoﬁever, be invoked to explain
the low intensity of the source during some cycles.

The combinétion of stellar-wind accretion with the associated shock
regions and accretion wakes, together with major disturbances by matérial
driven off the accretion disc by radiation pressure and material accreted
from Roche-lobe overflow near periastron thus explainé qualitatively most
of thé observed features in the x=-ray light curve.

A greater understanding of the x-ray light curves will have to await
detailed theoretical computer simulations of the complex gas flow in this
system, similar to those performed by Prendergast and Taam (1974) for
U Cep.binaries.

3.3 4U1538-52
3.3.1 Introduction

The known high—mass x-ray binaries are predominantly bright sources
in the x-ray band with.typiéal count rates » 100 U.F.U. - This is probably
~ purely a selection effect since high quality observations of bright sources
are easier to obtain. It is only recenfly, with the detailed study of

several weaker galactic sources, that their binary nature has been revealed,
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the mbst notable example being 4U1538-52, which is now known to be an
eclipsing, binary x—ray'pulsator.

Regular pulsations with a'period'of 529 seconds from a source in
the region of 4U1538-52 were discovered independently by two satellite
experimenfs: Ariel V Expt.C and the cosmic x-ray spectroscopy experiment
on 050-8 (Davisen 19772, b; Becker et _al. 1977a,b). The oso-8_
observations also revealed a clear orbital modulation of the pulsation
period throughout their 9-day scan, and good evidence for an eclipse
lasting ~ 0.6 days recurring with a period of ~ 3.75 days*.

The report by .Davison indicated that the pulsar was -1° from
4U01538-52, but emphasised the difficulties in deriving a reliable bosition
for a weak source ﬁitkrthe instrument concerned. This difficulty is re-
solved in this section by making use of data from the SSI.

The SSI dafa, and recent observations from Ariel V Expt.C (a pro-
ﬁoftional counter spectrometer; Sanford and Ives 1976, see also Chapter 2)
also allow certain refinements to the orbital elements, and iﬁdicaﬁe the
variability of the x-ray eclipse profile.

4U1538-52 has very recently been optically identified with an early-
type supergiant. This idehtification, which broadly confirms the possi-
bilities discussed in § 3.3.4, is briefly considered in § 3.3.5.

3.3.2 Observations

The observations presented in this section were made by two of the
six experiments in the Ariel V satellite - Expt.C and the SSI*. The fields
of view of these instruments are mutually exclusive, thus the observations

were necessarily made at different times.

*
The binary nature of the saurce was also discovered (independently) by the
author in the SSI data. Unfortunately this discovery was made somewhat later

*The analysis and interpretation of the Expt.C data presented here was per-
formed by Peter Davison whilst at MSSL.



The region near 4U1538-52 has been scanned many times by the SSI
since launch; typically for periods of ~ 3 days. The position and error-
box for the single x-ray source-seen near 4U1538-52 was determined by
combining all the statistically significant sightings to give the iso-
probability contour shown in Pig.3.6* (see § 2.4.1 for details of the method ).
Only sightings which were not confused by nearby catalogued sources were
employed to produce the final errorbox. The overlap with the 4U catalogue
errorbox (Forman et al. 1978) is lérge enough fdr us to be confident that
the Ariel and Uhuru sources are identical.' In addition the Ariel V RMC
errorbox(A.Wilson and G.Carpenter, private communication 1977) also shown
in Fig.3.6 is entirely consistent with both Uhuru and SSI positions, and
suggests that the source lies in the overlap region of the three errorboxes.
Table 3.3 gives the centroid of the SSI errorbox, and the corners of the
rectangle which just encloses the 90% coﬁfidence contour. (Note that the
position given by Davison (1977&) for the source designatéd A1540-53 is in
error - see Davison et al. (1977)).

In order to establish the ligﬁt curve periodicity, all the reliable
single-orbit (~ 100 min time resolution) SSI data for 4U1538-52 were
fclded modulo a range of trial periods from 0.5 to 8 days, and the folded
data tested against the bypothesis of source constancy by evaluating the
X2 value at each trial period. This technique revealed a strong ( ~ 100%)
modulation at 3.73 + 0.01 days. The error quoted was estimated from the
shape of the 7(2 peak.

Fig.3.7 shqws the "average" light curves for two long SSI obser-
vations made over a year apart. The data were folded modqlo 3.73 days
and divided into 20 phase bins.. In both light curves the eclipse is

clearly seen and the general structure of the out-of-eclipse portion is

* The SSI errorbox for 4U1538-52 was obtained by John Pye in conjunction
with the author.
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Fig. 3.7
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boxes are also shown. The SSI and RLU'iC errorboxes are 90/-

confidence regions.

SSi 7.

count.s"’ 3

1975 July-Aug.

SSI
count. S'

1976 Nov-Dec.

05 00 05 00 05
PHASE OF 373 DAY PERIOD

SSI observations of 4U1538-52 folded modulo 3.73 days for data
obtained in (i) 1975 July-August ; (ii) 1976 November. Several
representative + ler error bars are shown. Phase zero corresponds

to value given in Table 3.4,



TABLE 3.3

SSI Errorbox for A1538-522 (= 4U1538-52)

*1950.0 81950.0
234°.53 - -52°.30
234°.66 -52°.09
234°.88 -52°.14
. 234°.74 -52°.35
centroid (max.  234°.72 -52°.22
probability) '
TABLE 3.4
Orbital parameters for 4U1538-52
(a) Orbital elements
Pulse period (p) ~ 528.929 + 0.040 s - 528.928 + 0.036 s
Orbital period (P) 3.714 + 0,083 4 3.730 d (fixed)
a_ sin i 55.2 + 4.3 lt-sec 55.2 + 3.7 lt-sec
Phase zero . MJD 43015.80 + 0.12 MJD 43015.78 + 0.07
(b) Other parameters
Revised orbital period (see text) 3.7299 + 0.0012 4
Eclipse semi-angle (Be) | 28°.0 + 3°

- % ) (pulse period) < 9T x Jo~4 y-1
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similar, Some differences in the eclipse profile aré evident, the first
eclipse being somewhat narrower. We estimate tb; total eclipse widths
(i.e. measured at the top of the eclipse) to be 0.75 and 0.84 dayé res-
pectively for the two data sets. Variability of the eclipse width is

an established feature of several of the known eclipsing x-ray binaries,
e.g. Vel X-1 ( § 3.2.2) and Cen X-3. The minimum eclipse width, quoted
in Table 3.4, was obtained by summing the two data sets shown in Fig. 3.7,
and measuring the width at the.base of the eclipse profile, giving

A'I‘e 1= (0.58 + 0.,06) days, or for the eclipse semi-angle 9e - 28° + 3°,

c
This value is consistent with, but slightly lower than, that derived from the
0S0-8 data (Becker et al. 1977b).

Fig. 3.8 shows part of one binary cycle of 4U1538-52 observed by
Ariel V Expt.C in 1977 April. In this light curve a rapid transition
into eclipse occurs in £ 2 minutes. This timescale is comparable to that
seen for some eclipse exits in the Her X=1 data (Pravdo 19763 DaVisoﬁ and
Fabian 1977), and presumably indicates that this is the actual moment of
geometrical eclipse. | |

Becker et al. (19775) have listed pulsation periods on six days in
1976 August and September, together withtheir estim;tes of orbital parameters.
The Expt. C pulse periods have been combined with the values from Becker
et al. to provide revised estimates of the parameters. In making the least
squares fit, we have taken due account of the rather large range of binary
phase over which each data point is avéraged. The results are listed in
Table 3.4 for a four parameter fit to the data, the fitted parameters_béing
pulse period, orbital period, a_ sini and phase zero (eclipse centre) of
the binary period. We also list the marginally iﬁproved values that

result if we repeat the fit withthe orbital period fixed at 3.73 days.
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.This latter value was derived from the data-folding technique outlined
earlier, and also from the longest time baserf data which we have .
available (see below). Either way, the binary period is measured to
mueh higher accuracy than the fit to the Doppler curve allows.vv
Pulsations were also observed by Expt.C in 1977 April; we can
derive a useful period measuremént for only approximately one day of data,
due to tﬁe intensity decrease and source eclipse shown in Fig. 3.8. The
period was found to be 529.60 + 0.34 seéonds, averaged over the time
MJD 43256.73 to MJD 43257.72. Assuming that the rapid intengity tran-
sition shown in Fig. 3.8, occurring a few hours after the period measure-
ment, is due to the start of geometric eclipse, and taking the eclipse
width indicated by the SSI and 0SO-8 data, we can derive a binary phase
zero applicable to the 1977 April observations, namely MJD 43258.35 + 0.1,
The uncertainty here is based on the known eclipse width, and its changes
from one data set to another. Using this phase zero in conjunction with
the binary period given in Table 3.4 and the observed pulsation period, we
find that the centre of mass pulsation period was 529.13 + 0.34 seconds in
1977 April. We note that there has been an insignificant change in pulse
period since 1976 August, amounting to +0.20 + 0.34 seconds. Thus we
conclude that - (%J is less than 9.7 x 1074 y-'1 for the x-ray pulsations.
In addition to the orbital parameters derivable from the Doppler |
shifts in pulse period, we can make a separate estimate of the binary
period by measuring the time interval between eclipses. This is in
effect what is done when testing folded data against the hypothesis that
the light curve at the period concerned is constant. The results of using
such a folding fechnique on the SSI data have been given earlier. Inclusion
of Expt. C data from 1977 April giyes us the longest tiﬁe base possible.

In addition, these data apparently do not suffer from the perturbing effects
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of severe aBsorption prior to the geometrical eclipse.  Likewise, the
8SI data for 1975 July show a clean eclipse. The eclipée centres for
these déta are at MJD 43258.35 and MJD 42628.00, with an uncertainty of
at most + 0.1 day for both times. The resulting binary period, at
3.7299 + 0.0012 days is consistent with that derived from all other pairs
of eclipse centres of which we have knowledge.

3.3.3 Interpretation

The measurement of the amplitude of the radial velocity curve for
the x-ray pulsations in 4U1538-52 allows, as in the case of a single-lined
spectroscopic binary, the determination of the mass function for the binary

system f(m):
¥ 3 3

sin” i .
£(m) = E———s = (13 £ 2.6) Y (3.1)
_ (Mp + Mx)

where Mp, Mx are the primary and secondary (x-ray source) masses, and i
is the orbital inclination. Apart from indicating that the system is
reasonably massive, this alone gives no further information. However,
there is overwhelming evidence from observation and theoretical viewpoints
that slow pulsators such as 4U1538-52 contain, as the compact secondary in
a binary system,. a rotating neutron star. Estimates of neutron star masses
lie in the range (1 - 2.5) My , with best estimates (1.5 - 2.0) My (Joss
and.Rappaport 1976). Thus using'(3.1).with M_~ 1.5 My we derive Mp2,12 My
irrespective of any other assumptions.

Further constraipts can be placed on the primary mass by using the
determination of the eclipse semi-anhgle Oe, and relating this to the
orbital inclination. We have

R
L2 _
a

=(ﬁn2963nﬁ

i + cos®i)? (3.2)
where Rp is the primary radius, and a is the orbital separation. The

critical, or Roche-lobe surface for a close binary system can be estimated

as (Paczynski 1971):



M

a
X

If we make the assumptiqn that the primary star almost fills its Roche-
lobe, by analogy with other massive x-ray binary systems (Avni and
Bahcall 19750} i.e.
R
_L~1
R .
crit
then (3.2) and (3.3) lead to another relationship betwen MP’ M_ and i.
In Fig. 3.9 these two relations between the orbital parameters
are plotted in the Mp - i plane. The fegion in this plane allowed is

of course dependent on both the values assumed for M_ and (Ré/R ) and

crit

also the uncertainties izxee and f(m). The values estimated from the

outer bounds shown in Fig. 3.9 are:

M
12 £ ( ﬁl';- )£ 30 and 60°K i 90°
The large range arises principally from the uncertainty in f(m) and
' R
in particular is not very sensitive to the value of (ﬁ_R_ ) assumed.
crit

For the central values Mp~ 19 MO and. i ~ 700, the primary radius
sz 16 R@, consistent with the primary being an early sure rgiant (Allen
1973).  Becker et _al. (1977b).came_to a similar coﬁclusion.
3.3.4 Discussion

From this analysis it woqld seem very likely that 4U1538-52 is a
high-mass binary system similar in many respects to Cen X-3, Vel X-1 and
SMC X-1 where the dense stellar wind from the supergiant primary results
in accretion onto the neutron star and the emission of keV x-rays. In-
direct evidenée for the existence of an extended atmosphere around the
primary comes from the variation in ecliﬁse width with x-ray energy noted

by Becker et al. (1977b).

63.

R '
crit B
— % 0,38 + 0.2 log,, ( i ) | (3.3)
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If the primary is a supergiant with Mv~ —6™ then the brospects
for discovery of the optical counterpart are good, providing the distance
‘and reddening are not.too large. The upper limit placed on the rate of
change of pulsation period —(%) € 9.7x 1074 yr-1 may be used to set a
rough upper limit to the luminosity of this source following‘ ‘the analysis
of Rappaport and Joss (1977) and Mason (1977), since, if the dominant torque
on the neutron star is that due to the mass accrétion onto it, we expect a
correlation between -(%) and pLx6/ 7. The empirical fit found by Rappaport
and Joss to the data for 7 x-ray pulsars is quite good, although c;aution .

must be exercised in applying it to new data because of the uncertainties

involved in the relationship. Using this, we derive an upper limit

Lxg 1.8 x 1036 erg s_1 . Combined with the average out-of-eclipse SSI
intehsity of ~ 7 count 3—1, equivalent to ~ 3.6 x 10-'10 erg cm“2 s_'1 (2 - 10

keV). This gives a distance estimate of d £ 6.5 kpc. The requirément that
the system lie within the galactic disc ( h§ 300 pc) gives, at a galactic
latitude b = 2° 2, a similar limit d £ 8 kpe.

Redden:.ng in this region has been discussed by Whelan et al. (197
for Cir X-1 (~ 5° away), and for 4U1538-52 by Cowl_ey et al. (1977). If
we adopt a value of Avrv 1 mag/kpc, consistent with both authors, we estimate
m £ 16" for the optical star.

3.3.5 Po'stscript: Optical Identification

An optiéal search down to mp ~ 16° for the optical counterpart of
4U1538-52 has already been completed by Cowley et al. (1977). Their work
identj.fied several possible candidates in the region of overlap of the |
Uhuru and Ariel V errorboxes on the basis of their having the appropriate
colouré for a reddened 6B supergiant. Recent accurate x-ray positions,

determined from SAS-3 and HEAO-1 A3 observations, have reduced the number of
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potential candidate stars (see Fig. 3.10) (Apparao et al. 1978; Schwartz

et al. 1978). One of these candidates, star 12 from the Cowley gt al.

list, bas been suggested as the optical counterpart on the basis cf its

" early spectral type and unusual spectroscopic features (Parkes et al. 1978).
The identification is confirmed by a spectroscopic study performed by Crampton
et al. (1978)'which revealed radial velocity variations at the same period

as the x-ray modulation.

The spectral type of the optical counterpart is quoted as BO Ia
(Parkes et al. 1978); both Parkes et al. and Crampton et al. estimate a
4distance of ~ 5.5 kpec. From their radial velocity measurements Crampton
et al. give Mp = (20 3_4)'M@, M_ = (2.0 + 0.4) My with an inclination
angle i = 700.

It is gratifying to see how many of the predictions made in § 3.3.4
have been confirmed. This must surely reflect the maturity of the study

of high-mass x-~ray binaries.

3.4 Cir X-1 (4U1516-56)

3.4.1 Introduction

Although it is now optically identified and established as a binary
system, the detailed nature of Cir X-1 remains obscure. X-ray observations
over a number of years have revealed a picture of chaotic variability with
little coherent structure. Early observations by the Uhuru sateilite
(Jones et al. 1974) showed evidence for eclipse-like features in the x-ray
light'curve (see Fig.3.12) but the tentative periodicity suggested was ruled
out by subsequent 0SO-7 and Copernicus observations (Canizares et al. 1974;
Davison and Tuohy 1975). The binary natcre of Cir X-1 was established by
observations with'the Ariel V ASM which yielded a ~ 16.6 day period between

~sharp intensity transitions in the light curve (Kaluzienski et al. 1976).

On shortcr timescales Uhuru observations indicated variability down to 100 ms,
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and the results from rocket-borﬁe‘experiments provide evidence for chaotic
behaviour, similar to that seen in Cyg X-1, on‘timescales as short as 1 ms
(Spada et_al. 1974; Toor 1977). On the longest timescales Cir X-1 shows
long periods of inactivity ("off-states") where the x-ray flux is barely
detectable. A suggested 200 day period modulating this behaviour has been
ruled out by the extensivevASM data (Kaluzienski et al. 1976).

Cir X-1 has a radio counterpart*, first noted by Clark et al. {1975),
which has recently been shown to flare with the same period as the x-ray
" modulation (Whelan et al. 197M; Thomas et al. 1978). An optical counter-
part+ of Cir X-1 has been discovered within a few arcseconds of the radio
source showing strong H« emission. The candidate is a faint (nhuz 2275%)
red star which suffers considerable interstellar extinction (EB;V‘z 3?5),
_ﬁoth the Hx and the weaker Hel emission lines are variable, although
observations have not yet been obtained at a wide enough range of binary
phases to be certain whether this variability is orbital in drigin. The
radial velocity given by the Hx line measurements is % 300 km s (Glass 1978).

At radio wavelengths the light curve is characterised by a flare

occurring just after the time of the x-ray transition., At short wavelengths
(6 cm) the flare is quite prominent, but is much less noticeable at longer
wavelengths (75 cm). The time délay between x-ray transition and onset of
radio flare also appears to be wavelength dependent (in the sense Atgl).
Recent radio observations at 2 cm, reported by Thomas et _al.(1978) show a
peak only é few minutes after the.predicted time of i—ray transition, and a
more complicated pattern of radio emission in general. In the infrared,
photometric observations by Glass (1978 ) show the same 16.6 déy modulation,

with a light'curve similar to that obtained at longer wavelengths.

The optical and radio properties of Cir X~1 are discussed fully in Whelan
et al. (1977& on which these comments are based.

* Here the subscript J refers to a magnitude from a IIIaJ plate (ﬂ' blue)
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The distance of Cir X-1 has been estimated from both optical and
radio studies. The results of Whelan et al.(1977b) and Goss and Mebold (1977 )
are consistent with d A2 10 Kpc. At this distance, WithEB_v% 31515, a value of

J

be consistent with the star being an early-type giant or supergiant as is

M. = -4?5 can be derived for the optical counterpart. This would certainly

found with many other x-ray binaries. The IR colours are similar to those
found for symbibtic stars (Glass 1976 ) but other properties of Cir X-1 do

not support this interpretation (Whelan et al. 1977b).

3.4.2 58I Observations

Although the Circinus region has been scanned by the SSI many times
gince the launch of Ariel V, Cir X-1 has only been unambiguously detected
for a short period around the end of 1976. This is consistent with the
Ariel V ASM observations which show that Cir X-1 was in aﬁ extended "low
state" from 1974 October to 1975 September ( > 300 days, Kaluzienski et al.
1976 ). The only observations of Cir X-1"by the SSI since 1976 (1978 May)
show that the source has returned to this low intensity level.

Fig. 3.11 shows the observations.of Cir X41 made by thé SSI in the
period 1976 November to 1977 February. Plotted are single orbit fluxes
corrected for both exposure time and collimator response. Cir X-1 lies
in a crowded region of the galactic plane, and some parts of the light curve
affected by source confusion (particularly with 4U1543-62) haveé been excluded.
Other gaﬁs in the light curve occur where satellite manoeuvres have taken
the source out of the SSI field of view (elevation.>’8° was the criterion
for exclusion).

The ‘light curve in Fig. 3.&1 clearly shows the periodic flaring noted
by Kaluzienski et al. (1976). The overall behaviour within each binéry
cycle is characterised by an extended period at low intensity (~ 10 - f4 days).

~ a gradual rise to peak intensity ( ~ 1 day), and an abrupt fall in intensity
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(the x-ray "transition") occurring with an orbit or two (£ 0.14 days),
the whole flare lasting 3 - 6 days. Within the flareés dips are apparent
in three of the binary cycles observed; <these are particularly'pfominept
in cycles 2 and 4. Note that the transition froﬁ high to low intensity
occurs v 0.6 - 0.9 days too early in all but Qne of .the cycles observed
according to the revised ephemeris. of Kaluzienski and Holt (1977a). In
cycle 4 the transition occurs exactly in phase with the predicﬁed turn-off
within the experimental errors. It is also interesting to note that,

in cycle 5, the intensity does not immediately drop to a low level.- the
initial fast transition is followed by a much slower decrease from a level
corrésponding to ~ 10% of the peak flux. The peak intensity reached by .

Cir X-1 on different cycles in the SSI observations ranges from ~ 0.25 ICrab

to ~ 0.8 Io.ape The ASM ogservations made in cycle 3, Whilst Cir X-1 was
out of the field of view of the SSI, show that the peak intensity was ~ 1.5 ICraﬁ

(Kaluzienski, L.J., and Holt, S.S., private communication). A similar range
“of péak intensitiés éan be seen in the complete'ASM.light curve of Cir X-1
giveﬁ in Kaluzienski et al. 1976 ,.

Outside each flare the flux from Cir X-1 is'undetectable in single

orbits. Analysis of the best SSI data in cycles 1 and 2 yields intensities
of 1.0 + 0.1 countr 3_1 for the period MJD 43093.7 - 43105.3, aﬁd 0.8 + 0.1
count.sf1for thé period MJD 43108.6'- 43114.4 (corresponding to binary phases
0.07 = 0.77 and 0.97 - 0.32.respectively). Although this may be the quiescent
level of emission from Cir X-1, low-level confusion with nearby sources probably
contributes.as much as 50% to these measu:emehts. The overall range of varia-

bility shown by Cir X-1 is thus at least by a factor of 250, and the quiescent

x-ray luminosity, assuming d = 10 Kpc, is L_£ 6 x 1035 erg s-1.
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3.4.3 Discussion

(a) Light curve structure

The rather complex behaviour of Cir X-1 shown in the SSI observations
i§ by no means unique. Fig. 3.12 shows previous observations of Cir X-1
aade from 1972 - 1977 by Uhuru, SAS-3 and the Ariel V RMC and ASM, together
with three of the cycles observed by the SSI. Although a humbef of similarities
can be seen, it is clear that the variety of behaviour displayed makes the
picture more confusing than before. One feature that does appear to be

common to all the observations, with the exception of the Uhuru data, is the

lack of post-transition emission. It is also interesting to note that the
SAS-3 observations (Buff et al. 1977 ) show a transition occurring too early
by an interval of ~ 0.8 days, similar to the difference found in the SSI data.
The SAS-3 observations include a crude measure of the x-ray spectrum which
indicate that both the dip at phasé 0.85, and the onset pf the transition,

are due to absorptién of the low energy photoné, as would be expecfed if the
absorption ﬁere due to cool gaé within the system.

The Uhuru observations,'mgde in 1972 May, reveal a remarkably different
light curve. Although the pre-transition data resembles cycle 4 of the SSI
observations, the post-transition data is the only clear evidence of significant
X=-ray emission.at binary phase 0 - 0.5. Recent reports from the Ariel V ASM
and SAS-3 (Kaluzienski and Holt, 1977b, 1978 , Dower et al. 1977 ) indicate that
post—transitioﬁ emission at a significant ievel is now accurring less than a
day after the x-ray transition, i.e. that the light curve now resembles that
of the Uhuru observations. The similarity could be even greater if a few of
the Uhuru data points near phase 0.0 were systematically too high, i.e. if a
brief "eclipse'" did exist in their data. This seems possible in view of the

large scatter in the light curve.
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Fig. 3»12(g) Previous x-ray observations of Cir X-1 plotted as a function of
phase of the 16,6 day period using the same ephermeris as Fig. 3.11.
Data are from: UHURU - Jones et al. (1974); ASM (1) and ASM(2) -
Kaluzienski et al. (1976); RMC - (Ariel V RMC) - Wilson and
Carpenter, 1976; SAS-3 - Buff et al.(1977); ASM(3) - Kaluzienski
L.J., private communication; SSI - this work (nos. refer to cycles
as marked in Fig. 3.11). Intensity 1is shown relative to Crab,
representative +1<r error bars are marked.
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Carpenter, 1976; SAS-3 - Buff et al. (1977); ASM (3) - Kaluzienski
L.J., private communication; 331 - this work (nos. refer to cycles
as marked in Fig. 3.11). Intensity is shown relative to Crab,
representative +1 or error bars are marked.
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(v) Binary period

The x-ray period of Cir X-1 has been established by using the times
of the x-ray transitions observed by the ASM dver a baseline of ~ 1.75 years
( ~ 40 cycles), giving a mean period 6f 16.595 + 0.001 days (Kaluzienski and
Holt 1977a). Radio observations over a slightly shorter baseline yield a
period and epoch which agrees with the x~ray ephemeris (Thomas et al. 1978).
There seems little doubt that this pe:iod is due to orbital modulation of
the x-ray (and radio) emission in a binary system. The shape of the light
curves does not however resemble that of known x-ray binaries. The most
reliable feature of the light curve, the transition from high to low intensity,
is most easily interpreted asrentry into x-ray eclipse. If this is the case
the stability of the period is easily understdod, but one ﬁust then find an
explanation for the lack of observed eclipse exit in 1976 - 1977, as discussed
above. If the fransition is not due to an eclipse there are problems in
explaining the long-term phase stability of this feature. (Period errors
duotedrby Kaluzienski and Holt (1977a) imply a mean stability in phése to
better than 0.02% over ~ 2 years)..

Further complications arise in explaining the increase in radio and
infra-red flux immediately after the x-ray transition since this phenomenon
would not be expected'to be correlated with the time of geometrical eclipse
of the x-ray source.

(c) Models

It is probably premature to discuss detailed models of Cir X-1 which
may explain the wealth of observational data, especially as the source has
‘not yet been adequately studied at optical wavelengths. It seems clear
however that the correct picture of this source must ﬁe based on a binary
system (of the type discussed in Chapter 1) with a period of 16.6 days.

The complex structure of the light curve probably reflects the varying

pattern of absorbing gas flows within the system, since the spectrél data
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from SAS-3 implies that at least one dip is due to low—energy absorption*.

The interpretation of the x-ray transition as the entry into eclipse is
perfectly tenable, in which oase the "early" trénsitions seen in the SSI and
SAS-3 observafions indicate variabiiity of the eclipse width, a feature which
is established in several x-ray binaries (e.g. Vel X-1, f3.2). If this
interpretation is correct the remaining problems lie in'explaining the lack
of observable eclipse exit over a number of.binary cycles, and in explaining
the radio and infr#—red results. The lack of eclipse exit might be explained
in terms of a la:ge amount of obscuring matter in the system so placed as to
absorb most of the x-rays betweén phases 0 and 0.5; Such a "cloud" could
result from mass—-loss by Roche-lobe overflow where not all the mass is accreted
by the compact object; indeed the interpretation.of the optical results on
Vel X-1 (Bessel et al. 1975 , see Fig. 3.5)_ includes matter in this region.

Alternatively the interpretation of the radio and infra-red results
would seem to demand a model where the x-ray transition is not due to geo-—
metrical eclipse. | For example, the model of Hatchett and McCray (1977 ) for
Cen X-3 successfully explains the changing shape of the x-ray light curve as
the source emerges from a "low-state" in terms of a small xFréy-transparent
region near the x-ray source in the dense stellar wind. Applied to Cir X-1
the repetitive flare-like x-ray outbursts might be explained by a similar
model in which the density gradients at the edges of this region reproduce
the assymetry in the light curve. The leading edge of this region, respon-
sible for the fast x-ray cut—off, would be a shock-front (i.e. high density
gradient ). The radio and infra-red emission might then originate from
particles accelerated.in the shock. The position of this region with the
system is controlled by the wind velocity, density and the x-ray luminosity,
.all of which are likely to be variable (x-ray luminosity certainly is). This
raises doubts as to whether this picture could produce the observed phase

stability of the transition feature in the x-ray (and radio) light curves.

* DNote however that recent SAS-3 observations (Dower et al. 1978 ) show large
intensity variations in Cir X-1 with no spectral changes.
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Chapter 4

LOW-MASS X-RAY BINARIES

4.1 Introduction

Low-mass x-ray binary sources have received relatively little
attention to date, even though, as argued in Chapter 1, they are likely

35

to be the most numerous class of luminous x-ray source (Lx » 1077 erg 3-1)
in the galaxy, far outnumbering the high mass binaries - discussed in Chapter
3. The principal reason for this is the difficulty in establishing the
optical identifications for such systems due to the intrinsic faintness of
the optical counterparts (mv > 15m is expected for 4 > 1 Kpc). In addition

these sources rarely reveal their binary nature through a clear modulation

of the x-ray or optical fiux. Only two x-ray sources are known unambiguously

to involve a low mass star in a binary system = Her X-1 and Sco X1, Her X-1
is somewhat exceptional in that the oéﬁical counterpart is slightly evolved
(M ~ 2M@) and shows obvious eclipses in the x-ray light curve. In many
respects it is closer in its overall properties to the high mass binaries.
On the other hand Sco X-1 is a typical member of the low mass class, showing
a soft x-ray spectrum, no evidence for an x-ray pulsation period; and no
evidence for modulation of the x-ray light curve at the binary period. | It
is identified with a low-mass late-type dwarf 0ﬂ$ 1 Mb). The binary period
of 0.78 days was not estaﬁlished until 1975, nine years after the original
identification with V818 Sco was pfoposed (Gottlieb et al. 1975). Cyg X-2,
which is éimilar to Sco X-1 in many ways, still does not have a unique binary
period, despite having been identified eleven years ago by Giacconi et al.
(1967).

In this chapter observations by the SSI of five souices are discussed,
all of which are very probably low-mass binary systems on the basis of their

optical identifications. Three of the sources (A0620-00, A1524-61 and
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H1705-25) are x-ray transients which have shown (to date) a single outburst
with.a peak intensity > 500 times that of the quiescent level, and the
typical fast rise and slow decline of such objects. ‘ Of the other two,

Aql X-1 is a "recurrent transient" which has shown repetitive transient—liké
outbursts with a total variability by a factor > 50; the other, 240042+323,
is a weaker high galactic latitude squrce.which hés been observed to flare
by a factor 2 20 and shows structure in its x-ray light cufve wnich may be
periodié. The optical identification of four of these five sources was in
fact accomplished as a result of optical activity of the counterpart |
correlated with x-ray outbursts, the fifth (240042+323) has been identified
mainly on positional grounds.

About 30 transient or transient-like x-ray sources are now known (see
Table 1.7). As is stressed in § 1.3.9 many of these sources may turn out
to be "recurrent transients" or "long period variables" when better studied,
i.e. that the transient outbursts recorded may simply be part of a more com-
plex time variability. The three transients discussed in this Chaptef
‘represent one extreme of a spectrum of properties for fransient-like sources,
since they show such a high degree of variability. Sources like Aql X—1.
and 2A0042+323 méy represent an important link with the steadier sources such
as Sco X-1.and Cyg X-2.

Transient sources seem to fall into two distinct obsefvational categories
on the basis of x-ray spectrs- (and possibly also in terms of outburst time-—
scales and x-ray luminosity - see discussion in f 1.3.9). The three transients
discussed here are all indubitably Type I (Kaluzienski's category), indeed
A0620-00 is the prototype of this class, as is expected if they are all low-
mass binaries.

4.2 A0620-00 = Mon X-1

4.2.1 Introduction

The outburst of A0620-00 in 1975 August was one of the most dramatic

events ever to occur in x-ray astronomy, comparable in many ways with the
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appearance of a nearby nova in terms of the impact it had on the astro-
nomical community. For months after the initial outburst, A6620-OO was
monitored by dozens of astronomers using both satellite-borne and ground-
based instrumentation which have yielded a wealth of observations at x-ray,
ultraviolet, optical, infra-red and radio wavelengths. The resultaﬁt
extensive literature (Webbink has compiled a bibliography containing over

130 entries, complete up to the end of 1977) is only summarised here; indeed
most of the emphasis is placed on x-ray and optical observationé.

(The purpose of this discussion of A0620-00 is primarily to set the
scene for the discussion of other similar sources which have not been as
extensively observed. The only unpublished results reported in this section
concern the SSI light curve of the x-ray decliné, in particular the obser-
vations in 1976 Januéry which are discussed in terms of the reported 8 day
periodicity seen by SAS-3 in partially overlapping observations).

4.2.2 ZX-ray Observations

A0620-00 was discovered by the Ariel V SSI on 1975 August 3 during
the second long scan of the galactic plane (Elvis et al. 1975 ). Within
a few days its intensity equalled that of the Crab and continued to rise over
the next week to reach a maximum of ~ 5O-ICrab on August 13, interrupted 6nly
by a brief precursor at an intensity of ~ 2.5 ICrab (the ovérall liéht curve
is shown in Fig. 4.1). The sourcé intensity remained steady for about 2 days
and then started to decay quite smoothly with an initial e~folding timescale
of ~ 29 days. This smooth decay was interrupted in October by an unexpected
increase in intensity ( » 50% increase over extrapolated value) which lasted
for ~ 15 days. The exponential decay then continued with a shorter e-folding
timescale of ~ 21 days until December. The next part of the light curve is
poorly monitored but it appears that the source intensity levelled out and

was reasonably steady until mid-January (1976), when a further increase in
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infensity-occurred (by an order of magnitude) which lasted for ~ 30 days.
Subsequently the intensity dropped rapidly with an e-folding timescale of
~ 4 days. Mon X-1 was undetectable at x-ray wavelengths by the beginning
of 1976 April.

Most of the light curve of Mon X-1 is remarkable for its smoothness.
Day to day variability is apparent in the observations made by SAS-3 between
MJD 42650 and 42690 and again in the later stages of the light curve decay
(MJD 42785-820) (Matilsky et al. 1976, also Fig.4.1). The SSI observations
reveal a clear intensity dip near MJD 42730 but 1little other variability
until MJD 42770, when the intensity had fallen to A'O.Z% of its maximum
value (see Fig. 4.3). Seafches for periodic modulation during the initial
rise, and around the time of maximum intensity, yielded upper limits of
2% for periods between 0.2 ms and 0.25s and 0.4% for periods between 0.8
and 435s (Doxsey et al. 1976 ), and 3% over timescales of 200s - 24 (Elvis

et al. 1975).

Mon X-1 shows rémarkable changes in its x-ray spectrum during outburst.
FProm an initial kT ~ 30 kéV prior to the precursor peak, the bremsstrahlung
temperature fell to kT ~ 1.3 keV near maximum intensity, followed by a slight
hardening to kT ~ 1.8 keV before the x-ray decline (Ricketts et al. 1975,
Matilsky et _al. 1976 ). Throughout the decay.the spectrpm softened gradually
(kT fell below 1 keV ~ 70 days post-maximum).  This complex spectral
behaviour presents problems of normalisation when comparing intensities
derived from different experiments - note that the composite light curve
in Fig. 4.1 is not corrected for spectral changes (see Figure caption).

4.2.3 Optical Observations

The optical counterpart of Mon X-1 (= V616 Mon) was discovered on the
basis of a preliminary position from SAS-3 as a normally faint (B--20m)
star which showed an optical outburst by 9m coincident with the x-ray

flare (Boley et al. 1976 ). The optical light of V616 Mon, shown in Fig. 4.2,
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Fig. 4,2 Composite optical light curve for the outburst of V616 Mon
(A0620~00) compiled by Webbink (preprint, 1978).
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shows close similarities with the x-ray behaviour, including optical
brighténing in 1975 October and 1976 February. The February increase
appears to occur ~10 days before the xzray rise, and the final rapid
decline ~ 20 days after thé x=-ray drop-off. The e—folding timescale for
the B-band flux is ~ 70 days for the initial part of the decay (A~ 3 times
longer than that in x-rays). Eachus et al. (1976) have noted a previous
optical outburst of Moh X=1 which occurred in 1917. .This outburst appears
from the data available to be.remarkably similar to the present event.

At maximumrlight the spectrum of V616 Mon shows a featureless blue
continuum similar to that of Sco X-1 (%helan et al. 1977a). Post-maximum
observations show a developing absorption and emission Spectrum, particularly
A 4686 HeII, A4640 NIII (both in emission), H« and Hp (absorption with
superimposed emission) and séveral interstellar lines (Whelan et al. 1977a;
Oke and Greenstein 1977). Observations in 1976 November show the under-—
lying spectrum of ~ K5 V, confirming early suggestions that the star was
a late-type dwarf (Oke 1977). Estimates have been madé by several authors
of both the reddening and distance to V616 Mon. A distande of ~1 Kpc with
EB_Vsa 0.39 is consistent with the corrected apparent magnitude of the
K dwarf as given by Oke (1977).

Spectrophotometry of V616 Mon in 1975 September and 1976 March shows that
the optical emission is dominated by an approximately black-=body source at
25,000 - 30,000 K (Oke and Greenstein 1977). This hot source has been
associated with the heated face of the dwarf star (e.g. Wu et al. 1976).
Because the intensity of this hot source is not strictly proportional to
the x=-ray intensify, Oke and Greenstein (1977) argue that the emission is
more likely to originate within an accretion disc surrounding the compact

objebt. X-ray heating of the dwarf star almost certainly is taking plaée
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but the dominant emission comes from the disc., The emission lines seen
in the post-maximum spectrum may also arise in the x-ray heated region
(Whelan et al. 1977a).

4.2.4 Periodic Modulation

A variety of modulation periods have been suggested for Mon. X-1 on
the basis of both optical and x-ray observations, includiné 3.9, 7.4 and
7.8 day periods in optical light (Duerbéck and Walter 1976 , Tsunemi et al.
1977 , Chevalier et al. 1977 ), and a 7.8 day period in the x-ray flux (SAS—3'
_observations, Matilsky et al. 1976 ). The only direct evidence that Mon X-1
is a binary system derives from these observations, hence it is important to
examirne pritically the reported,modulatidﬁ.

Fig. 4.3 shows the SSI light curve of Mon X-1 for the period MJD 42772-812.
Because of the lower s§urce intensity, and high source elevation for some
parts of the observation, the points shown are ~ 10 orbit sums (~ 0.7 day
integrations). Clearly evident are two intensity minima centred on
MJD 42774.0 and 42783.0 (i.e. 9 days apart) superimposed on quasi-linear
decrease in intensity.  After the gap in the data (due to high source
elevation) no obvious modulation is present and the intensity is beginning
to increase (initial stages of the 1976 February maximum - see Fig. 4.1).

In the SAS-3 observations (which partially overlap - Fig. 4.3) two further
intensity minima are apparent at MJD 42791.5 and 42799.0 (Maﬁilsky et al.

1976 ). Matilsky et al.'s analysis gave a period of 7.8 + 0.7 days for the
modulation in this data. The modulation in the SSI light curve is consistent
with this period, but it is clear that the minima obserfed are significantly
displaced wifh respect to the times predicted from the SAS-3 observations.

We have also attempted to confirm this periodicity by performing a fold- 'x2
analysis on the SSI data. The results are shown in Fig. 4.4 where theX:2
deviation from source constancy is plotted against folding period (data folded

in 5 bins). Although a‘x2 peak occurs at a period of 8.0 days, this peak is
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not pfominent and'would not be picked out in an unbiassed search for
periedic modulation.

The SSI results seem to suggest that, although a modulation with a
timescale of ~ 8 days is apparent for 4 cycleé in the SSI and SAS-3 data,
this is not a strictly periodic phenomenon. The amplitude of the modulation
in the SSI data is + 28% of the mean flux at a period of 8 days, whereas it
is 1,50% in the SAS-3 observatidns. ' This difference may be dué to the
different energy bands of the experiments, if the modulation is primar;ly in
"low energy x-rays, since the SAS-3 detectors have a "softer" response (results

quoted are in the 1.5 - 6 keV energy range).

4.3 A1524-61 - TrA X-1

4.3.1 Introduction

A1524-61* was the first of a remarkable series of bright x-ray transients
discovered by Ariei V. It appeared shortly after launch of the satellife,
"in 1974 November, when the SSI was making its first extended 6bservétion of
the galactic plane (Pounds 1974). The x-ray emission reached its precursor
peak on 1974 November 22, followed about f2 days later by a more intense peak
-when the source intensity was coﬁparable with that of the Crab Nebula, and a
subsequent slow decay characterised by a e-folding timescale of ~ 52 days
(Kaluzienski et al. 1975, Murdin et al. 1977 ).

On the bésis of a series of optical plates covering the period of the
x-ray outburst, A1524-61 has been idéntified with a faint (mv4~ 17m) optical
nova (Murdin et al. 1977 ).

4.3.,2 X-ray Observations

A1524-61 was extensively observed by both the SSI and ASM on Ariel V.
The SSI observations, shown in Fig. 4.5, cover the smooth rise of the transient
to its precursor peak and subsequent decline to a lower plateau for ~ 10 days;

the ASM observations span the second, more intense, peak about 12 days after

* Also called, erroneously, A1524-62



S I_E ®E

B+xE cowsF mhe

I.U

0.6
0.4
0.2

240
200
ISO
20
80

40

310 315 320 325 330 335 340
DAY OF 1974

SSI 1light curve for AI 524-61. The top frame shows the ratio of
counting rates in the low energy and high energy detector systems
which were still functioning at the time of this observation.



19.

the precursor and the irregular decline of the source for over 100 days.

(The ASM observations are shown schematioally'in Fig. 4.8). During the

SSI observations the experiment was mainly in 180° SECTOR mode giving two-
channel spectral information on this source, shown as a "hardness" ratio in
the top ﬁanel of Fig. 4.5. Clearly the ratio implies a spectral softéning
of the source up to the precursor maximum, with apparently steady spectral
ratio thereafter. | The-spectrum 6f A1524-61 was also measured with the

SSI using four-channel spectra obtained over two days near the precursor peak.
The best fit spectra were to a simple power léw with phéton index o= 2.5 + 0.1
and no measurable low energy cutoff (Ey € 4.2 keV (3¢ )). Thus in terms of
the spectral classification discussed in Chapter 1, A1524-61 is undoubtedly

a "soft" sourcs.

A search for periodic modulation of this soﬁrce was carried out using
the ASM observations. No significant periods were found in the range 0.5 -
10 days with an upper limit of ~ 5% to any modulation (Kaluzienski 1977 ).

A similar search in the SSI data shown in Fig. 4.5 extending down to periods
of 0.2 days also revealed a lack of significant modulation.

4.3.3 Optical Identification*

Fig. 4.6 shows a photograph of the region containing the x-ray source,
taken at the prime focus of the Anglo-Australian 3.9m telescope on 1974
December 15, during commissioning tests, this plate being badly fogged by
the dawn. It-was'possible then to determine that there was no large change
amongst the brighter stars by reference to the Franklin—Adams charts, buf it
was not until a second epoch plate was obtained at the AAT in March 1976 that
the fading of 17th magnitude nova was noticed within the SAS-3 and Ariel V
error boxes at R.A. 15hr 24m 05.3s, dec — 61° 42' 35" (i950).

Fig.4.7 was prepared from an SRC Schmidt IIIaJ plate taken 1975 June 30

when the nova had faded to 19th magnitude. Superimposed on Fig. 4.7 is the

* The optical results reported in this section are the work of Paul Murdin
and Andy Longmore.
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Fig. 4.6 AAT photograph of the A1524%“6l1 field showing the nova N as bright
the 17“ star T. (1974 Dec.15, Ila0O, 10 min exposure).

Fig. 4.7 SRC-Schnjidt photograph showing the nova N almost as fainst as 19™
star Q. Also shown are 90” confidence regions for A1524-61 from
SAS-3 (circle), and the SSI (ellipse). (1975 June 30, IlladJ).
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poéition of the x-ray transient obtained with the SAS-3 satellite

(Jernigaﬁ 1975 )*ahd a revised position from the Ariel V Sky Survey‘
Instrument (SSI). The latter position has been obtained using all the
positive sightings of A1524-61 with the SSI, each corrected for spacecraft
attitude errors using sightings of the nearby bright sources Cen X-3, Ara X-1
and Nor X-1. (Note an intermediate SSI position, Watson (1975) contaimed

an error and is replaced by the new position given here.)‘ The proposed
optical counterpart, N in both plates, lies wifhin the region of overlap.

of the SAS-3 and revised Ariel V 90% confidence contours, and is also quite
closelto the cgntre of the original Ariellv SSI position.+ The x-ray and’

optical star positions are élso listed in Table 4.1. -

4.3.4 Comparison of Optidal and X-ray Light Curves
| In Fig. 4.8 the composite x-ray light curve of A1524-61 is shown,
including later SSI observations made'between 1975 April and 1976 May.

The last positive detection by the SSI was in 1975 July-August (the second
extended galactic plane scan) at a level of 2.9 éSI count g | (~1% of
maximum intensity). The optical light curvé, derived from AAT observations
and plates taken with the SRC and ESO Schmidt telescopes, is shown in the
upper section of Fig. 4.8,-and_is summarised in Table 4.2. The recent AAT
magnifudes Qere‘observed with the television acquisition system and aré con-
gervative upper limits. (These magnitudes are based on the colour response
of an unfiltered extended 520, excluding UV, and lie midway between R and V
magnitudes). The plate calibrations were determined from a photoelectrié
. sequence of four faint stars in the field of the nova. ‘The stérs are
labelled in Fig. 4.7.

The optical and x-ray light curves of Fig. 4.8 peak at the same time.
This temporalvcorrelation is further strong evidence that the two are associated

with the same event. The decay of the optical light (0.008 + .002 mag/ﬂay)'is

* CA"more accurate later position from SAS-3 (Bradt et al. 1977) is also
available. L I

*+ The candidate lies within 14" of the centroid of the Bradt et al. errorcircle



en

\

=)

aA

zen

o WO

V8-

E&F



4.1

TABLE

X=ray and thicaI'Star Positions

(1) Ariel V SSI
- initial position

(2) Ariel V SSI
- revised position

(3) sas-3 (i)
(4) SAS-3 (ii)

(5) Optical star

Position:

R.A., Dec.(1950)

15824
15%24%05°
15%24%08°

1582480659

15h24m05?3

~61%421

Error Box

Circle, radius 10'.

—61044'.4 Ellipse, major axis

9', P.A. 145°
minor axis 4'.5

-61°%42'.5 Circle, radius 1'

-61°421 .68 Circle, radius 20"

-61%421.58 Circle, radius 5"

TABLE 4.2

Optical magnitudes of A1524-61

Date Observatory
1973 Mar 29 ESO
1974 July 24 SRC
1974 Dec 15 AAT
1975 Feb 1 SRC
1975 June 9 - SRC
1975 June 30 SRC
1976 Mar 4 AAT
1976 April 3 SRC
1976 July 27 AAT
1976 Aug 29 AAT

Bandpass"

Tl I el oo J=s i

TV
TV

Magnitude
>19.5
->19

1745 + 0.3
2175
19.2 + 0.3
19.4 + 0.3
20.5 + 0.8
22 +1

>20

21

B and R correspond to standard wideband photometric blue and red magnitudes.

J
v

IITaJ emulsion.

AAT Television acquisition system (see text)
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unusually slow for an optical nova, but reminiscent of the only other
securely identified transient x-ray source, namely A0620-00, for which
dB/dt ~ 0.015 mag/day (Lloyd et al. 1977 ).

The optical radiation in such x—fay novae may arise from the x-réy
emission region ( ~ 1O7K). In the case of A0620-00 (B'~11.8 on 25 September
1975) the severely restricted x-ray line emission (Griffiths et al. 1976 )
implies a large electron scattering depth in the x-ray source énd consequently
substantially less optical output from the eray emission region than the
optically thin case. Alternatively the optical radiation may arise from
the heated photosphere of a non-degenerate companion star (assuming that
the system is indeed a close binary).. This is not contradicted by the
different rates of decay of optical and x-ray intensitiésf The slower decay
of the optical light curve comes about from changes in the bolometric correction
of the reprocéssed x-radiation, a larger fraction of the re-processed energy
leaving the system in the visible region as the x-ray nova fades.* Endal
et al. (1976 ) have analysed the observed decay rates for A0620-00 and obtained
a mean effective black-body temperature for the companion star's photosphere
of 3.4 x 104 K, close to the value of 2.8 x 104 K derived from fitting the
de-reddened UV spectrum (Wu et al. 1976 ). Vhelan gg_gi. (1977) offer a
plausible binary model of A0620-00 based on x-ray reflection. Though no

t

and the respective decay rates, with the optical decay again being slower,

Xx-ray line observations ﬁere obtained for A1524-61, the ratio F to F
: ’ op X

suggest a very similar situation to A0620-00. Following the analysis of
Endal et al., the rates of decay of A1524—61 shown in Fig. 4.8 (viz.

e~-folding times ‘I:x ~ 524 + 5, To ~ 2.7

4

ot ™ 1174 + 20) yield a value of Teff

x 10" K for the heated companion star in A1524-61. Although we have no
optical spectra of A1524-61 to compare with A0620-00, the H« plate taken

60 days after maximum with the SRC Schmidf was exposed through a 1008 band-

* See §4.2.3 however.
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pass interference filter. Clearly the nova spectrum did not have H«
strongly in emission at this time.(less than about 708 equivalent width).
V}{a in the spectrum of'the opticai counterpart of tﬁe x-ray nova A0620-00 never
achieved this'strength and was undetectable 60 days after maximum (Whelan et al.
19773,)

The similarity of the dlstance—lndependent x-ray characteristics of ‘
A1524-61 and A0620-00 (Table 4.3) have previously been taken (Pounds 1976)
to indicate they are both in the same class of transients. All we know of the
new optical identification of A1524-61 supports this view. The distance of
the A1524~-61 candidate star is difficult to estimate directly since no colour
information for the star ié available and the red&ening is unknown. The
nearby field in Circinus studied by Bok et al. (1972) shows'a reddening of
EB_V’V 0.3 to 0.5 iagnifudes. Inspection of the SRC Schmid} plate containing
the Circinus field and the field of the nova shows that the reddening ‘is patchy,
but the x-ray nova is in an area somewhat more obscured than the Circinus fleld.
Star S however has a spectral type of early G (from an AAT spectrum taken with
the Image Dissector Scanner). Thus its reddening is EB-V = 0.2. The three
fainter stars of the photoelectric sequence in the field of the nova are all
redder than S(0.8 ¢ B-V £ 1.7). In view of the foreground reddening
EB—V’z 0.5 is a rational guess for the nova. Hence the'blue absorption
is at least 2 magnitudes. Thus the ratio of optical fluxes near maximum of
A0620-00 and A1524-61 (6 magnitudes or less) is consistent with the ratio of
a factor of fifty between the x-ray fluxes of the two stars, although the
evidence is not compelling.

If we assume that the ratio of x-ray to optical flux is the same in
both A0620-00 and A1524-61 then the unabsorbed apparent blue magnifude of
A1524-61 would be 14.0. Hence the blue absorption would be 3.5 mag., COorres—

ponding to a distance near the plane of the galaxy (b = - 3°8) of about 3 Kpc.



TABLE 4.3

Comparison of A0620-00, A1524-61 and H1705-25

X-ray flux (maximum)/ICrab

X-ray flux (~12d post
maximum)/Icr ab

1t " " /erg cm-zs

Apparent blue magnitude ( 12d

‘post-maximum) (mB)
Absorption (AB )/mag.

my - Ag (de-reddened)

Optical flux/erg em 2s **

Ratio Fx/Fopt
X-ray decay time/days
Optical decay time/days
Distance/Kpc

X-ray lupinosity (maximum)
erg s

Quiescent m]3

Quiescent M’B -

- A0620-00

50

1.6

9.7

8x10”1°

600

x1.2x10

20.5

=9

38 +

A1524-61

005

1x10m8

17.5

32 (~ 3.5)

£15.5
(~14)

~t.6x10

~ 600
52
117

~3

~ 2x1 O37

>22

H1705-25
3.5
1.25
2%10
~16%

£4
%12

<1x10” 10

2200

~ 30-35

+ Energy band ~ 2-10 keV. (In the 0.3 — 10 keV band flux was ~ 1:c10-6 erg.

em 2 g

and luminosity =« 3x10

38

erg g ).

* Estimated from = 165 ~3od post-maximum (Griffiths et al. 1978).
) etv al

++ Optical flux for A1524-61 and H1705-25 assumes colours similar to

A0620-00 during outburst.
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The faintness of'the quiescent system (m ).22) at this distance with 3.5 mag.
absorption suggests that the primary star is a dwarf with absolute magnitude
Mﬁ fainter than + 6.. Alternatively, if we assume that thg peak 2 = 10 keV
x-ray luminosity of the x~-ray transients is the same, A1524-61 is seven times
more distant than A0620-00, which is at least 1 Kpc away (Whelan et al. 1977a).
With an absorption of 7 magnitudes and distance modulus of 14, thevfgintness
of the quiescent system of A1524-61 places a limit of MB fainter than + 1 on
the primary star, again indicating it is a dwarf. TFinally, assuming that the
total energy in the outburst is 1.0 x_1045 ergs.(Gallagher and Starrfield 1976 ),
A1524-61 is at a distance of 5.5 Kpc, corresponding tola limit of MB fainter
than + 2 for the quiescent system, again consistent with the primary being a
dwarf. ’ |

This is further evidence that A1524-61 and A0620-00 are in the same low

mass binary class of galactic x-ray transients (see Chapter 1).

4.4 H1705-25 (Nova Ophiuchi 1977)

4.4.1 Introduction

The bright x-ray transient H1705-25 was discovered independently by the
HEAO-1 Modulation Collimator (MC) (Griffiths et al. 1977, 8 ) and the Ariel V
All Sky Monitor (ASM) (Kaluzienski and Holt 1977 ) at the beginning of 1977
.September. The source first aﬁpeared_in the Ariel V SSI data on August 8th
and reached a peak intensity of ~ 3.5 times that of the Crab Nebula by
August 10th.*

On the basis of the small MC errorbox an associated optical nova (Nova
Ophiuchi 1977) was discovered on plates taken at the Anglo-Australian Telescope
and UK Schmidt Telescope (Longmore et al. 1977 ;'Griffiths et _al. 1978 ) thus

meking it the third successfully identified transient x-ray source.

* The presence of this transient in the Ariel V data was not immediately
noticed, unfortunately, due to confusion with the strong galactic centre
source GX9+9, and the weaker source 4U1709-23.



4.4.2 X-ray Obgervations

The source H1705-25 was in the field of view of the Ariel V SSI from
1977 July 31 to 1977 August 31. At the end of tﬁis obser&ation a satellite
spin axis manoeuvre; took the source out of the field of view of the SSI (and
into that of the ASM). |

Thé data points plotted in Fig. 4.9 are single orbit SSI intensities
in the 2 - 18 keV band cofrécted for both collimator response and exposure
time. The error bars shown reflect both the statistical errors and the
additional errors introduced through thé collimator response factor uncer-
tainties and the effects of source confusion. Also shown are the data from
the HEAO-1 MC (Gursky et al. 1978 )obtained‘from single pass "quick look"
observations spanning 1977 September 7 to September 12 (energy band 1 - 13 keV).
Because of the possiﬁility of strong spectral evolution of this source (cf.
A0620-00, section 4.2), we have made no attempt ﬁo convert to absolute units.
Instead, all the intensities are shown relative to the Crab Nebula (= 1000 units)
Unless thé source spectrum is very soft (kT < 2 keV) the extra uncertainty
introduced by not corfecting for spectral chaﬂges should be less than 10%.

The light curve of H1705-25 clearly'resembles that of a "classical" x-ray
transient. It does however show several novel features, in particular the
double~peaked maximum and rather irregular post—maxiﬁum decay.

The rise-time to maximum intensity (measured between 0.1 I ax 2nd 0.9
Imax) is 3*1.7 days, somewhat faster than previoug transients which have typical
rise-times of 3 - 7 days (Pounds, 1976 ). The short pause (at ~ 0.7 Imax) in
the.rise to maximum intensity (negr MJD 43364.2) may be a precursor similar to
those seen in A0620-00 (at ~ 0.1 Imax; 'Elvis et al. 1975 and section 4.2) and
A1524-61 (at ~ 0.5 I _; Kaluzienski et al. 1975 and section 4.3).

The post-maximum evolution of the light curve is characterised'by an
initial sharp drop in intensity in ~fO;7 days, a rise to secondary maximum

on the same timescale, a further fast drop to “'0'5‘Imax in 0.8 days, and
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then a slow irregular decline with intensity reaching ~ 0.06 Imaxrabout

2% months after the secondary maximum (Kaiuzienski, L.J., private communi-
cation 1978). The complicated structure of the post-maximum light curve
appears to be unique among the x-ray transients which have been extensively
observed. The timescale for the slow decay is difficult to-determine because
of the vaiiability of the source. Immediately after the fast drop to 0.5 Imax
the decay is very slow and arguably not exponential in form. The deta after
MJD 43380 show a smoother decay, and when combined with the ASM observations
from MJD 43390 - 43455 (Kaluzienski, L.J., private communication 1978) can be
fitted with an exponential decay with an e-=folding timescale of 30 - 35 days,
comparable witﬁ that of other well-studied fransients.

We have investigated the possibility that the post—-maximum variability
of H1705-25 might be periodic by folding the SSI data (with a least—squares—
fit linear trend subtracted) modulo a range of trial periods between 0.5 and
20 days and examining the behaviour of the ‘X? value with folding period,
where the 'Xz value is the X2 deviation of the data from the hypothesis that
the source is constant. A broad peak appears in the 'X? vs. period plot
centred on a period of 6.7 days. Examination of the light curve does not,
however, show a clear modulation at or near fhis period, particularly when
the HEAO-1 MC and ASM obsei‘vations are taken into account. The power spectrum
of the SSI post-maximum data, obtained using the Cooley-Tukey algorithm, shows
no significant peaks. We interﬁret this as implying that there is no regular
periodicity in the light curve. No regular modulation is apparent in the
ASM data either for periods in the range 1 - 20 days (Kaluzienski, L.&., 1978,
private communication). The variability evident in the light curve which
gives rise to the apparent modulation at ~ 6.7 days may be similar to the
~ 8 day 'period' reported in both x-ray and‘optical observations of A0620-00

(sée section 4.2.3) and may reflect some characteristic timescale within the
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system (for example within the accretion disc) rather than the orbital
motion of the x=-ray source. ‘

The x=-ray spectrum of H1705-25 was measured by the HEAO-1 MC on two
quick~-look orbits giving a bremsstrahlung temperature kT = 3 + 0.5 keV,
with a column density Ny = (3+1) x 10°"  atoms cm 2 (Griffiths et al.
1978 ).

4.4.3 Optical Counterpart

The optical'counterpart of H1705-25, Nova Ophiuchi 1977, was identified
on plates taken at the AAT and UK Schmidt Telescope on 1977 September 10-11
within one of the small errorboxes determined by the HEAO-1 MC (Griffiths
et _al. 1978 ). On the discovery plate the nova had B = 16?5 + 0.5 compared
with an estimated Quiescent magnitude of B~ 21m on the POSS plates. .The
spectra of the nova obtained on September 56 and 22 show a continuum with
no absorption lines, but clear evidence for A 4686 Hell emission on both
nights as is seen in V616 Mon. The colours of the nova, estimated from the
continuum, were B-V = 0.64 (Sept.16) and B-V = 0.86 (Sept.22).

On the basis of this preliminary optical work no distance estimate isA
possible. The x-ray low energy absorption column density, however, implies
AV.A'1?4 + 0.5 (Griffiths et al. 1978 ). If the intrinsic colours of Nova
Oph 1977 were similar to those .of V616 Mon at about the same time after
meximum (i.e. a hot black-body) an independent estimate of EB-V”S 1 can be
made, giving AV‘<' 3 (Griffiths et_al. 1978 ). This implies a dista.nce‘
of very approximately 3 Kpc (inherent uncertaintiés are large). At this
distance H1705-25 has a peak x-ray luminosity similar to that of Mon. X-1
(see Table 4.3).

4.4.4 Discussion
Despite some detailed differences in the light curve structure, H1705-25

shows many similarities with both A0620-00 and A1524-61 (see summary in Table
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4.3) both in terms.of x-ray behaviour and the optical propérties of the
counterpart. Further optical observations of Nova Oph 1977 will hopefully
confirm the similarity with V616 Mon, especially if the emission line spectrum
develops as the star fades. It would also be interésting to obtain the
photometric light curve in order to obtain the decay timescale, since for
both A0620-00 and A1524-61 this is ~ 2 times longer than the corresponding
value for the x-ray flux.

By analogy with A0620-00 we expect that at quiescence the optical star
will be a late-type dwarf. If the distance and reddening estimates. can be
relied on, the quiescent apparent magnitude mp ~ 29® gives Mé > 4?5 which is

certainly consistent with this hypothesis.

4.5 2A0042+323

4.5.1 Introduction

4

The majority of galactic sources lie at low galactic latitudes as is
expected if they lie in the galactic disc with typical distance > 1 Kpc.
Conversely those sources at high galactic latitudes show an approximately
isotropic distribution (Cooke et al. 1978 ) and are predominantly identified
with extragalactic objects (e.g. clusters §f galaxies, active galaxies, ete.
- see review by Pounds, 1978 ). The high latitude population is however
significantly contaminated'by distant galactic halo sources (e.g. Sco X-1,
Her X—1) and by nearby, low-luminosity galactic sources (e.g. AM Her =
2A1815+500, Ex Hya = 2A41251-290). Thus for a few of the ﬁeak high latitude
sources identification with a galactic object can be expected. Observations
of dramatic variability.in particular may indicate a galactic nature, although
flaring behaviour is also a feature of active galaxy sources (Pounds, 1978
and references therein).

During 1977 February the faint x-ray source 3U0042+32 was observed

to flare up over several days to ~ ten times its nominal Uhuru strength
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(Ricketts and Cooke, 1977 ). The new observation, made with the Ariel V
Sky Survey Instrument (SSI),'étimulated the determination of a more precise
location oflthe source by the rotation modulation collimator on the SAS-3
satellite. This improved ‘errorbox' with 90% cohfidence radius 1 arcmin
(Rappaport et al. 1977), lies within the overlap of the Ariel V and Uhuru
positions (Cooke, gg_él,A1978 ; Forman et al. 1978 ).

Following an optical search of the region near the x-ray source (now
2400424323 or 4U0042+32), Charles et al. (1977, 1978 ) have proposed its
identification with a 19m G dwarf which shows possible variable }.4686 HelI
emission, a characteristic signature of several x-ray binaries (McClintock
gg_gl.1975). Support for this identification, and evidence for the possible
binary nature of 2A0042+323 is discussed here on the basis of a more extended
study with the SSI.

4.5.2 Ariel V Observations

Figure 4.10 shows the light curve of 2A0042+323 obtained from the SSI
observations spanning 1977 Feb.2 - April 1. Each data point is the sum of
several satellite orbits, typically ¥ day, although longer sums are shown for
those periods when the source was weak. The gaps in the light curve are due

to spin—axis manceuvres of the satellite which took the source out of the
field of view. Three flaring episodes are evident, with evidence for a
fourth (defined by only two‘points) near the time of the SAS-3 observations.
We have investigated the possibility that this behaviour is periodic by
folding the data modulo a range of trial periods. The maximum X? deviation
from the hypothesis of'source constancy occurs for the data folded at period
of 11.6 days... The peak in the 7(2 versus period plot is broad and we estimate
an error of + 0.7 day in the X? max period. Two cycles of the data folded
at 11.6 days are shown in Fig. 4.11,

Because of the patchiness and limited extent of the observations, one

mus: be cautious in ascribing a strictly period modulation to the structure
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of the light curve. This must await observational confirmation. Never-
theless,-the apparent periodicity does have some interesting consequences.
4.5.3 Discussion

First, we consider the'consequeﬁces of the strong and apparently
periaedic x—ray.modulation being due to the regular eclipse of the x-ray
source by a non-degenerate stellar companion. In this case the eclipse
duration, estimated from the foidéd data shown in Fig. 4.11, would be » 2.3
days, equivalent to an eclipse semi-angle Ge > 360. This lower limit must |
be somewhat uncertain due to the range of possible periods. By analogy with
known x-ray binaries such as Vel X-1, which has a similar period and eclipse
duration (Watson and Griffiths 1977 ), we might expect such a long eclipse
to involve a supergiant primary in the binary system.

However, the optical field in and near the SAS—3.errorbox contains no
early-type stars (Charles ef al. 1978 ), and at this galactic latitude
(b % =30°), with small reddening (EB-V'é 0.2), an early-type supergiant
would have to be 2 50 Kpc distant if it were the brightest star in the field.
Even if the counterpart were a late-type giant its distance would still have
to be 2 10 Kpc.

In fact, if we require the source to lie within the galactic halé
(@& € 10 Kpc), then the canﬁidate proposed by Charles et al. must have
Mv >, 4@, coﬁsistent with it being a G dwarf as implied by their spectro-
photometry (Allen 1973). If this is correct then the modulation cannot,
for any reasonable values of the binary system paraméteré, be due to eclipse.
This follows since the Roche-lobe size of fhe primary (optical) star, which
we regard as giving the maximum occulting radius, is far too small to give the
length of eclipse observed unless (%ﬁ) > 7 (using the Roche-lobe radius
approximation given by Paczynski (1971)). For the low-mass primary suggested
by the optical observations (Mp'v 1 M@) this condition can only be satisfied

by an extremely low-mass x-ray object @%ré 0.15 M@), which is probably below
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the lower limit for a neutron star (Weinberg 1972). The presence of a
dense, absorbiné region near the x-ray object, such as suggested for |
Cen X-3 (Hatchett and McCray 1977 ), can of course give an arbitrarily
large 'eclipse' even for a IAWHmass_binary. -

In summary, whilst the optical and x-ray data point strongly to
2A0042+323 being a 1ow—méss binary system, it appears unlikely that it is'
eclipsing. If this is so then the observed modulation may still reflect
the.binary period of the system. One possibility is that the orbit is
elliptical, giving rise to strongly varyiﬁé emission as the binary separation
changes. A simple model involving an elliptical orbit and stellar wind
powered accretion has been discussed by Avni et al. (1976). Following
their analysis we find that the shape of the light curve could be producéd
with an orbital eccentricity of 0.5 - O.6.A We also note the similarity
between 2A0042+323 and Cyg X-2, which is probably a low-mass binary (Crampton
and Cowley 1976 ). Their optical counterparts é}e both late dwarfs and an,
as yet unexplained, 11.2 day periodicity has been reported in the x-ray light
curve of Cyg X-2 (Holt et al. 1976b), although the amplitude of this modulation
is ~ 10 times smaller than that for 2A0042+323.

Alternatively it might be that the quasi-periodic behaviour of
2A0042+323 is related to recurrent flaring phenomeﬁa seen in sources like
Aql X-1 (‘§ 4.6) and 4U1630-47 (Jones et 21.1976 ). In this case the origin
of the outbursts might lie in periodic instabilities'in the mass transfer rate
from the G dwarf to the éompact object, possibly similar to the situation in
dwarf nova systems.

4.6 4U1908+00 = Aql X-1

4.6.1 Introduction

Aql X-1 displays x-ray behaviour which is intermediate between that of
the transient and éteady varieties of galactic x-ray source. Although listed

in the 3U catalogue (Giaccpni et al. 1974) as being variable by a factor of 3,
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x-ray observations over the last féw years have shown that Aqi X-1 has
transient—liké outbursts lasting ~ months which recur at intervals of
1 - 2 years (Kaluzienski et al. 1977, Buff et al.1977, see Fig. 4.12).
Between outbursts the source variés between undetectability (<. 0.001 ICrab)

and a level of ~0.02 I The x-ray spectrum of Aql X-1 is characterised

Crab’
by a low bremsstrahlung temperature (kT < 7 keV, Jones 1977 ) and to date
no evidence has been found fdr anAx—ray pulsation period (Buff et al. 1977 ).
The optical identification of Aql X-1 has recently been established.

The counterpart is a 19m K dwarf which shows optical flares by 3 - 4 magnitudes
at times coincident with the x-ray outbursts (Thorstensen et al. 1978 ;
Walter et al. 1978 ). The optical light curve is shown in'Fig. 4.12 including
recent observations feported in IAU Circulars. It is interesting to note
that an optical outburst occurred in 1974 May, when no x-ray observations were
available. The interval between this outburst and the subsequent one is
consistent with the mean recurrence period (Thorstensen et al. 1978).

At quiescence the optical counterpart shows the normal spéctrum and
colours of G7 - K3 dwarf with modest interstellar absorption (EB_va 0.3 = 0.5,
Thorstensen et al. 1978 ). Distance estimates based on the reddening give
d = 1.7 - 4 Kpe (Thorstensen et al.1978 , Margon et al. 1978 ). Note that
the maximum x-ray luminosity at this distance is well below the Eddington

luminosity for a 1 M, object.

]
During outburst the counterpart is 3 - 4 magnitudes brighter than in
quiescence and significantly bluer (B-V~ 0.7, as opposed to B-V ~ 1.3, Margon
et al. 1978, Vrba 1978 ). Optical flickering has also been reported during ,
the 1978 outburst (Vrba 1978 ). The outburst spectrum shows A 4340-50
CIII/NIII and 4686 HeIl emission lines which may be due to x-ray heating

(Puetter and Smith 1978, Mook 1978 ).
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(b) Composite optical light curve for Agql X-1 between 1971 and
1978 based on Thorstensen et al. (1978) with additional points
from 1AU Circ., No.3243.
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4.6.2 SSI Observations

Observations of Aql X-1 were made during the outbursts of 1975‘énd
1976 (outbursts I and II in what follows — see Fig.‘4.12). These are the
only unambiguous detections of Aql X-1 by the SSI above a level of ~ 0.01 ICréb
from launch to 1978, except for those made during the rise of the‘small out- )
burst in 1977 January (reported in TAU Circular 3031). These 1étter Oobser-
vations are of limited value due to source confusion.

Fig. 4.13 shows the SSI light curve of the observations made between
1975 June 30 and July 9, approximately 25 days after x-ray maximum (the
outburst was also monitored by the Ariel V ASM and SAS-3, Kaluzienski gg_gl.
1917 , Buff et al. 1977 ). Superimposed on the qﬁasilinear decline in
intensity from ~ 170 to ~ 50 count 3-1 is an obvious modulation. To test
for the significance of this.modulation and search for possible periodicities,
the data were subjected to both X2 and power spectrum analysis.

Fig. 4.14 shows the variation of X2 with folding period. The 12
value plotted is deviation from source constancy for the data folded into 5
phase bins, with the linear trend removed before folding. A prominent peak
occurs at a period of 1.3 days with an amplitude far larger than that obtained
for simulated data with identical intensity and variance (see Fig. 4.14).
Four minima conéistent with this period can be seen in the light curve between
MJID 42594 and 42599 (Fig. 4.13). Also shown in Fig. 4.14 is the ﬁower spectrum
of the data calculated using the Maximum Entropy Method. The most significant
peak occurs at a frequency corresponding to a period of 1.28 days, consistent
with the period obtained from the xz anaiysis of P = 1.30 + O..O'4 days. The
amplitude of the modulation at this period is ~ 10% of.the mean flux.

'Kaluzienski gj_g;,(1977 )have analysed the ASM observations of Aql X-1
made dﬁring thé same outburst (their observations do not inblude the period

of SSI monitoring since the ASM and SSI fields of view are mutually exclusive).
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They find marginal evidence for modulation af a period of ~ 1.3 days, with
an amplitude of only 3% of the mean flux. The modulation is howe&er in
phase withvthat seen by the SSI, and combining the ASM and SSI data yields
a marginally improved period of P = 1.28 + 0.02 days.

Fig. 4.15 shows the SSI light curve of observations made during outburst
II between 1976 Jul 10 and Jul 30, coincidentally at about the same stage of
the decay from x-ray maximum ( ~ 24 days post-maximum). The light curve is
much noisier than that obtained for outburst I because the source elevation
is greater than éo for most of the observation.. The decay appears to be
approximately linear (rather than exponential) with the source intensity
falling below detectability around MJD 42982 and staying undetecjablé until
the end of the observation (IIJD 42990). Although no obvious modulation is
apparent in this observation, the data* have been analysed in an identical
manner to that obtained in outburst I. No significant periodicities are
found ‘in the data, and the modulation at 1.3 days has an amplitude of <.5%
of the méan intensity. This negative result is perhaps not surprising, since
the data is so nbisy. A similar analysis of the data summed in 5-orbit bins
(~ 0.3 days) to improve the signal—to-ﬁoise yielded similar results.

The Ariel V ASM also obtained observations of Aql X-1 during outburst
II. The analysis of the ASM data yielded no éignificant.modulation at or near
a period of 1.3 days with an upper limit of 2% amplitude (Kaluzienski et al.
1977 ). Since the amplitude of the modulation at 1.3 days seen by the ASM
in outburst I was ~f1/3 of that seen by the SSI, this upper limit is probably
consistent with the SSI result.
3.6.3 Discussion

The suggested 1.3 déy ﬁeriod persists clearly for three 6; four cycles

in outburst I, but is absent at the same amplitude during outburst II. If it

Excluding data from MJD 42962-990 when source was undetectable.
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is real this period is most easily interpreted as being due to modulation

of the x-ray flux in a binary system, for example by partial obscuration of

the x-ray source by absorbing matter giving the approximately sinusoidal
variation. The identification of Aql X-1 with a late-type dwarf implies that a
low-mass binary model of the sort discussed in Chapter 1 might be appropriate.

A binary period of 1.3 days would certainly be consistent with a semi-detached

system of this type (e.g. Avni et al. 1976 ).

" The outburst behaviour is clearly similar to that of the fransients
discussed earlier, pafticularly in terms of the outburst profile. The
occasional detection of Aql X—1 at a few percent of its peak flux between
outbﬁrsts is not however a feature of transient sources, On'the'other hand
the repetitive flaring at x-ray and optical wavelengthslis reminiscent of the
optical behaviour of dwarf novae. The meén recurrence period for outbursts
in Aql X-1 is ~ 400 days*, similar to the peridds of the dwarf novae EX Hya
(465d) and SW UMa (459d) (Warner 1976 ). Note however that the quiescent
spectrum of Aql X-1 does not show emission lines, these being found at all
times in dwarf novae (Margon et al. 1978 ).

At maximum the ratio of x-ray to optical luminosity for Aql X-1 is ~ 500
(falling to ~ 20 at quiescence). As pointed out by Margon et al.(1978 ) it
is difficult to reconcile this ratio with a semi - detached, low-mass model for
this system comparable with a dwarf nova,_since x-ray heating effects in such
a close system should give a much larger optical luminosity (and hence smaller
ratio). One solution to this problem is to assume that the x-ray emission is
highly anisotropic (e.g. due to a large accretion disc), or alternatively to |
abandon the assumption that the system is semi-detached (thus réising the

question of the mode of mass transfer) (see §44.7).'

* Kaluzienski (1977) quoteS a mean recurrence period of 435 days (+ 10%). An
unbiassed mean of all the outbursts seen in Fig. 4.12 ~_—-—— =:- gives
however P = 376 + 134 days (40%!). However, the intervals between the most
intense outbursts seen in Aql X-1 (Imax 2> Igorap or my £ 1785) are ~ 380, 377
and 734 days. An additional outburst near MJD 43310 which would fill the
T34%gap (giving 2 ~370 day intervals) cannot be ruled out from the SST data.
Indeed there is evidence (badly affected by source confusion) that Agl X-1 was
brighter than 0.15 ICrab near MJD 43306.
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4.7 Models for Transient Sources

A variety of models have béep proposed to account for the behaviour
of transient and .transient-like sources. Here we briefly discuss some of
the mechanisms which have been suggested to explain the transient outbursts.
In each ;ase it is assumed that the source is in a binary system containing
a compact object by analogy with "steady" galactic sources. (Note that
iodels which do not involve a binary system have been proposed, e.g. the
"colliding shells" hypothesis, Brecher and Morrison 1976).

(a) Eccentric orbit binary

In this model the transient outbursts are hypothesised to be due to
large changes in the accretion rate as a result of the varying stellar
separation in an eccentric binary.system. A simple model of this kind has
been discussed by Avni et al. (3976).for stellar wind powered accretion. To
explain the small duty cycle for x-ray emission from transients they find
that large eccentricities ( ~ Of9) are required for most transients, and
that e >();99 is required for A0620-00. Since most x-ray binaries have
circular orbits (within the errors, with the exception of 4U0115+63 which
has € = 0.24), the implied bimodal distribution or orbital eccentricities
makes this model implausible for most transients.

For "recurrent transients" however such as 4U1630-47 and Aql X-1 the
eccentricities required are not as extreme and several authors have suggested
eccentric orbit models for these sources., For Aql X-1 thezlaék of a stable
period between outbursts makes this explanation unlikely, but for 4U1630-47,
for which a ;egular outburst period of 615 + 5 days has been proposed (Forman
et al. 1976 ), this model remains a possibility. Note that the "recurrent
transient" 4U0115+63, which does have an appreciable orbital eccentricity,
has a recurrence period an order of magnitude longer than its orbital périod

of 24 days.
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(b) Variable companion stars

Variable mass—loss is a feature of several types of relatively normal
stellar objects. Some of the ﬁest known examples are cataclysmic variables,
in particular dwarf novae, which show quasi-regular outbursts in optical light
which are probably due to changes in the mass transfer fate; long-period
variables (e.g. Mira variables) which have semi-regularly expanding atmos-—
pheres, and a variety of early-type stars with variable stellar winds. In
the context of type I transients, whigh are suspectéd to be low-mass systems,
only the dwarf nova variability is likely to be of relevance.

Transient models based on dwarf nova type systems have been proposed
by a number of authors (e.g. Avni et al. 1976 ;Endal et al. 1976 for A0620-00).
The systém envisaged consists of a late-type main sequence (or slightly evolved)
star in a close binary with a neutron star (or black hole). The‘nondegenerate
star fills its Roche—~lobe and loses mass by lobe overflow resulting in the
formation of an accretion disc around the compact object. In such a system
large changes in the mass—loss rate will lead directly to corresponding changes in
the x-ray and optical emission provided the accretion flow is stable. Tﬁe
causes of the episodic mass—loss rate changes which give the quasi-periodic
outbursts in ordinary dwarf novae are not well understood (Bath, 1977), but by
analogy it is expected that similar variability might é:ist in an "x-ray dwarf
nova" (i.e. one containingla neﬁtron star instead of a white dwarf).

Although this model is extremely attractive and can be used to construct
more detailed scenarios for individual sources, its applicability to at least
two sources, A0620-00 and Aql X-1, has been questioned on the basis of argu-—
ments concerning x—ray heating. X-ray heating is expected to be important

when (Bahcall 1978 ):

L » L, . : (4.1)

. nR _
where L, =« (4%) L. g s () ) (4.2)
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Rp is the nondegenerate stellar radius, a the orbital separation, Lh’ LO

are the heating and intrinsic optical luminosities of the star and LX is

the x-ray luminosity, and e« is an albedo factor ( « ~ 0.5). For an "x-ray
dwarf nova" with Mp ~ Mx EA M@, and the nondegenerate star filling its
Roche-lobe, (%) ~ 0.04 giving L ~ 0.02 L _. Thus for the total optical

luminosity L ( » L by definition) we have:

pt

L
X

T £ 50 (4.3)
opt

For both A0620-00 and Aql X-1 observations made during outburst give values
of Lx/Lopt an order of magnitude larger than this, indicating that x-ray
heating effects are not significant. Possible solutions to this problem
are: (i) the binary separation is rather larger than assumed (making it
difficult for a low-mass star to fill its Roche-loﬁe); (ii) the non-
degenerate stars does not fill its Roche-lobe; (iii) the nondegenerate star
is only partially illuminated by x-rays (e.g. due to obscuration by a thick
accretion disc). Note that only the third possibility allows us to retain
the "x-ray dwarf nova' model. The first and second suggestions also raise
the question of the ﬁode of mass transfer, although the possibility of self-
excited winds in low-mass binaries has been discusséd (e.g. Oke 1977).

(c) Other possibilities

A variety of other mechanisms have been suggested including both physical
and purely geometrical effects. Under the heading of physical mechanisms are
included accretion disc instabilities, nuclear burning models and.decreases
in a supercritical accretion rate. The main geometrical effect which has been
considered is a modulation analogous to that which gives the 35 day cycle in
Her X-1 (precession of the accretion disc?). The last possibility would of

course only be appropriate for sources whichhad approximately periodic



outbursts. Although somé éf'these other possibilities may be the
appropriate mechanisms for some individual sources, the most attractive
model for low-mass, type I transients and related sources remains the-
"x-ray dwarf nova'. Further observational and theoretical.work will
hopefully clarify some of the contradictions apparent with the.simple

version of this model.
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Chapter 5

CONCLUSION

5.1 Introduction

The observational data presented in Chapters 4 and 5 have all
been plausibly discussed in terms of models involvihg accreting compact
objects (neutron stars or black holes) within clpse binarylsystems, the
variety of behaviour being explained by detaiied differences in the
accretion processes taking place. All the evidence, both direct and
indirect, argﬁés that sﬁch models are an essentially correct description
of these sources, and that by analogy a large proportion of the known
galactic sources which show similar observational properties will also
turn out to be binary systems of brogdly similar typs.

Nevertheless it would be surprising.if all galactic x=ray emitters
were "standard" x-ray binaries, indeed a few examples of rather different
classes of x-ray source are already known and have been briefly mentioned
in Chapter 1. In this last chapter we briefly discuss two classes of
galactic source which are particularly relevant to this theme: the
"galactic bulge" sources for which observational evidence of binary member-—
ship (or otherwise) has proved singularly elusive, and x~-ray emitting dwarf
novae which are a good example of a rather different type of accreting
binary system.

5.2 The "galactic bulge" Sources

It has been recognised for several years that a large fraction of the
total galactic x-ray emission comes from a small number of bright sources
at low galactic latitudes with a marked concentration in the direction of
the galactic centre. In fact, of the ~ 150 sources in the 4U catalogue
(Forman et _a1.1978 ) with |b] £15°, 24 of the 33 brightest sources (I___ %

100 U.F.U.) lie within 40° of the galactic centre (see Fig. 5.1). A subset
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of these bright sources are commonly known as the '"galactic bulgé" sources,
the full lisf numbering 10 - 15, depending on the criteria used for selection_
(e.g. Margon and Ostriker 1973; Watson et al. 1978a; Bradt 1978 ).

These "galactic bulge" sources show rather similar oﬁservational
properties including soft x-ray spéctra (kT £ 8 keV), small long-term
variability (by factors of 2 — 5), and no evidence for any periodic modulation
In the full list of 15 sources given by Bradt (1978 ), T are optically identi-
fied (two rather tentatively), 5 are x-ray bursters, one is in a globular
cluster and 3 sources probably have associafed weak radio emission (these
categories do, of courée, overlap). Eight sources however remain unidenti-
fied despite extensive optical searches in the small x-ray errorboxes (all
with radius £ 30"). If some or all of the galactic bulge sﬁurces are
memﬁers of a particular class of x-ray emitter, then theif longitude dis-
tribution (Fig. 5.1) naturally leads to the conclusion that they have an
approximateiy isotropic distribution abqut‘the galactic centré with a mean
distance of d ~ 10 Kpc, and hence luminosities > 5 x 1037 erg s_1. This
conclusion is supported by the substantial low energy cutoffs éeen in the
spectra of several of these sources implying distances of this order, provided
the absorption is not intrinsic.

Extensive observations of eleven of the galactic bulge sources have
been made by the SSI, including two long: scans made in 1975 July - August
(26-days) and 1976 November (20 days) (Watson et al. 1978a). Their light
curves show considerable similarities including: (i) total variability by
a factor of only 1.5 - 3; (ii) typical timescales for this variability of
0.5 - S days with suggestions of quaéi—periodic behaviour. None of the
light curves however show evidence for true periodic modulation. Eelipse
periodicities in the range ~ 0.5 - 20 days are excluded (the 1ower limit

assuming an eclipse duration > 100 minutes), and a conservative upper limit
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of 10% can be set to any modulation in the period range 0.5 = 13 daysAas
a result of power spectrum analyses of the data. Searches for periods
shorter than 0.5 days have been made using the data obtained from other
satellite experiments including Copernicus (White et al. 1976 ), Uhuru
(W.Forman and C.Jones, private communication 1977) and SAS-3 (e.g. Lewin
gﬁ_g;. 19763 Buff gﬁ_gl. 1977a) with negative results in ever& case.

The lack of observed periodicities severely constrains any binary
model for these sources, since it would seem that the binary period must
be very short (P & 1 day), very long (P > 20 days), or that the binary
neture produces rather small modulation of the x-ray flux. The last |
condition is easily satisfied if, forAexample, the orbital inclination
is low enough, but such solutions become somewhat artificial when 10 - 15
objects are under consideration.

A number of specific models have been suggested for the galactic
bulge sources. These include systems with very short periods ( P< 0.1 day)
and correspondingly brief eclipses observable for only a narrow range of
inclination angles (Joss and Rappaport 1978 ) and models involving obscuration
by matter in the orbital plane such that the bright sources observed are
those which are preferentially near pole-on for which little modulation of
the x-ray flux is expected (Jones and Raine 1978 , Milgrom 1978 ). The
detailed model of Jones and Raine, invoking supercritical accretion in
low—mass close binary, also explains the positive correlation between
spectral temperature and intensity seen in at least seven of these sources
(e.g. Watson et _al.1978a).

liodels not involving binary systems have aiso been proposed’ including

3

the suggestion that these sources might be isolated ~10° M_ black holes

@

accreting from the interstellar medium (Forman et al. 1976 ). Other authors,
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noting the similarities between galactic bulge sources and those in
globular clusters,and those which show x-ray burst activity have pursued
the links between these three types of object (e.g. Ostriker 1977 ). Since
satisfactory models are not available for globular cluster or bursting
sources either, these similarities do not (at present) advance our under-
standing to any extent. The nature of these rather speciél sources in
the nuclear bulge of the galaxy remains one of fhejmore intriguing problems
in galactic x;ray astronomy.
5.3 Dwarf Novae

Dwarf novae are a class of cataclysmic variable which have repetitive
ocutbursts of A'3m recurring on typical timescales of 20 - 100 days. They
ére generally believed to be close binary systems in which variable mass
transfer is océurring between a low mass main sequence star and a solar mass
white dwarf. 4 Because of their similarity with known x-ray binaries, dwarf
. novae have been considered as potential x-ray emitters for some time, but
it was generally assumed that accretion onto a white dwarf could not produce
a bright, luminous x-ray source. Recent work by Fabian et al.(1976) (based
on the pioneering work of Hoshi (1973) and Aizu (1973) )has however shown
that accretion onto a magnetised white dwarf (ensuring radial accretion even
in the case of mass transfer via an accretion disc) can produce a "hard"
( > 2 keV) x-ray source with a luminosity up to ~1036 erg s,

Soft x-ray emission has been reported.from'a number of dwarf novae
(see refs. in Ricketts et al. 1978), but it is only recently that obser—
vations with the SSI have conclusively demonstrated the existence of a "hard"
x-ray flux from the dwarf nova SS Cygni (Ricketts et al. 1978 ). The x-ray
emission from SS Cygni is characterised by variability by a factor of 10 or
more; of particular interest, however; is the disappearance of the x-ray

source during optical outbursts. This remarkable anti-correlation
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establishes without question the association of the x-ray source with
SS Cyg. (Further confirmation comes from the precise HEAO-1 A3 position
recently published by Fabbiano et al. (1978)).

As a result of the SSI observations of SS Cyg a sensitive search for
x-ray emission from other dwarf novae has been carried out using the Point
Summgtion Technique (PST) on the SSI data (Watson et al.1978b). This
survey gave clear evidénce for x-ray emission from EX Hydrae, a somewhat
fainter dwarf nova which had.previously been suggested (on positional grounds A
alone) as the counterpart of the Uhuru source 2U1253-28. EX Hya lies within
3 arcminutes of the centre of the revised SSI errorbox for 241251-290 and is
thus a good candidate for the x-ray source on a positiongl basis. Supporting
evidence for the identification comes from the 53I x-ray light curve which
indicates variability by a factor ~ 3, an expected feature of dwarf nova
x-ray emission. (This identification has also been confirmed by a precise
HEAO-1 MC position (Schwartz et al. 1978 ) ).

The list of detected dwarf_ﬁovae has recently been extended to include
U Gem which has been éeen in both soft and hard x-ray bands by the HEAO-1 A2
experimentA(Mason et al.1978 , Swank et al.1978 ), and also the old nova GK Per
which underwent a transient—-like x-ray flare in the SSI observations coinci-
dent with an optical outburst (King et al. 1978 ). Al Her, a cataclysimic
variable broadly similar to the dwarf novae, has of course been detected
over a wide energy range for a couple of years.

The mechanism for the production of x-rays in dwarf novae (and related
systems) is now the subject of increased theoretical interest. The accreting
megnetic white dwarf model of Fabian ég_gl. (1976 ), has been developed by
Ricketts et al. (1978 ) and used to satisfactorily explain the anticorrelated
x-ray/optical behaviour of SS Cyg, and to provide very reasonable estimates

of the range of accretion rates and white dwarf magnetic field in this system.
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The less demanding observations of Ex Hya and GK Per caﬁ also be explained
in terms of the same model. |

X-ray emission is expected on the basis of this model from a variety -
of other cataclysmic variables. '~ A recent survey of x-ray emission from
nova-like variables using the PST on the SSI data has already indicated
V751 Cyg as an x-ray source candidate (unpublished SSI results). With
the increased sensitivity available from observatdries such as HEAO-2 we
can confidently expect the discovery of many more examples of x-ray
emission from cataclysmic variables.
Postscript

Withoﬁt doubt the study of galactic x-ray sources has already reached
a degree of maturity in the sense that the ﬁature of a fair number of sources
is no longer thé puzzle that it was ten years ago. On the other hand,rthe
results briefly discussed in this'chapter indicate two ways in which the
subject will no doubt progress -~ in the understanding of sources such as
those in the galactic bulge; and in the study of entirely new classes of
x~ray emitter such as cataclysmic variables.

Even with those sources which are now recognised as binary systems,
it will be interesting‘to see if the classification scheme proposed here,
into high and low mass binaries, will still have any value in a few years
time. Some df the other problems in galactic x-ray astronomy, particularly
the explanation of the observed spatial and source count distriﬁutionsmay
soon be resolved by studies of external galaxies with observatories such as
HEAO-2. Indeed observations with this observatory may produce sucﬁ a wealth .
qf detail as to prqvide solutions to many of the current problems. Even if
this is the case, we need have no fears for the future of the subject, since
we cén confidently expect that there will also be no shortage of new mysteries

to address.
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ABSTRACT

The basis of our current theoretical understanding of galactic
x-ray sources is reviewed. MNodels are outlined involving close binary
systems containing a compact object accreting mass which has been lost
from the nondegenerate star by a variety of mechanisms. The present
status of galactic x-ray astronomy is discussed, with emphasis on the ‘
links between established observational categories and the characteristics

of the proposed models.

Observational results, consisting primarily of extended x-ray light

curves derived from analysis of Ariel V SSI data are presented for two

main classes of galactic x-ray source: (i) high-mass x-ray binaries
containing an early-type giant or supergiant star; (ii) low—mass x-ray
binaries in which the nondegencrate star is a late-type dwarf. For the
higsh-mass binaries emphasis is placed on the determination and improvement
_of the orbital parameters; for the low-mass binaries, where a less complete
picture is available, the discussion centres on the type of system involved,
taking into account the optical observations of the source.

Finelly, tke properties of two further categories — the sources in
. the galactic bulge and those associated with dwarf novae — zre discussed
25 examples of rather different types of galactic x-ray emitter. In the
case of the galactic bulge sources current observations have not lead so
far to a clear picture of the nature of the systems involved, indeed their
binary membership is not established. X-ray emission from dwarf novae and
related objects is a relatively recent discovery and represents the opening
up of a new field of galactic x-ray astronomy.



