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ABSTRACT

Title of Dissertation: Circinus X-1: A Laboratory for Studying the
Accretion Phenomenon 1n Compact Binary

X-Ray Sources
Julfa Lee Robinson Saba, Doctor of Philosophy, 1983
Dissertation directed by: Doctor Eifhu Boldt

The observations of the binary X-ray source Circinus X-1 discussed in
this thesis provide samples of a range of spectral and temporal behavior
whose variety is thought to reflect a broad continuum of accretion
conditions in an eccentric binary system. The data support an
identification ef three or more X-ray spectral components, probably
associated with distinct emission regions:

{1} A luminous optically thick component, associated with the cyclic
outburst, has a spectrum which is to good approximation a blackbody of
kKT ~ 0.8 - 1.0 keV, with an apparent radius of ~ 40 kilometers fur an
assumed spherical emitter at a distance of 10 kiloparsecs. This component
sometimes exhibits large amplitude fluctuations, including quasiperiodic
oscillations on a timescale of seconds, corresponding to individual square
shots of luminosity > 1037 erg. The luminosity, size, and variability of ¥
this component suggest an origin in the inner region of an optically thick :
accretion disk around a compact object of mass > three solar masses. If I

the compact obJects in Circinus and other black hole candidates such as




Cygnus X-1 and GX339-4, which exhibit a component with similar
characteristics, are neutron stars, they form a separate class whose
properties are not predicted by any current model of accretion onto neutron
stars.

(2) A low Tevel residual component, steady on a timescale of days,
comes from a region larger than the binary system if the source is not
continuously fed. The spectrum is optically thin, with 1ittle absorption
and strong iron 1ine emission. The latter suggests the presence of thermal
gas, though a nonthermal contribution to the flux is also likely, from
inverse Compton scattering of quiescent infrared flux by nonthermal
electrons associated with the extended quiescent radio source.

(3) A post-outhurst X-ray flare component, possibly related to the
radio and infrared flares, shows a flat, absorbed spectrum. Variability on
a timescale of minutes restricts the emission region to << 1013 cm, smaller
than the radio flare region. A likely origin of the X-ray flares 1s
inverse Compton scattering of infrared flux by a low enerqy extension of
the nonthermal electrons producing the radio flares. Comparable luminosity

in gamma-ray flares seems probable.



FOREWORD

"The problem of darkness does not exist for a man gazing at the stars. No
doubt the darkness is there, fundamental, pervasive, and unconquerable,
except at the pinpoints where the stars twinkle; but the problem is not why
there s such darkness [with apologies to Olber], but what is the 1ight
that breaks through it so remarkably; and granting this light, why we have
eyes to see it and hearts to be gladdened by it."

--George Santayana, Obiter Scripta
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I. INTRODUCTION

A. The Role of Pattern-Seeking in Astrophysics

The roots of astronomy go back to the earliest humans, who sought from
patterns in the changing of the seasons and the phases of the moon, and the
motions of the planets and the stars, some predictability in the universe
about them. Developing astronomy was bound up with astrology and mythology
and religion -- other human attempts to come to terms with the universe.
Eclipses and comets were viewed with superstition and terror, which
threatened to undermine the beginnings of understanding. Yet, even as the
heavens were worshipped or feared, the rhythms of the moon and regularities
in the motion of the stars and planets were becoming tools -- for
astrological predictions, yes, alas, but also to forecast times for
planting and harvesting, as aids in navigation, in the establishment of a
calendar.

Astrophysics, the investigation of astronomical phenomena in terms of
physical laws, probably began with Newton's leap of insight that a falling
apple and a planetary body might be governed by the same force. This leap
required the firm foundation built on Brahe's painstaking celestial
observations and Kepler's reduction of them to empirical laws of planetary
motion, on Galileo's development of an astronomical telescope and
application of the scientific method to sky-gazing. Since that time,

progress in astrophysics has generally resulted fr w a similar synthesis of



physical theory with meticulous observation and taboratory experiment,
supported by the development of some new technology, which opened a new
window for viewing the universe. Laboratory spectroscopy and investigation
of the basic laws of radiation, for example, allowed stellar spectral
sequencing, wherein a pattern was perceived and partially understood in
terms of the developing atomic physics, an essential step in recognizing
the role of nuclear burning in the evolution of stars.

In a physics laboratory, much of what we learn is the result of
scattering experiments: we probe the internal structure of matter by
bombarding 1t with particles and light, varying the materials, angles,
incident energies and then studying the products to identify and
characterize the important parameters of the problem. Similarly,
astrophysical information is obtained by accumulating observations of
radiation given off, reflected by, and transmitted through astronomical
objects. A major difference is the lack of opportunity to manipulate
conditions in the cosmic laboratory. Instead, an astronomer observes
phenomena in all their complexity and seeks out underlying patterns.

Rather than constructing a simplified version in the laboratory, the
astronomer usually proceeds by identifying classes of objects which can be
treated somewhat as ensembles of systems, making cross-comparisons of
similarities and differences to map out the allowed portiors of parameter
space. The trick is to guess the interesting parameters and find a :
representation of the data which is not merely a scatter plot. Natural
restrictions on the parameters (these not a result of selection effects
imposed by the method of observation) generally represent physical
constraints on the systems, often an important clue to their nature. Thus,

the Hertzsprung-Russell {H-R} diagram, essentially a plot of luminosity



versus temperature (or, equivalently, spectral class or color) for a set of
stars, 1s fundamentally related to the way stars evolve.

In an H-R dfagram, roughly 99% of all stars 1ie along a narrow band
called the main sequence, stretching diagonally across the plot from hot
(bTue) bright massive stars to cool (red) faint low mass stars. Stars
spend most of their 1ives as main sequence dwarfs, converting hydrogen to
helium as their source of luminosity. When a significant fraction of a
star's hydrogen has been converted, siructural changes cause the star to
expand, brighten, and move off the main sequence into the red giant
region. The more massive stars burn fuel more quickly and thus evolve more
rapidly, remaining on the main sequence for only a few million years, while
a star 11ke the sun remains there a thousand times as long. Eventually,
when all the nuclear fuel has been consumed, the star may gravitationally
collapse down to a compact object or the energy release may lead to
ejection and dispersal of mass and leave at most a remnant to collapse.
Whether the resulting object becomes a roughly earth-sized white dwarf held
up by electron degeneracy pressure, a neutron star of order 10 km radius
held up by neutron degeneracy, or an ever collapsing black hole with a
Schwarzchild radius of about 3 km per residual solar mass -- so dense that
even 1ight cannot escape its surface -- depends on how much mass it had
initially, how much it Tost during episodes of instabiTity or through wind
outflow, and the details of the collapse.

B. Variability in Astrophysics

For many centuries the only challenges to belief in the constancy of
the stars, a dogma handed down by Aristotle, came from observations of

comets (attributed at first to atmospheric effects) and occasional "guest



stars", or supernovae {originally believed to be new stars, but actually
stars in a fina) explosive stage of evolution). At the end of the
sixteenth centry, the German astronomer David Fabricius, a colleague of
Kepler, noted that the third magnitude star Omicron Ceti faded and then
disappeared. He took it for a nova, a weaker version of Tycho Brahe's
star, which had erupted in a blaze of glory some two dozen years earlier,
temporarily rivaling Venus in brightness. By mid-seventeenth century, Mira
Ceti {"the wondrous one in the Whale") was known to have an eleven-month
variability cycle. Two centuries later, nearly two dozen assorted
naked-eye variables were recorded. The General Catalogue of Variahle Stars
(Kukarkin et al. 1970) now 1ists some 25,000 entries--periodic {eclipsing,
pulsating, rotating) and nonperiodic {mostly eruptive variables). There
are 1ikely to be many more variable stars found with closer examination.
Sti11, probably at most a few percent of stars show major variations on
timescales short compared to a human Tifespan.

It is believed that all stars pass through fairly short-lived periods
of variability -- during their very early stages, near the end of their
nuclear burning lives, and in one or more episodes of instability in
between, when a particular thermonuclear energy supply is depleted, causing
changes in internal structure and composition, and thus in luminosity and
radius, making the star unstable against pulsations or eruptions.

Variability studies have been important astrophysical tools, both for
revealing the nature of the varying objects, and for tangential
applications. The Period-Luminosity correlation for classical Cepheids,
reported by Henrietta Leavitt {1912), showed that the pulsations were not
due to orbital motion and also provided a measuring stick for the cosmic

distance scale. This empirical relation was developed and used some years



hefore the pulsation mechanism was understood. In 1917, Sir Arthur
Eddington (1917,1918) derived the wave equation describing the pulsations,
and showed that the underlying reason for the period-luminosity law was the
proportionality of the period to the inverse-square-root of the density.
| For iost of the pulsating variables, the perfod, amplitude, and shape
of the Tightcurve (i.e., the plot of intensity versus time) are correlated
with position in the H-R diagram, that is, with mass, Tuminosity, and
age. Thus a distant pulsating star can sometimes be identified by its
light curve, when its spectrum is too faint to measure, and its distance is
otherwise unknown. |

Soon after radio "pulsars" were discovered in the late 60's (Hewish et
al. 1968; Pilkington et al, 1968) by a new type of radio telescope built to
study fast changes in the solar wind, the characteristics of the extremely
stable periodic signals helped pin down the nature of the objects. Though
the naming appears irrevocable, pulsations were ruled out when slow
increases in period were observed, since the period of pulsations should
decrea&e with time. For the subsecond perfods observed, orbital motion of
two compact objects could not have held against gravitational radiation.
That 1eft rotation as the source of the ¢lock, with the gradual decrease in
period most readily explained as a loss of rotational energy. The periods
implied anything less compact than a neutron star would have a surface

velocity greater than the escape value and hence be torn apart by

|
rotation. Thus the pulsars came to be recognized as rapidiy rotating :‘
neutron stars. l\
In turn, the observed wavelength dependence of the pulse arrival times !
can be used to study the interstellar medium through which the pulsar beam |

propagates. The delayed frequencies are greater than the plasma frequency




(proportional to the square root of the electron number density) of the
dispersing medium, and thus put an upper 1imit on the number density of the
medium, Further, the time drlay is proportional to the integrated number
density along the 1ine of sight, which gives an estimate of the distance to
the pulsar if the average interstellar number density <mn> is known. (Or,
1f the distance {s otherwise known, an improved value of <n> in that

direction 1s obtained.)

C. Compact Objects

At the beginning of the century, a massive observational effort with
large telescopes, spectrometers, and photography allowed astronomers to
come to an understanding of stars in terms of classical thermodynamics and
radiation Taws: stars were large, hot, lonized bodies of gas held together
by gravity. Soon a few small, dense "white dwarfs" were found, which would
not fit into this picture. By classical standards, their high
densities (> 10° gm cm™3) should have made them more Tuminous than was
observed.

Following the development of quantum mechanics and quantum statistics
in the 1920's, Fowler (1926) proposed that quantum physics be applied to
the high density regimes of white dwarfs. Within a few years, the
fundamental properties of white dwarfs had been worked out {principally by
Milne, Stoner, Chandrasekhar and Landau) from the core idea that they were
supported by a degenerate electron gas, too cold to radiate photons despite
the high internal energy. What was not accepted for a number of years
(largely due to the influence of Eddington [see, e.g. Wali 1982]) was the
concept of a critical mass for the white dwarf against gravitational

collapse. This effect, generally called the "Chandrasekhar mass 1imit"




(although 1t was described independently at about the same time by Landau
(1932) and Chandrasekhar (1931)), is due to a relativistic "softening" of
the equation of state (i.e., a decrease fn the dependence of the pressure
on the density in the relativistic regimg).

Soon after the discovery of the neutron, Landau (1932) discussed the
possible existence of a star built from degenerate neutron gas, orders of
magnitude denser than a white dwarf. Baade and Zwicky (1934) suggested
("with a1l reserve") that "supernovae represent transitions from ordinary
stars into neutron stars”, and Gamow (1936) described the configuration of
such a star. Carrying out detailed computations of equilibrium
configurations of neutron stars, Oppenheimer and Volkoff (193%) showed that
there is a Timiting mass above which there 1s no stable solution to the
general relativistic equations; then Oppenheimer and Snyder (1939)
presented a fully relativistic theory of the gravitational collapse of a
star above that mass. But, in the astronomical community, neutron stars
and the even more exotic ever-collapsing objects (Tater to be called "black
holes") were largely ignored for many years as curiosities without
experimental verifiability.

In the 1950's the seminal work of Burbidge, Burbidge, Fowier, and
Hoyle (1957) led to the expectation that massive stars (~ 50 My} should
evolve to a state in which a dynamic implosion would occur, Teaving a
degenerate fron core. Cameron {1959), reviving the 20-year-old idea of
Baade and Zwicky, suggested that this core would collapse to a neutron star
through inverse beta decay, blowing off the outer envelope of the star.
Stil11, it was generally believed that neutron stars (and black holes),

lacking an internal source of energy, would be virtually undetectable.
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D. X-Ray Binaries

The discovery of bright discrete cosmié X-ray sources in the early
60's came as a complete surprise, although they might conceivably have been
antfcipated as the lcgical consequence of collapsed objects in binary
systems accreting material from their companions. The radio pulsars,
visible confirmation of the existence of neutron stars, had not yet been
found, Moreover, the evidence that many of the X-ray sources were 1n
binary systems at first seemed to argue against their being neutron stars
because early calculations indicated that supernova explosions would almost
certainly disrupt the bipary systems in which they occurved., As
observations of radio pulsars and X-ray objects accumulated, theoretical
progress in astrophysics accelerated. Once it was found that binary
systems would remain intact after supernova explosions for a fair range of
initial conditions, a binary X-ray system began to appear as a natural
stage in the evolution of a normal binary (see, e.g., Kraft 1975, and
references therein). Most of the X-ray bright objects in our gajaxy are
now believed to be such systems: close binaries in which one member is a
very compact object--a neutron star or, perhaps, a black hole--accreting
material from its companion and releasing of order ten percent of the rest
mass energy at X-ray wavelengths in its deep gravitational potential
well. With this level of efficiency, a mass transfer rate of 10-10 so1ar
masses per year is enough to produce an X-ray luminosity of about 1036 ergs
s~l, If the infalling material carries too much angular momentum to fall
directly onto the compact object, as in overflow of the companion through
the inner Lagrangian point, it forms an accretion disk in which the angular
momentum must be dissipated before the material can flow in further. The

flow of material from a stellar wind, on the other hand, tends to be



spherically symmetric and essentially prompt, though a wind which 1s slow
enough compared to the binary orbit velocity may form a marginal disk (§
II1. A2b). If the inner part of an accretion disk becomes unstable and
puffs up, as 1t may when the mass transfer rate is high, the flow near the
compact object may again become approximately spherical.

In fact, these X-ray bright objects are relatively rare, with ~ 102
known in a galaxy with ~ 5 x 1010 binary star systems. Most stars become
white dwarfs 1n a process considerably quieter than a supernova
explosion. As discussed in § III.A, the white dwarf systems probably do
not become strong X-ray sources (though after accreting sufficient

! material, the white dwarf may at length be transformed into a neutron
star). Of those binaries in which a supernova explosion does occur,
leaving a residual neutron star (or black hole) and an intact system, not

ji all will have sufficient mass accret . . rates: the stellar separation may

q be too great for significant interception of the companion's outflow, the

companion may not be sufficiently massive or at the correct stage of

i evolution to have a strong outflowing wind or to overflow its (generalized)
Roche lobe (i.e., 1ts gravitational equipotential surface). Further, the

,g compact object may be rotating too fast too accrete efficiently, or the

| companion may be rotating so fast that material leaves the stellar surface

with sufficient velocity to escape the system, so that little can be
captured. Even a system which meets all of the necessary criteria will
have a transitory existence as an X-ray source. Eventually the companion,

having given up sufficient mass, wiil become stable against wind outfiow,

; shrink back inside its Roche lobe, or itself move on to a more compact

state cf existence.

et
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E. Variability of X-Ray Binar{es

As a class, close binary systems containing compact objects may
constitute the most variable objects in the sky. They show at least two
types of variations, sometimes at many wavelengths: the periodic changes
which in fact help identify them and the characteristics of which provided
the first insight into their nature, and aperiodic changes, which are
harder to interpret, but which 1ikely reflect the basic physical conditions
of accretion disks and the accretion process.

Periodic variations are thought to arise from three natural c¢locks in
the system:

1) Rotation of the compact object (fractions of a second to hours).

It 15 assumed 1n most cases that a strong magnetic field channels the
accretion flow onto one or more spots which rotate in and out of view. In
cases where the pulse is very sharp, it 1s thought that the X-rays produced
at the spot are beamed, with the beam crossing the 1ine of sight as the
compact object rotates.

2) Orbital motion (hours to days for close binaries). The orbital
motion of the two stars changes the 1ine of sight configuration in a
systematic way. The exact form of the resulting modulation (1ts depth,

duration and shape) depends on the angle of inclination of the orbit, the

relative size and separation of the objects, their nature and that of the
accretion disk, and the ambient material in the system, As discussed
briefly below and at greater length in Chapter I1I, if the orbit has a

substantial eccentricity, the real as well as the apparent configuration

e T e et

changes, so that the physical conditions also vary in a systematic way,

leading to changes in accretion and emission. P
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3) Precession of the accretion disk (some weeks), The accretion disk,

in general t1lted and twisted, can periodically shadow the X-ray source.

Aperiodic varfations on a var{ety of timescales are even more common,
perhaps nearly universal, in ¥-ray binaries. Long term variations {months
to years), frequently involving a change of spectral state, are thought to
reflect changes in the accretion rate (possibly from changes 1n the
companion) and perhaps formation or evolution of an accretion disk. Flares
and bursts Yasting some seconds to tens of seconds may be related to
inhomogeneities in the accretion fiow, transient events in the outer part
of an accretion disk, or instabilities 1n the accretion process. In some
cases they are thought to be thermonuclear flashes on the surface of a
neutron star. Some sources show highly erratic variations on a timescale
of seconds or less, sometimes with flares as short as miliiseconds. There
has been partfal success in a mathematical description of this activity in
terms of shot noise (a superposition of random narrow pulses of similar
intensity and duration}, but the underlying physics 15 not understood.
Several mechanisms have been suggested as responsible -- such as
hydrodynamical instabilities, transient magnetic structure, rotating hot
spots in the inner part of the accretion disk -- but 1t {s not clear which
if any should apply.

Realistic modeling of the aperiodic variability requires further
confrontation of theory with observations. An ideal observational goal
would he an accumulation of data from many sources in theiy various
spectral, intensity, and activity states. However, a more accessible goal
is a detailed study of the different states of a single highly variable

system. Detafls of spectral shape as a function of Tuminosity may reveal
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the structure of the emission region, the size a.d mass of th: compact
object, parameters of a magnetosphere {f one is present. Comparison with
less variable, partially understood sources with matching characteristics
may help shed 1ight on both if it can be 2stablished to what extent the
differences are fundamental, or whether they arise from a basically similar
mechanism with different constraints {stellar mass, mass loss rate, orbital

eccentricity, for example).

F. Circinus X-1, Eccentric Binary: A "Scattering Experiment”

The source Circinus X-1 seems a particularly appropriate candidate for
study: 1its behavior is especially various, and it might therefore reveal
sufficient clues to allow us to interpret its nature. It exhibits larae
amplitude, irregular changes on virtualiy all timescales, with spectral
similarities to a variety of sources. Its short-term chaotic fluctuaticns
are reminiscent of the blark-hole candidates Cygnus X-1 and GX339-4; to
date no known neutron stars have shown such fluctuations on timescales much
less than a second. It shows quasi-periodic behavior (possibly related to
transient events in the outer part of an accretion disk) on timescales from
fractions of a second to seconds, but no known true pulsations. It flares
on timescales from seconds to hours, possibly a result of inhomogeneities
in accretion flow. Its irregular modulation on timescales of months to
years resembles the long-term transients. During periods of low flux the
source is virtually undetectable. At 1ts brightest, its flux is 20% that
of Scorpius X-1, the brightest galactic X-ray source. Because its distance
1s believed to be 8-10 kiloparsecs, such a flux implies a very large
Tuninosity indeed--several times the "Eddington 1imit" for a one solar mass

object at which radiation pressure inhibits further accretion--unless a
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special geometry is invoked. At such times it is perhaps the most Tuminous
X-ray object in the galaxy, accreting at a supercritical rate unless it is
rather massive (> 3 M,) compared tc the standard neutron star model,

When not in its low state, Circinus shows a 16.6 day presumably binary
period with a short duty-cycle asymmetric peak, 1ikely indicating a highly
eccentric orbit, perhaps with an eccentricity of 0.7 or more. Sharp
turn-ons of the flux could indicate the presence of & magnetic field which
holds off the accretion until a sufficiently high pressure {is reached.
Abrupt decifnes ir :he flux on timescales of minutes or less suggest
catastrophic triggering of an instability in the accretion. (For a more
detailed discussion of the source behavior and general background
information available in the 7iterature, see Chapter I!.)

In en eccentric orbit, the compact object samples a large continuum of
physical environments in a systematic way: as the stellar separation
changes, so does the relative velocity and ambient particle density. and
even more drastically the accretien rate, the resulting Tuminosity, and the
ionization state of the local material. Further, as the stars approach and
recede, the gravitational potentials change, with a resulting change in the
contribution to accretion from outflow througn the first Lagrangian
point. Last, the binary lightcurve appears to be evolving on a timescale
of years; this has been taken as evidence that the system may be precessing
fairly rapidly, as much as -10° per year {see § IIC). If this is so, we
are ptesented with a changing vantage point, which should allow us to
determine the extent to which the observed variations are intrinsic rather
than a matter of varying optical depth along the 1ine of sight.

In a sense the ‘ircinus system approaches a laboratory scattering

experiment for studying the accretion phenomenon. It provides systematic
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changes in accretion conditions moduTated by a varfable input from the
companion, with episodes of critical accretion. It probably has an
accretion disk which varies with time because of changes in the wind
parameters, changes in the overflow, or both, It prnduces a range of
spectral and variability states with similarities to a variety of different
kinds of sources. If its own code can be unlocked, it might serve as a

Rosetta stone to help decode observations of several types of sources.

G. Contributions of this Thesis to an Understanding of Circinus

The observations of Circinus reported in this thesis provide a
sampling of a variety of interesting behavior from the source. In efforts
to understand the Circinus system, several groups of workers have proposed
models which attempt to account for previously reported data, and which
make certain testable predictions. The Goddard detectors on the 0S0-8,
HEAO-1, and HEAO-2 (Einstein Observatory} satellites provide some of the

spectral and temporal detail needed to check the implicaticuus of the
models.

Coe, Engel, and Quenby (1976) suggested that the large outbursts of
soft fiux from Circinus are due to periodic removal (as might occur in an
eccentric binary system) of a dense screening gas to expose a relatively
stable source with a power law spectrum.

Murdin et al. {1980) elaborated on this idea with a detailed eccentric
binary model which proposed to explain all of the available radio,
infrared, optical, and X-ray information. In particular, they modeled the
envelope of the observed periodic 1ightcurves in terms of photoelectric
absorption by the dense {cold) wind of an early type companion for an X-ray

source of neariy constant intrinsic Tuminosity (as from steady disk
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accretion). They account for the evolution of the 1ightcurves over a
decade of satellite observations as an effect of a changing 1ine-of-sight
orbit orientation as the orbit precesses rapidly.

Noting that the hydrogen column densities for Circinus during periods
of low flux were low compared to that predicted by this model, Chiappetti
and Bell-Burnell (1981, 1982) instead proposed a fast wind accretion model
to provide intrinsic modulation in a less eccentric orbit, reducing the
required uptical depths.

Fransson and Fabian (1979) suggested that the companion of Circinus is
an early-type supergiant with a wind strongly affected by the luminous
X-ray source. In their picture, the resulting complex structure of the
stellar wind could be responsible for the abrupt X-ray transition and the
restdual X-ray flux, as well as the infrared and radio flaring which begin
as the X-rays subside.

While each of these pictures describes some aspects of the Circinus
system, the analyses presented in this thesis show that the reality is more
complex, probably involving a combination of wind accretion, disk
accretion, and fonization and absorption effects (see Figures 7-3 to
7-11). In particular, the simple photoelectric absorption model requires
drastic revision. Also, a recent decrease of 2-3 magnitudes in the optical
flux from the system gives strong evidence that the companion is not an
early-type supergiant as suggested in some of the models. Instead the bulk
of the optical flux probably comes from the outer part of a variable
accretion disk which shows large long-term changes (Nicolson, Feast, and
Glass 1980).

A moderate outburst covered by 0S0-8 (see Figure 5-3) showed a

multi-component spectrum with complex spectral/temporal evolution: a
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relatively steady optically thin component with a strong iron 1ine emission
feature which persisted after the transition to low flux, a softer
optically thick component associated with the outburst, and a brief hard
flare after the transition. The outburst spectrum at low energies was not
a simple extrapolation of the harder flux (see Figures 5-3 and 6-2) and
thus not a simple uncovering of a ¢onstant source.

The steady component, consistent with a power law of photon index ~ 2
or thin thermal bremsstrahlung emission at kT ~ 8 keV, varied by less than
a factor of 2 over several days and probably originated in an extended
region. The optically thick highly variable component, well fit by a
blackbody of kT ~ 0.8 keV, probably came from a region closer to the
compact ohject. The large-scale variations in this component were not
entirely an effect of absorption (see Figure 7-6)}. At peak flux, the
source showed flickering on a timescale of seconds (see Figure 6-3),
ascribable to changes in temperature of a nearly constant-sized blackbody,
with an equivalent radius of ~ 40 km for a spherical emitter at a distance
of 10 kpc, an interesting size which will be discussed below.

HEAD-1 coverage of the first part of a Targer outburst some 20 cycles
later (see Figure 5-5) indicated a somewhat hotter blackbody (KT ~ 0,95
keV) of about the same size {see Figure 6-4). Quasi-oscillations in
intensity (see Figure 5-6) with amplitudes of a factor of 2 or more on
timescales of a few seconds, and rise times as short as 160 msecs, could be
attributed to large changes in absorption {see Figures 6-4 and 6-6). The
quasi-periods of these oscillations are somewhat longer than those reported
by NRL (Sadeh et al. 1979) for observations very close in time, from the Al
experiment on the same satellite. The difference might be due to a change

with time or intensity of the source behavior.
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Addjtional HEAO-1 observations during times of Jow source intensity
showed that the "steady" component of the source is not constant over many
cycles, and provided ancther sample of a brief hard flare and significant
1ine emission, whose parameters are closely related to emissfon region
conditions.

HEAO-2 observations of Circinus with combined data from the Solid
State Spectrometer (SSS) and Monitor Proportional Counter (MPC) added to

the sample of spectral states during low flux (Figures 6-8, 6-11), and also

provided a rather different-Tooking example of a two-component spectrum
during an episode of hard flaring on a timescale of seconds (see Figures
5-11, 5-12, 6-9, 6-10).

As intriguing as these glimpses of Circinus offered by the Goddard
detectors are, it is not clear how the information gathered from them fits
together. We have snapshots of a continuum of behavior, with moderate
spectral and temporal coverage of the source twice a year when its region
of the sky became accessible to the available satellite. Frequently the
observational mode was not optimal for the phenomena abserved: Scanning
data gave low duty-cycle coverage when the source was varying on a
timescale less than or comparable to the scan cycle; high resolution
spectra were accumulated on time scales long compared to that of spectral
changes, so that details of the changes were washed out; high resolution
temporal coverage of fast fluctuations did not preserve the spectral
information needed to delineate the multi-component spectra frequently
exhibited by Circinus; pointed observations monitored the interesting
regime of fluctuations at lTow intensities without sufficient sensitivity
for more than suggestive results. Clarification of the complex nature of

Circinus requires high resolution, broad band spectral and temporal

5 .
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coverage with good sensitivity to Tow flux levels. The source should be
monitored routinely, with spscial effort given to following it during times
of exceptionally interesting activity (as flagged by the alarm system of an
"all sky monftor") and mapping the properties of the quasi-oscillatory
behavior with time and intensity. At the same time, efforts should be made
on the theoretical front to understand possible sources of the
quasi-periodic fluctuations observed {along with those of GX339-4 and
Cygnus X-1, the clearest example of short-period oscillations from sources
other than white dwarfs, that do not show true pulsations), Further
studies of the complex ionization conditions expected in the system are
needed to locate the variety of emission regions observed., The prospective
gain in understanding of accretion in X-ray binarfes 1s large.

The complex spectra shown by Circinus in this thesis study, with an
optically thick component (approximately a blackbody) associated with the
pertodic outbursts and a relatively steady optically thin component, are
evocative of a class of low-mass, high luminosity X-ray sources near the
galactic center, though the specific spectral parameters and the details of
their change with intensity differ. For several observations, the
effective radius of the optically thick component of Circinus appears to be
~40 km {(for an assumed blackbody spherical emitter at 10 kpc). This size
1s large compared to the typical neutron star radius (~ 10 km), but small
for the inner edge of an accretion disk around a neutron star with a
typical magnetic field strength (~ 1012 Gayss). It is comparable to the
innermost stable orbit around a nonrotating black hole of about four solar
masses. Because the emissivity is not known, this estimated size does not
place a strong constraint on the mass of a possible Schwarzchild black hole

in the system, but with the observed peak luminosities, the number is
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suggestive.
The three black hole candidates Cygnus X-1, GX339-4, and Circinus X-1, '

all show a general trend of softening with overall intensity increase,

though the details of their spectral shape and evolution, especially during

flare events, have important differences. As discussed here briefly and at

greater length later in the thesis, the presence of an accretion disk in

the Circinus system seems 1ikely, as in Cygnus %-1. However, the two disks

are 1ikely to be quite different. The two-component spectrum of Cygnus X-1

ts thought to reflect a two-temperature disk. The lack of correlated

variation in the two components of the Circinus spectrum argues against a

close analogy. The range of mass flows 1ntr1nsic‘to an eccentric orbit,

possibly shared by GX339-4 (which shows long-term modulation and a complex

spectrum simflar to that of Circinus) but absent in Cygnus, may be

responsible for the bulk of the differences. Spectral changes during fast

variability are 1ikely related to instabilities in the accretion flow, a

strong function of the amounts of material involved and the consequent

fonization state. Thus, observations of such changes can be used to

constrain conditions in the disk.
While it is not presently possible to rule out a model of Circinus

based on a neutron star with an atypically weak magnetic field moderating

the inner portion of an accretion disk, it may be more straightforward to

appeal to a black hole as the condensed object. Whatever the object in the

Circinus system, it is at Teast a constant in the problem and can be ;f

constrained by accumulated observations. If it is truly an object with a

weak magnetic field and a mass large compared with the standard neutron

star model upper limit, its existence has important implications for the

neutron star equation of state and for the question of detecting stellar
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mass black holes. If 1t s not massive and fts distance determination
holds up, then either it has an interesting geometry or i1t provides crucial
information about objects accreting at extreme 1imits. If 1t is a black
hole and consequently without a magnetic field, the abrupt turnons may
teach us something important about accretion disk evolution and
instabilities.

The observations of Circinus X-1 reported in this thesis do not
combine into a single simple picture of the system. Instead they
demonstrate a richness of behavior whose prospective clues to the nature of
the accretion process warrant long-term broadband coverage, from radio to
gamma-ray frequencies, and high resolution spectral and temporal
examination by the next generatfon X-ray satellites. Many of the X-ray
requirements noted have been incorporated into design considerations for
the X-ray Timing Explorer. This thesis will help pruvide a framework for
further investigations of the interesting phenomena of accretion it has

identified.




21

I1. BACKGROUND FOR CIRCINUS X-1
A. X-Ray Observations

1. Early Confusion i

Circinus X-1 {4U1516-56) is a highly varfable source located in a
region of the galactic plane (& =322°1, b =050, Bradt, Doxsey, and Jernigan
1979) that §s both crowded and changeable. Variability of neighboring
sources, including transients, and the erratic behavior of Circinus itself,
including long-term low-intensity states similar to those of Cen X-3, have
compounded the standard problem of source confusion; this was particularly
true in the early observations with instruments with broad fields of view,
when only "snapshots" of the region were available from rockets and
balloons. It appears quite possible that Norma X-2, discovered by an NRL
rocket survey in 1965 {Friedman, Byram and Chubb 1967) is actually the same
object as Circinus X-1. Harries et al. (1971) observed a source they
identified as Nor X-2 whose error box was consistent with the NRL and MIT
(Lewin, Clark and Smith 1968) positions for Nor X-2 and which also
intersected the early error region of Cir X-1 (Margon et al. 1971), and
concluded that the two sources were probably the same. It is also 1ikely
that some observations of flux attributed to a combination of Nor X-2 and
Lupus X-1 {also discovered in the 1965 NRL survey) were rea11y observations
of Circinus. Unfolding the two sources was frequently difficult and
required prior knowledge of the source positions (see, e.g., Harries et al.
1971; MacGregor, Seward, and Turiel 1970; Cooke and Pounds 1971). For one {
such instance, MacGregor, Seward and Turiel (1970) remarked that an
alternative interpretation of their data was that Nor X-2 was much stronger
than Lup X-1, with its galactic longitude a couple of degrees too high. |
The amended position falls close to that of Cir X-1. Baity, Uimer, and
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Peterson (1975) pointed out that "the original locatfons and error boxes of
Lup X-1 and Nor X-2 {Friedman, Byram and Chubb 1967} and those used by
early observers (e.g. Lewin, Clark, and Smith 1968} and found in catalegs
(Seward 1970) do not correspond to any snurce 1n the 3rd Uhuru (3U)
Catalogs; they were unable to detect flux from efther position with the
050-7 satellite. Thus, 1f the positions were correct, both sources are
strongly variable or perhaps transient. Certainly the region is not
without transients (Matilsky et al. 1972; Matilsky, Gursky and Tananbaum
1973}. On the other hand, the 1ick of correspondence in position may be
due to the lack of uniqueness in unravelling the positions of variable
sources in a complex region of the sky, from single scans with instruments
with broad fields of view.

A remaining obstacle to equating Cir X-1 and Nor X-2 involves their
respective spectra. Most measurements of Nor X-2 in the range of 2-20 keV
give a very hard spectrum, consistent with a thermal fit of kT ~ 11 keV
(see compilation of spectra in Harries et al. 1971). While Circinus shows
large spectral variations (discussed below), at moderate or high intensity,

its reported spectra are soft at low energies (Margon et al. 1971; Jones et

al. 1974; Davison and Tuohy 1975; Buff et al. 1977; Saba et al. 1977; Dower

1978)}. For a source strength comparable to the strongest observed for Nor
X-2 (when the Norma data fit the 11 keV thermal discussed by Harries et al.
{(1971)), Margon et al. (1971) fit their spectral data for Circinus with a 3 ,

keV thermal spectrum. Thus the sources may be 1rreconc11ab1y_different. !

If the sources are distinct, Nor X-2 may recur, and would then have to be

I A

accounted for in future observations of Cir X-1. If they are identical the
baseline for the long-term behavior of Circinus could be extended backwards I

in time, perhaps furnishing further clues. The spectral/temporal behavics
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of Circinus would then take on additional complexity. There does not

appear to be a simple way to resolve the issue at present,

2. Discovery
The earliest unambiguous detection of Circinus X-1 was made from

an Aerobee rocket flight on 14 June 1969 by Margon et al. (1971). The
observers established a fairly accurate position (2 = 32194 & 0?9, , b

= -0%5 4 2°) 1n the constellatfon Circinus ("a pair of compasses”), and
named the source Circinus XR-1. Their data showed a soft spectrum,
consistent with thermal bremsstrahlung at a temperature of 3.7 X 107 K

(kT ~ 3 keV) or a blackbody of temperature 1.1 x 107 K (KT ~ 1 keV). Both
spéctral models required absorption corresponding to a hydrogen column

022 atoms cm™2 in the Tine of sight, compatible with

density of more than 1
21 ¢m emission measurements in the same direction (McGee, Milton, and Wolfe
1966); this ‘indicated a source distance of at least several kiloparsecs if
the absorption was interstellar and not intrinsic to the source. {The more
recent 21 cm absorption measurements of Gess and Mebold (1977), discussed
below, imply a conservative Tower 1imit to the distance of ~ 8 kpc.) Thus
the 1-10 keV source intensity of 2.85 4 0.17 photons em-2 s“l, or {1.52 ¢
0.09) x 10-8 erg cm~2 s~1, impiied a Juminosity of ~ 1038 erg s1, of order
the Eddington 1imit for a 1 M, star. The observers found evidence for
pulsing at a period of 685 + 30 msec, providing 10% of the source intensity
in their 10-second scan. While a regular subsecond perfodicity has not
turned out to be a stable aspect of the source's behavior, other observers
have reported possible pulse trains with periods from fractions of a second

to several seconds, lasting tens of seconds (Formanjgajg: 1973, Jones et

al, 1974, Torr 1977, Sadeh et al. 1979). Such rapid quasi-periodic
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fluctuatfons have also been associated with Cygnus X-1 (Oda et al. 1971,
Schrefer et al. 1971, Boldt et al. 1975) and may be a characteristic
feature of accretion onto black holes ({Shakura and Sunyaev 1973; Pringle
and Rees 1972; Rees 1973). Boldt et al. (1975) have shown that the
quasi-periodicities of Cygnus X-1 may be another manffestation of

shot-noise behavior.

3. Short-Term Behavior

Several bursts lasting less than 10 msecs were seen from Circinus
in a 1976 rocket observation, with the strongest burst showing a fav tor of
16 increase over the average rate and structure a* the 1 msec level (Toor
1977). [Simiiar bursts reported from SAS-3 data (Dower, Bradt, and
Canizares 1977) are now believed to be spurious (Dower, Bradt, and Morgan
1982), and bursting from Cir X-1 on timescales of 10 msec or less has not
yet been confirmed.] The source behavior was erratic with each 10 second
scan of the source showing qualitatively different behavior. During one
scan a pulsed component at 0.47 Hz provided 15% of the total flux. The
flux varied by an order of magnitude during the observation, with an
average intensity of ~ 470 Ukuru counts, comparable to the flux level seen
by Margon et al. (1971). Rapid irregular intensity variations were
present, with the spectral indices correlated with intensity in the sense
that the hardest spectra corresponded to the highest count rate. Such
spectral hardening with intensity has also been obseﬁved from Cir X-1 in b
SAS-~3 data for flares of 3-20 seconds duration, though other such flares
showed softening or Tittle or no spectral change {Dower 1978). Goddard
observations analyzed in this thesis covered three episodes of extended

flaring on the timescale of seconds, two of which showed spectral hardening
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and one which showed softening with intensity, as well as two hard bursts
of several minutes duration. Details of the spectral changes during these
times will be discussed in Chapter VI. An active phase with continual 1-10
sec flaring has been observed for Cygnus X-1, where both hard and soft
flares were seen, with a mean flare spectrum the same as the non-flare
(Tow~-state) spectrum (Canizares and Oda 1977). A high veselution
autocorrelation analysis of the data showed evidence for a 20 ms
characteristic time scale. Evidence for a similar 20 ms component for
Circinus was found in SAS-3 data during an episode of particularly erratic
variability (Dower, Bradt, and Morgan 1982}.

While the second and subsecond fluctuations of Cir X-1 and Cyg X-1
show qualfitative similarities from analysis of Uhuru data, Weisskopf and
Sutherland (1980) show that there are possibly significant differences.
The short-term behavinr of Cyg X-1 seems fairly well characterized by a
shot-ncise model, where random shots of time constant 1 and Poisson
occurrence rate A are superposed on a steady non-fluctuating background
identifiable with the soft spectral component which dominates the high
state. In contrast, while Cir X-1 was stronger and less contaminated by
statistical problems, the estimates of shot noise parameters were much more
variable than for Cyg X-1, indicating that a shot-noise description of Cir
%-1 with "steady" parameters may be invalid. Dower (1978) also found that
a simple shot noise picture did not apply to the SAS-3 data from Cir X-1.
In addition to distinctly different time constants at different times, he
found a large variation in the shot parameters for different size bins,
with a third moment that was typically negative and close to zero, His
work as well as results presented in Chapter VI show that a 1inear falloff

in the autocorrelation function is sometimes a more appropriate description
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than an exponential decay.

During an active state of Circinus in August 1977, Sadeh et al. (1979)
found non-random burst events in HEAO A-1 data. They suggested that, as
opposed to a shot-noise picture of completely independent events, there
might be a characteristic delay following a burst before another could
occur. Overlapping HEAO A-2 observations, discussed in Chapter VI, showed
quasi-oscillations with a period of 4-5 seconds, about a factor of 2 longer
than the A-1 timescale, possibly indicating a drift in the timescale with
time or a change with intensity.

In addition to intermittent and transitory pulsed behavior, Circinus
exhibits chaotic variations on virtually all timescales, a behavior also
assoctated with Cygnus X-1. Intensity variations of a factor of 20 or more
on the tvimescale of seconds were observed from 2-6 keV Uhuru data (Giaccont
et al. 1974)from Circinus, with Tower ampTitude irregutar variability on
timescales down to 100 msec [involving changes in intensity of up to a
factor of 3 in 0.1 sec (Forman, Jones and Tananbaum 1976b)]. In a 1973
rocket observation when Cir X-1 was at ~ half its maximum Uhuru intensity,
Spada et al. (i974) found irregular variations of ~ 20% for times of 1 to
several seconds, but no subsecond flaring activity, regular or aperiodic.
Copernicus data in the 2.5-7.5 keV band showed slow changes over the time
scale of a few days, as well as fluctuations over minutes and hours
{Davison and Tuohy 1975).

The Copernicus data corroborated the earlier conclusion of Jones et
al. (1974) from Uhuru data that the increases in source intensity were
generally accompanied by a softening in the spectrum, but could not be used
to check their suggestion that the spectrum shows more absorption at times

of lTow average intensity. [Later work shows low intensity spectra with

B I it o
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measured absorption not much more than that due to intervening interstellar
material (Saba et al. 1977; Nower 1978; Chiappetti and Bel1-Burnel?
1981,1982; this thesis}.] Extrapolation of three Copernicus spectra out to
20 keV yielded a flux of ~ 0,001 photons cn @ g1 keV"3, consistent with
the range of values given by Baity, Ulmer, and Peterson (1975) from UCSD
0S0-7 scintillator counter observations, strengthening their conclusiot
that the long-terin intensity fluctuations wer:e due to lTow energy

variability. Duvison and Tuohy roted that highly variable Tow-energy flux

could be explained either by changes in circumstellar absorption or by soft

X-ray flaring. Goddard 0S0-8 data with sufficient spectral resolution to

resolve a complex outburst spectrum (Saba et al, 1977; this thesis) endorse
the latter explanation. The reguiar outbursts appear %o be associated with
the onset of a flaring component, though absorption effects are present and
can be quite large and variable. SAS-3 observations of Circinus in danuary
1976 showed a 2-day flare event resembling a fast transient, with a smalier
preceding flare reminiscent of precursor flares seen in Cen X-4 and other
Tong-Tived transients (Buff et al. 1577). Again, the data showed clear
spectral softening with intensity, with a very soft spectrum at maximum,
ard significant fluctuations on timescales of seconds or less.

Observations presented in this thesis help clarify the character of the
spectrum at peak intensity and provide further spectral clues to the nature
of the short-term fluctuations.

To round out the picture of this "supervariable" source (so-classed by
Formen et al. 1973), SAS-3 data have also shown an extended {~ 19 h} high
steady state resembling that of certain galactic bulge sources {e.g.,
GX13+1), where the usual ~ half-second aperiodic component was absent

(Dower 1978). This stable state occurred in close proximity to times of
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extreme erratic variability, including factor of 2-4 intensity dips lasting
3-300 s and flares lasting 3-20s, which showed no marked spectral

dependence on averaga.

4. Long-Term Behavior

The long-term modulation of intensity from Circinus is not well
understood. Davison and Tuohy (1975) found the sum of observations
consistent with a fairly regular interval of about 220 days between periods
of high emission at low X-ray energies, but with an extended baseline,
Wilson and Carpenter (1976) found that the intervals were irregular rather
than strictly periodic. In light of the possible association of Circinus
with the supernova remnant 6321.9-0.3, Clark, Parkinson and Caswell {1975)
proposed a model of a young, runaway, highly eccentric binary system, in
which "OFF" states occurred due tc a breakdown of the accretion process
near apastron of a very long period orbit, while the "ON" states occurred
near periastron. However, the existence of an extended low state of at
Teast 300 days (Kaluzienski et al. 1976) was difficult to reconcile with
orbital effects being solely vesponsible for the long term modulation.
While there is good evidence that Circinus is 1n fact an eccentric binary
system (see discussion below), the timescale associated with the binary
period is considerably shorter, with the lTonger-term variations modulating
the peak in a given cycle without a clear pattern. The episodes of "high"
and "Tow" intensity states are somewhat reminiscent of those of Cygnus X-1
(discussed by Tananbaum et al. 1972}, The latter, however, have a 2-10 keV
band flux ratio of 4 or 5 rather than the factor of 20 or so for Circinus.

Buff et al. (1977) pointed out that SAS-3 observations of flare events

from Cir X-1 and Aql X~-1 would have been "indistinguishable from the
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phenomenon of transient X-ray sources if the quiescent intensities of the
flare sources were smaTIeE by a factor of 10." These flaring sources seem
to be "ON" more often than transient sources and their increases in
intensity, amounting to a factor of about 20, are smaller than those of
many transients. They suggest that "the differences between the class of
highly variable sources 1ike Aql X-1 and Cir X-1 and the class of transient
X~ray sources may be only a quantitative one." This association of highly
variable sources and transients was previously suggested by Forman, Jones,
and Tananbaum {1976a), who showed that several transient X-ray sources were

detected at a Tow intensity years before or after their dramatic outbursts.

5. Binary Periodicity and Lightcurve

Despite reports of eclipse-1ike behavior of the Cir X-1 (Tuohy and
Davison 1973; Jones et al. 1974), at first no binary period consistent with
all observations could be found (Canizares, L1, Clark 1974; Baity et al.
1975; Davison and Tuohy 1973). The search was hampered by the long-term
variations and by the lack of Tong-term coverage of the source before the
launch of Ariel V in October 1974. With the A1l Sky Monitor (ASM) on
Ariel-5, Kaluzienski et al. (1976) examined the behavior of Circinus from
launch through April 1976 and found a 16.6 day modulation in the 3-6 keV
flux. When not in its low-activity state, Circinus showed approximately
regular outbursts of soft flux, the most periodic feature of which was the
precipitous drop from high to low flux seen during the larger cutbursts, in
phase with the 16,6 day period. [The smaller outbursts ended up to half a
day earlier than the time predicted by an ephemeris based on the Targer
bursts (Kaluzienski, private communication)].

The asymmetric binary lightcurve determined by Kaluzienski et al.




bt

e e

30

{1976) s not typical of the known occulting binaries Cen X-3, Her X-1, and
Vela X-1. The ASM observations from 1974 to 1977 showed a short
duty-cycle, with the bulk of the emission coming after phase 0.75 (where
phase 0.0 is centered on the rapid transition from high to Jow

intensity). The 3-6 keV band intensity often increased by more than an
order of magnitude in less than a day, then gradually increased or remalned
high for up to 5 days before the abrupt (< 90 minutes) falloff. There was
no sharp emergence from an eciipse after the turnof?, in contrast to the
behavior observed by Uhuru in 1972 (Jones et al. 1974), in which an abrupt
turn-on occurred 1.3 days after the turnoff and the intensity remained

fairly high for 5§ days after.

. High-Energy X-Ray Measurements

At higher X-ray energies, the 16.6 day period of Circinus noted by
Kaluzienski et al. (1976) may not always be present. Between Sept 1971 and
May 1973, 0S0-7 scintillation counter data showed no evidence for
periodicity between 5 hr and 100 day, even in the lowest energy channel
{7-11 keV), though the 7-57 keV flux varied irregularly by as much as a
factor of 25 {(Baity, Ulmer and Peterson 1975). The authors noted that
other sources in the field of view or possible "aliasing” in the ohserving
schedule might have masked such a period. They did find a steepening of
the spectrum with increasing intensity, with the change being due primarily
to a relatively greater increase in the 7-11 keV band, with the flux above
20 keV fairly steady. However, during HEAO-1 A4 coverage of Circinus !
during August 1977 and February 1978, Nolan (1982) found that the observed
flux above 15 keV broadly correlated with concurrent A1l Sky Monitor

outbursts seen in the 3-6 keV band.

U SN,
»



31

Simultaneous observations of Circinus by the scintillation telescope ’
(ST} and rotation modulation collimator (RMC) on Arfel-5 revealed that the
outburst seen at 2.9-7.6 keV by the RMC (Wilson and Carpenter 1976) was not
visible above the 26 keV threshold of the ST (Coe, Engel and Quenby
1976). The joint spectra before, during, and after the outburst were
consistent with a power law source with varying amounts of absorption by
cold material. In this model, two orders of magnitude increase in the soft
flux during the outburst corresponded to a change in the low energy cutoff
from 12 to 3 “e¥, or a change in the column density from 2.5 x 1024
to ~ 10°% atows cm™?. From their own data and previous observations
{summarized by Baity, Ulmer, and Peterson 1975), Coe, Engel and Quenby
(1976) suggested that the large scale lTow energy outbursts of Circinus be
interpreted as corresponding to the periodic removal of a dense screening
gas to expose a relatively stable source with a power law spectrum, with an
eccentric binay system an obvious model for the source. While an
eccentric orbit provides a natural clock mechanism for the regular
outbursts of soft flux, this simple absorption picture is ruled out by
important observational facts: unabsorbed low intensity spectra, complex
spectra during outburst, and the broad correlation of flux above 15 keV

with the soft ontbursts.

B. QOther Waveband Measurements

1. Variability at Other Wavelengths A

A search for a counterpart to Circinus at other wavelengths was A
made possible by an improved Uhuru position and error box (Jones et al.
1974). No optical object brighter than 15th mag was found within the 2' x |

1" error box (Jones et al. 1974), but a point radio source located ~ 16"



32

from the best Uhuru position, with a flux density of ~ 0.5 Jy at 408 MHz
(75 cm), was suggested by Clark, Parkinson, and Caswell (1975), who planned
a search for short-term correlated activity. From two flux measurements
made 18 months apart at 408 MHz and 5000 MHz, the source was known to have
a flat or variable spectrum different than most extragalactic sources or
HIT regions. The authors noted that the spectrum could be similar to that
shown by the radio counterpart of Cygnus X-1. However, the ratio of radio
to X-ray emission was at least an order of magnitude greater for the
Circinus X-1 candidate than for Cygnus X-1.

The point radio source identification was corroborated when strong
6-cm flaring {(from 0.3 to 4.1 Jy) was observed shortly after the X-ray peak
(Haynes, Caswell, and Simons 1976). Subsequent radio observations
established that the flares occurred regularly, with the onset occurring
during or after the soft x-ray transition (Whelan et al. 1977), with an
increasing time lag with decreasing frequency (Haynes et al. 1978). At 6
cm, the flares were characterized by an abrupt (~ 2 hr) increase, with a
gradual decay over a time of 1-10 days. Longer wavelength observations
showed a "washed out" version of this behavior. The flares frequently
showed a double-peaked (Haynes et al. 1978) or sometimes triple-peaked
structure {Thomas et al. 1978), with the time-frequency evolution of a
given outburst consistent with the van der Laan (1966) model of an
adiabatically expanding cloud of relativistic electrons emitting
synchrotron radiation (Haynes et al. 1978). Basically, the maximum flare

intensity was lower and occurred later at longer wavelengths. For the

~ gmrie —

first peak where the determination was least ambiguous, the maximum flare

1.0t0.2’ while the time Tag At from the

~0.8¢-.1 . Additionally, the

intensity satisfied S (v} = v

max
X-ray transition to the peak satisfied At = v
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longer wavelength steep part of the flare spectrum had a flux density

consistent with §(v) = v3/2

, expected for an optically thick synchrotron
source with a power law enargy spectrum; it was not consistent with a slope
of 2.0 expected for an optically thick free-free emitting source (Haynes et
al. 1978). Haynes et al. (1978) note that the radio flares they observed
for Circinus X-1 are remavkably similar to the gfant radio bursts of Cygnus
X-3 seen in September 1972, which Gregory and Seaquist (1974) explained in
terms of the van der Laan model. There 5 some evidence that the strength
of the radio flares and X-ray outbursts are at least partially correlated,
in the sense that strong radio flares are associated with strong X-ray
outbursts, and no radio flares are detected when the X-ray activity is Tow
(Kaluzienski and Holt 1578, 1979}, As noted by Nicolson, Feast, and Glass
(1980), this correlation of radio and X-ray activities may imply a physical
connection between the radiation in these two regimes. However, there
appears to be at least one counter-example: a strong 6-cm flare in March
1979 when the ASM showed no detectable flux (Kaluzienski, private
comnunication).

An optical candidate for Circinus was suggested by Mayo et al. (1976)
on the basis of positional coincidence to within 2" of the radio source
position. The object was a faint (B ~ 22.5 mag) red star having a variable
emission Tine spectrum with very strong He and weak Hel 1ines, and diffu;e
interstellar bands which suggest the object {s distant and significantly
reddened (Whelan et al. 1977; Mayo, Whelan, and Wickramasinge 1976). The
star was found to be exceptionally bright in the infrared, with a K }
(2.2 um) magnitude of 7.67 (Glass 1976). Subsequent infrared observations |
showed variations with the X-ray period, securing the identification (Glass

1977). The infrared 1ight curve showed a flare shortly after the X-ray
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decline, characterized by a sudden rise in a couple of hours follewed by a
slow exponential or near exponential decay with no change in color., The
range of Intensity in a given cycle was observed to be about 2 magnitudes,
with the magnitude at a given phase varying from cycle to cycle (Glass
1978a). Optical observations in May 1977 showed an optical flare near the
soft X-ray transition, with an amplitude in both the R-band and

the Ha band > 0.5 mag (Haynes et al. 1978).

The approximate equivalence of the peak low-energy X-ray flux and the
known total flux in the optical, infrared, and radio regimes at maximum Ted
Glass (1978) to suggest that the soft X-ray photons might be "somehow
degraded into optical, infrared and radio radiation by a transient
absorbing cloud" {such as that suggested by Coe, Engel, and Quenby (1976))
during the X~-ray "OFF" state.) He noted difficulties, however, with the
gradual X-ray increase, the abrupt transfer of power to longer wavelengths
at the transition, and the subsequent exponential decay in such a model.

~ The early observations of the optical-infrared counterpart of Circinus
X-1 were consistent with the primary being a highly-reddened early-type
supergiant with a strong stellar wind and an infrared excess, or with a
rather dusty symbiotic star (that is, a binary system whose composite
spectrum shows a Tuminous cool component, a less Tuminous hot component,
and, typically, high-excitation emission 1ines). Both possibilities were
discussed at some length by Whelan et al. (1977).

The observed optical companions for a number of identified X-ray stars
(e.g., Cyg X-1, SMC X-1, Cen X-3) are early-type supergiants, and such an
interpretation was adopted by Haynes et al. (1980) and Murdin et al. (1980)
for their model for the Circinus system, discussed below. However, this

possibility no longer seems likely in Tight of the recent dramatic drop in
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the infrared and optical continua discussed shortly.

A symbiotic star has been previously suggested as the optical
candidate for 3U1728-24 (= GX 2+57) by Glass and Feast (1973) and Davidsen,
Malina, and Bowyer (1977). While Cir X-1 does not show the usual
high-excitation 1ines of a symbiotic star, nor the high Ho/Hel ratio
expected, symbiotic stars are Known to show wide variety of excitation
properties. On at Teast one occasion, the more typical symbiotic candidate
for 3U1728-24 was observed to look very similar to the Circinus counterpart
(Whelan et al. 1977). Long term variations of up to ~ 2 mag have been
observed for the subset of symbiotic stars with Targe amounts of dust
(Allen 1979). Further, Allen (1980} has shown spectral evidence that some
symbiotic stars are systems with a late-type star feeding an accretion disk
around a white dwarf or neutron star.

More recent infrared and optical results (Nicolson, Feast and Glass
1980) show that the 1978-1979 infrared and visual continua have dropped
by > 2 magnitudes, compared to the 1976-77 values at similar phase,
probably implying that the infrared and visua) fluxes are physically
related. The drop in intensity of Ho emission over the same period was
much larger, the mean equivalent width dropping by a factor of 5-15.
Despite these large changes in intensity, the infrared colors and the
mean Ha width (~ 25A) showed 11ttle change. Variable structure in Ha,
earlier suggested by the photographic work of Feast (quoted by Glass
1978a), was confirmed, with the 1ine profiles "best interpreted as
double-peaked with variations in the relative intensities of the two
components.” The mean radial vefacity of the Ha profile was ~ 230 km 5‘1,
with an error of a few tens of km s-1 (phase 0.0-0.2), considerably smaller

than the 1976-77 photographic value of Feast (327 km 5‘1, with about the
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same accuracy, at phase G.45).

The same authors report that radio observations at 6 cm showed Tow
flux for most of 1978 (with the exception of two strong flares in
February); activity resumed fn 1979, with five strong {1-2 Jy) flares
observed between January and May, while the infrared and optical flux
remained low,

The authors note that the large correlated drops in the visual and
infrared fluxes probably exclude a binary model in which the infrared flux
comes from a cool glant while the visual flux comes from a hot companion.
Further, the Yarge change in flux rules out the possibility that the main
part of the visual and infrared flux comes from a normal (but reddened) OB
supergiant, unless geometric factors are involved, They bglieve the
evidence supports instead a binary model in which a compact object is
surrounded by a disk of matter being replenished by an optically faint
companion. The infall of matter to the disk could vary greatly with time,
providing for Targe changes in flux at approximately constant colors. The
prenence of a disk component, seen nearly edge on, could explain the wide
double Ha 1ines, with the mean velocity of Ha expected to vary with the
orbital period, consi'stent with the {admittedly rather fncomplete)
observations.

In the context of their model, the apparent decoupling of the
radio/X-ray activity from the visual/infrared continuum Tevels implies that
the fluxes arise in different regions. Perhaps, they suggest, the X-rays
and radto flux originate close to the compact object, while the infrared
and optical continua are produced further out, with the densities in
different parts not necessarily varying together as the accretion rate

changes. The Ha flux would be excited in the outer part of the disk by the
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continuum, and would depend on both the density and the continuum flux,
which 1tself depends on the density. A fal) 1in density in the outer disk
could thus lead to a drop 1n Ha intensity which is roughly the square of

the drop 1n continuum intensity, as was observed.

2. Distance to Circinus X-1

The distance to Circinus X-1 enters in a number of crucfal
Tuminosity and size determinatiens. The maximum sustained X-ray luminosity
puts a Tower 1imit on the mass of the compact object via the Eddington
1imit, at which radiation pressure prevents further accretion. The
absolute optical magnitude helps decide the nature of the optical
companion. Varfous brightness temperatures and emission region sizes
constrain production mezhanisms. The transverse velocity of the proposed
runaway system scales with the distance.

As noted above, the early observation of Circinus by Margon et al.
(1971) showed a spectrum very absorbed at low energies, consistent with the
column density (1.4 x 1022 atoms cm~%) given by 21-cm emission measurements
(McGee, Miiton and Wolfe 1966), indicating a very distant source: an
assumed average interstellar hydrogen density of ~ 1 em™3 would imply a
distance of ~ 5 kpc. Comparing the surface brightness and angular diameter
of the SNR G321.9-0.3 with those supernova remnants with well-determined
distances, Clark, Parkinson, and Caswell (1975) inferred a distance of 5.5
kpc for Cir X-1, assuming association with the SNR. An estimate of the
interstellar reddening of the optical companion of Cir X-1 (based on the
observed strength of the 16284 diffuse interstellar absorption iine, as
calibrated by Murdin 1972}, 1in conjunction with the estimated < 0.8 mag/kpc
reddening-distance relation in the direction of Circinus (YWebster 1974),

A
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gives a minimum distance to the star of 4 kpc.

These estimates are all consistent, but nonetheless very uncertain,
with possible errors of a factor of 2. A more direct measure of the
distance was achieved fn a 21-cm absorption line measurement carried out by
Goss and Mebold (1977) during Circinus X-1 radio outbursts in December
1976. Using a standard technique 1n pulsar absorption experiments, they
ohtained an HI absorption spectrum by subtracting a quiescent source 1ine
spectrum from a flare spectrum. They found six prominent HI absorption
features 1ncluding one extending to -90 km s71, the velocity associated
with the tangential point of HI at 7.9 kpe¢, implying a conservative lower
1imit to the distance of 8 kpc. The lack of absorption from HI at
velocities corresponding to distances > 16 kpc gave a firm but not very
restrictive upper 1imit. For present purposes of computation, a distance
of 10 kpc will be taken as "representative”, following Whelan et al.

(1977}, except when a strict lower 1imit is needed. The physical
association of Cir X-1 and the 'SNR is probably compatible with an 8 kpc
lower 1imit because of the large scatter in the surface-brightness/diameter

relationship.

3. Possible Association of Cir X-1 with Supernova Remnant G321.9-0.3

As noted briefly above, Clark, Parkinson, and Caswell (1975}
suggasted the possible association of Cir X-1 with the supernova remnant
(SNR} G327.9-0.3 centered 23 arc min to the south of the point radio
source. They speculated that Cir X-1 might be a runaway binary system
ejected from the supernova, with the eccentricity and period of the orbit
increased by the explosion., Comparing the surface brightness of the SNR

with values measured for the few remnants of known age implied an age in
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the range of 2 x 104 to 109 yr. The authors concluded that Cir X-1 could
be a relative’y young system whose orbit was not yet ciecularized, in
contrast to the older, better understood binary systems. If this
assocfation 1s confirmed, 1% will have been the first example discovered.
The more recently notired connection between the source $S433 and the
supernova temnant W50 (Ryle et al. 1978) is now regarded as firo (see,

e.yg., Begelman et al. 1980).

Radio observations in May and COctober 1977 by the University of Sydney

Fleurs synthesis telescope at 1.4 GHz showed a weak {~ 0.1 Jy} extended

region centered ~ 1 arc min south of the flaring point radio source {Haynes

et al. 1978). The authors note that this extension may support the
assocfation of Cir X-T with the SNR, and may well be the "fossil wake"
created by previous flares as Cir X-1 moved north. Nicolson, Feast, and
Glass {1980) note that the large and positive values determined at varfous
phases for the mean Ha velocity indicate that the net velocity of the
system is 1ikely to be high (~ 200-300 km s“l), Tending support to the
hypothesis of a runaway system.

Despite their support of the Cir X-1/SNR association, Haynes et al.
(1978} discount the idea of a runaway binary on the basis of encrgetics.
Their basic argumént, with somewhat more conservative numbers, follows.

The best distance estimate gives a Tower 1imit of 8 kpc for Cir X-1
(Goss and Mebold 1977). Assuming this distance for the SNR, and the SNR
diameter-age relationship formuiated by Clark and Caswell {1976), then the
age of the SNR is at most ~ 105 yrs. If the Cir ¥-1 system was ejected
from the SNR 10% years ago, its average transverse velocity was at
least ~ 500 km s=1. (This 1s comparable to the maximum velocity observed

for pulsars (see, e.g. Manchester and Taylor 1977), a more typical value
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peing ~ 100 km s-1, It s also onjy one component of the vc'ecity--the
radfal component was estimated by Nicolson, Feast, and Glass (1980) to

be ~ 200-300 km s™1.) If the optical star identified with Cir X-1 is in
fact a massive object of ~ 20 M, (Whelan et al. 1977) the kinetic energy
associated with the transverse motion is at least ~ 1050 ergs. (The
corresponding value for Haynes et al., is ~ 7 times as large.)} Haynes et
al. argued that the ejection energy implied was inconceivable, and
suygested instead that the Cir X-1 binary system could have been created
when the (~ M) compact object ejected from the SNR was captured by a
supergiant star. [However two-body capture is 1tself not regarded as
probable (see, e.g., Batten 1973).] In Tight of the recent IR/optical
results of Nicolson, Feast, and Glass (1980), the optical companion may
well be less massive than originally thought, reducing the energy
requirement to an accepntable level. Or, if the distance assumed is too
high or the age too low, the inferred velocity would be correspondingly too
high compared to the true velocity. The Tower 1imit to the distance seems
rather firm, but the age determination is rather uncertain. If the
expansion of the SNR takes place in an unusually dense region, and is
consequently slower, the age could be underestimated. However, if we make
the age of the SNR too large, we have difficulty arguing that Cir X-1 is
too young for circularization of the orbit.

In several years' time, the predicted transverse angular rate of 0.0]
to 0.7 arc sec per year should amount to a detectable proper motion,
providing a check on the physical association of Cir X-1 and the SNR.

Recent work shows that some of the basic observational “facts" about
Circinus X-1 are changing: the 16.6 day presumably binary 1ight curve has v

been evolving, even within the brief era of X-ray sdatellites. The
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characteristic 16.6 day modulation of the soft X-ray flux discovered by
Kaluzienski et al. (1976) from ASM data (epoch 1975) is changing its shape
and perhaps 1ts period. The modulation has never been an exact clock. The
1ight curves show considerable variation from cycle to cycle, particularly
for the smaller outbursts. But for the larger outbursts, the general trend
of the envelope was quite reproducible and the time of the transition to
Tow flux quite predictable for several years. However, the COS-B 1ight
curve of Bignami et al., (1977; epoch Mar 1976) shows a rapid downward
transition to ~ half-maximum intensity, followed by a quite gentle tail,
and epoch 1977-1978 iightcurves show enhanced emission shortly after the
"cutoff* (Dcwer 1978; sce Figure 4 from Murdin et al. 1980). The 1979 ASM
1ightcurves show even further evolution, with flux Tow before the predicted
transition, followed by an abrupt turn-on at transition -- essentially a
mirror image of the eariy ASM "sawtooth" shape. We should recall that the
early (epoch 1972), eclipse-1ike Uhuru T1ight curve (Jones et al. 1874) also
did not fit the characteristic "sawtooth" shape.

C. Eccentric Binary Model of Murdin et al.

Murdin et al. (1980) explain this progressive chanje in envelope in
terms of a change in orientation of a highly eccentric orbit with a very
large precession rate. Their model is an elaboration of the Coe, Engel,
Quenby (1976) picture of a compact object immersed in the dense, cold
stellar wind of its companion, shining out periodically each orbit.

Using data on the optical counterpart from Whelan et al. {1977), and a
distance of 10 kpc (Goss and Mebold 1977), Murdin et al. estimated an
absolute magnitude for the primary star M, » -6 to -7, and thus a mass

M, ~ 20 My, implying an early type star, say an 0B supergiant, with a

P

il SR arr

— - —— =




42

radius of ~ 30 Ry (~ 2 x 1012 cm). With the standard interpretations that
the 16.6 day period comes from the binary orbit and the secondary is a
compact star with M, ~ 1 M,, Kepler's third law gives # . wi-major axis

@8 ~ 0.5 a,u. Thus, at periastron when the :eparation of ce.ters is a{l-e)
or ~ 7.5 1012 (1-e) cm, the secondary star approaches close to the surface
of the primary if the eccentricity is high. The early-type primary would
be expected to lose mass via a stellar wind at a rate of 1078 to 10-5 Mo‘
yr1 (Lamers and Morton 1976; Hearn 1975). 1In this model, the shape of the
soft X-ray 11ght curve is due to the variation in the amount of material in
the 1ine of sight to the X-ray object, as it travels in an eccentric orbit
through the stellar wind of its companion. The outflow from the primary is
assumed to be spherically symmetric and of constant velocity {~ 103 km/s),
so that the stellar wind density follows an inverse square Taw.

The exact shape of the lightcurve depends on the values chosen for
eccentricity, inclination angle, and orientation of the orbit with respect
to the line of sight. The short duty cycle of the soft flux arises
naturally for an orbit of high eccentricity with periastron pointing within
a few degrees of Earth. Following Kepler's second law, the compact object
in such a configuration wi{,i rapidly transit the primary, but spend a long
time at apastron, with a high optical depth through the intervening stellar
wind even though the density near the object is low. The doewnward
transition occurs essentially at periastron where the compact object is
closest to the primary star and thz density is quite high. Between the two L
extremes, the soft X-ray intensity gees i-wrough a maximum as the column
density along the 1ine of sigiht AGus Sheasugn a minimum. By choosing an N
appropriate angle for the inclinat o </ « . arbit to the plane of the

sky (i ~ 759), deep modulation of .* i Jwrgr 1ight curve can be
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achieved while eclipse of the hard X-ray flux 1s avoided. The shape and
sense of the asymmetry of the 1ight curve depend on the precise orientation
of the orbit with respect to the 1ine of sight. For example, {f periastron
is within a few degrees of the 1ine of sight to the observer and the
compact object transits the companion before reaching periastron, there
will be a gradual buiidup of emission to a peak which 1s cutoff sharply,
while if periastron is reached before the transit, there will be a sharp
turnon, followed by a gradual decay. With the major axis nearly
perpendicular to the line of sight, the light curve will be closer to the
eclipse shape seen by Uhuru, with an interval of a 1ittle more than a day
between times of high flux.

The curves in Figure 3 of Murdin et al. show lightcurves for a
progression of periastron angles, for the case e = 0.7, 1 = 75°. (For an
inclination angle of 907, a periastron angle of zero (8 = 0) corresponds to
the major axis along the line of sight, with periastron closest to the
observer.) The authors associate the Uhuru eclipse-1ike lightcurve (epoch
May 1972) with 8 ~ 609-909; the Copernicus 11ghtcurve of Davison and Tuohy
{epoch April 1974) with 8 ~ 309; the early ASM sawtooth 1ight curve (epoch
1975) with & ~ 20° (for which the sharpest transition is observed); the
abrupt downward transition tc half-maximum intensity followed by a gentle
tail seen by COS-B (epezh Mar 1576) with 8 ~ 10%, They compare the
enhanced flux just after transition seen by SAS-3 (late 1977} and early
1978 ASM 11ght curves to the double-peaked structure seen for 6 ~ 09, The
precession implied by these associations amounts to -10%/year, or an

apsidal period of ~ 40 years (see Figure 5 from Murdin et al.). Murdin et

al. argue that this enormous precession rate is consistent with the tidal

interaction expected (Sterne 1939) for the close approach, highly eccentric

iy it A i
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orbit impliad by the shape of the 1ight curve. Apparently, the model's
prediction of a reversal in the sense of the sawtooth is borne out by the
ASM 1ight curves for 1979, extracted from the data for two cases where the
source 1s strong and unconfused. A further extrapolation implies that the
1ight curve should return to the eclipse-like state in the not too distant
future (within ~ 10 years).

Within the framework of their detailed eccentric binary model, Haynes,
Lerche, and Murdin (1980) and Murdin et al. (1980) account for the observed
radio emission from Circinus X-1 in terms of shocks driven by radiation
pressure due to supercritical accretion near periastron passage. They
suggest that energetic electrons at the shock front produce synchrotron
radiation at 1-15 GHz due to the magnetic field compressed in the infalling
material, with successively lower frequencies becoming visible as the cloud
of electrons expands adiabatically (Shklovsky 1960; van der Laan 1966).

The multiply-peaked radio flares in this picture are due to successive
formation of shocks which dissipate in the stellar wind after ~ 2 x 10
seconds.

Haynes et al. (1979) suggest that: 1) The nonthermal quiescent radio
source could be produced by relativistic electrons which 1eak into an
accretion disk around the compact object, giving rise to a steady radio
output away from periastron. 2) Disk replenishment near periastron, at a
rate of 5 x 10720 to 5 x 1078 Mo per orbit, could produce "steady" X-ray
radiation from matter dribbTing down onto the surface of the compact
star. 3) Variable optical emission might arise from the changing Roche
lobe surface and from "degradation of shock-produced X-ray photons to the
optical band by material overlying the expanding shock."

Despite its appeal, the wind-absorption model of Murdin et al. has a
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number of major difficulties. It is not clear that it is consistent with
the recent infrared and optical resuits of Nicolson et al. which show a
large overall drop in the IR and optical flares, making an early-type
supergiant companion seem rather unlikely. Critica) X-ray observational
discrepancies include the abruptness of the turnoff of large outbursts,
including a very rapid (~ 60 second) X-ray intensity transition observed by
SAS-3 during which the spectrum remained virtually the same (Dower 1978),
and minimal absorption observed by SAS-3 (Dower 1978), Ariel-5 (Chiappetti
and Bel1-Burnell 1981,1982), and 050-8 (present work) in residual fiux
after transition.

In the following we will present results of precise measurements of
spectra and spectral evolution which clarify the need for a more thorough
consideration of the details of accretion processes and accretion disks in

understanding the Circinus system.

gy
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IIT, THEORETICAL BACKGROUND

A. Accretion Ontg Compact Objects In Binary Systems

1. Basic Considerations

For an ordinary isolated star, the Tuminosity resulting from

accretion of matter is generally insignificant:
33 (M* Ro Mace
My R 1078 M, yr

M, .

1
Lace ™ R, Macc 10

) erg 577, 3-1

where ﬁacc 1s the matter accretion rate, and Mx, My, Rx, R, are the masses
and radii of the star and the sun, respectively. The gravitational
potential at the surface of the sun, GMy/Ry, is only 1076 ¢2, yielding an
energy release from infall much smaller than that available from nuclear
reactions. For accretion onto a white dwarf, the kinetic energy from
infall is sti11 ~ 50 times less than that from hydrogen burning (~ 6 x 1018

erg g°1)

. However, for a neutron star or a black hole, with GM«/R« > 0.1
cz, infalling material releases > 1020 erg g"l. In close proximity to a
companion which has a strong outflowing wind, or which sheds material
because of the gravitational effect of its presence, such an object can
sometimes intercept enough of the material to become a powerful X-ray
source. A mass transfer rate of 1018 g s=1 (~ 10-8 Mo yr'll can produce a
Tuminosity comparable to the "Eddington 1imit", Lgqq. at which the outward
force of the radiation balances the inward force of gravity. In that case

the gravitational source term GM is effectively reduced by the factor

(1« L/lgga)-
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A simple estimate of this }imit can be made by assuming that the
cross~-sectional area for stopping an infalling atom by radiation pressure
1s the Thomson scatteying cross-section of of its electrons, while the
effective gravitational mass per electron 1s m = L%) my. (The infalling
plasma is charge neutral; the electrons couple to the radiation field, the
nuclei couple to the gravitational field, and the electrons couple to the
nuclei by Coulomb attraction to the protons.) The net force then vanishes

for a Tuminosity LEdd such that

GMym oqlpgq -
RS AR, °C

or
Lo, =me GmMy, 3 96 x 1038 i erg s~1 3-3
£dd o7 = L. W, 9

for hydrogen accretion.

For scattering in the presence of a strong magnetic field, the
cross-section is greatly suppressed for photons below the cyclotron
frequency traveling along the magnetic field direction {Lodenquai et al.
1974); when luminosity emerges primarily in photon energies > mec2 {but not
>> mec2 so that additional sources of opacity such as pair production are
important}, the appropriate relativistic cross-section is also less than
the Thomson value. Otherwise, the above estimate is an upper bound since
it ignores electron-photon interactions other than scatterfng. For a
source emitting soft X-rays, unless the infalling ions are completely
stripped, the relevant opacity may be due primarily to photoionization, for
which ¢ >> or {see Tarter and McKee 1973; Buff and McCray 1974; Hatchett,
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Buff, and McCray 1976).

As pointed out by Basko and Sunyaev (1976), this 1imit assumes that
the radiation produced by the infalling matter emerges in a direction to
counter the accretion. This condition is always met for accretion with
spherical symmetry, but could be violated for anisotropic flows. In the
case of accretion onto a magnetic neutron star, for example, strong
channeling of the accretion flow onto the poles with radfation escaping
preferentially from the sides of the column might allow L ~ 10 Lpgq.
Lightman, Rees, and Shapiro (1977} suggest an analogous situation might
occur for accretion disks. Further, Lamb, Pethick, and Pines (1973) argue
that, even for isotropic accretion with o the relevant cross-section,
matter accreting above the Eddington 1imit will only be decelerated and not
actually halted by radiation pressure unless the optical depth is
sufficiently large. Litst, the Eddington 1imit is a steady-state condition,
and is not relevant for an unsteady or explosive situation. In particular,
it does not exclude super-Eddington bursts of radiation produced by dumping
of material.

If the kinetic energy from hydrogen atoms free falling onto the
surface of a 1 M, neutron star (R ~ 108 cm) is converted entirely into
photons, the maximum energy achievable is ~ 100 MeV, with an equivalent
brightness temperture of ~ 1012 K. If the accretion Tuminosity (1036 -
1038 erg 571} from accretion of 1016 - 1018 ¢ s=1 onto the surface is
completely thermalized, i.e., the radiation i1s distributed over the Planck

function {see Eq. 3-54), the resulting effective temperature |

1/4

Togp ~ [—p—1
off ¥ l———1
47R 9s_g
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where 9g.p 1s the Stefan-Boltzmann constant, is ~ 107 K , corresponding to
kTees ~ 1 keV, provided an appreciable fraction of the neutron star surface
1s involved in the radiation.

If the flow is halted some distance away from the surface by a shock,
by the strong magnetic field of a neutron star, or perhaps in a disk, and

incompletely thermalized, the resulting temperature {s of order

& M,

where n is an efficiency factor depending on how the gas is heated, and R
is the distance from the center of the object at which the flow is
stopped. For adiabatic heating in a strong shock, n ~ 0.1 {Landau and
Lifshitz 1959). For processes sucn as viscous heating in a disk, n can be
as low as 1075 - 1076 (see, e.g., Pringle and Rees 1972, Shakura and
Sunyaev 1973).

2. Mass Transfer

Substantial mass outflow from the close binary companion of a
compact object does not automatically lead to a bright X-ray source,
Material which has sufficient velocity to escape the companion star may
also escape the compact star. The capture efficiency for accretion from a
fast wind may be very low {< 1074, see discussion below.) If material
infalling onto a black hole has insufficient angular momentum to form a
disk {a criterion discussed below), approximately spherical infall may not
produce much observable X-ray flux. If the mass transfer rate is very
large compared to that capable of producing the Eddington luminosity, the

source may be blanketed.
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a. Roche Lobe Ovarflow

Still, the existence of bright X-ray sources indicates that
conditions for optimum accretion do occur. It has been conventional to
discuss mass transfer in X-ray binary systems in terms of two idealized
modes: overflow of the mass-giving star beyond the critical gravitational
equipotential surface, with spillage through the gravitational saddle
point; and gravitaticnal capture by the compact object of material from the
companion's outflowing wind. The standard discussion of the first case
assumes that the companion corotates with the system; the critical surface
is then called the critical Roche surface and the mode is called Roche lobe
overfiow. Sometimes discussion of this mode is generalized to inciude
arbitrary rotation rate of the mass-giving star and a rotation spin axis
inclined with resnect to the orbit revolution axis. In particular,
Davidson and Ostriker (1973} and Petterson (1978) have argued that the
"tidal 1imit" of a nonrotating star may be a mure relevant approximation
for many X-ray binary systems than that of corotation. In the
nonsynchronous case, the potential at a fixed geometrical point in the
revolving system varies with time and one can define only an instantaneous
Roche surface. Still, the time-averaged surface allows one to proceed with
overfiow calculations in analogy with the synchronous case, and for most
purposes the two cases will not be distinguished here.

For a circular orbit with the rotation axis of the primary parallel to
the orbital angular momenti:.. :he generalized Roche potential has the form |

{Kruszewski 1963, Avni and Bahcall 1975):

(14+q 92(x2+y2)]
2 4

- 1
Y "'jg-[FT*'?; -q X+ 3-6
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where D 1s the separation of the centers of mass of the two stars; q =
ma/mp, 2 = w(rotation)/w(orbit) 1s the ratio of rotatfonal to orbita?
frequencies; ry and r, are the distances (in units of D) from the stellar
centers; x and y (in units of D) are Cartesian coordinates with the origin
at the center of mass of the primary (optical star), with the z-axis
parallel to the orbit angular momentum axis, and the x-axis pointing toward
the secondary (X~ray source).

A mean value for the radius R of the critical surface can be obtained
by setting the volume of the lobe equal to g-nRB. Solutions for three
cases of interest are:

i) for Roche geometry (2 = 1} and 0.05 < q < 3 (Kopal 1959, Paczynski
1971):

R

o = 0.38 - 0.20 Togyq g3 3-7
11) for tidal geometry (2 = 0) and 0.03 < q < 1.4 (Avni 1877):

Ry

o = 0.41 - 0.23 Togyg q; 3-8
iii) for fast rotation (2 = 2) (Avni 1977):

Re 2

p— = 0.327 - 0.174 logyg q + A (logyg 9)°, 3-9
where A = -0.044 for 0,03 < gq< 1 and A = 0.022 for 1 < g < 8.

For a given q, the critical radius is largest for the tida) case and

smallest for the fast rotation case (where the high surface velocity makes

Sl
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escape of materfal easier). When the equilibrium radius of the primary
photosphere 1s > the mean radius of the generalized Roche surface, copious
outflow is expected. 1In fact estimates of outflow as high as 10-3 Mo yr'l
for a massive primary (van den Heuvel 1975) would lead to densities
sufficient to absorb any X-rays produced, or, if too much of the flow 1s
{ntercepted, to a smothering of the X-ray source., If instead only the
outer atmosphere of the primary 1s shed, as suggested by Savonije
(1978,1979), conditions may be optimum for fueling of a bright X-ray
source.

The outflowing material streaming through the gravitaticnal saddle
point has a trajectory which depends strongly on the rotation rate of the
companion. The velocity Ve of a point on the equator of the primary near
the saddle point, with respect to the compact object, can be exprassed as

Vo = wynpqg P L1 -8 (%5)] 3-10
where R. 1s the appropriate mean critical radius.

By comparing the specific kinetic energy of a fluid element at the
saddle point, € %-vsz, with its specific potential energy relative to
the compact object, €y = G M./{D-R.), Petterson (1978) found that material
could be accreted for all values of g for the case of synchronous rotation,
while capture was harder for a more slowly rotating companion. For the
1imiting tidal case, he found matter tended to escape the system or fall
back on the primary unless q > 0.75. Thus, even if overflow occurs, in a
system where the companion has a mass large compared to the compact
object's and rotates slowly, much of the matter does not accrete onto the
compact object. If the overflow rate is large, the reduced capture

efficiency may still be sufficient to produce a bright X-ray source. In

such a system, streams of outflowing matter may produce strong, variable
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absorption effects, as a function of binary phase.

Roche-lobe overflow (or its nonsynchronous equivalent) occurs if the
mass-giving star expands beyond the Roche lobe due to {nternal nuclear
evolution, or if the Roche Tobe shrinks due to shrinking of the orbit as
mass 1s Jost from the system. It 1s not clear to what extent the Roche
Tobe overflow picture carries over to the case of an eccentric orbit. Avni
(1976) has discussed calculation of the generalized Roche potential for
non-circular orbits in terms of the instantaneous separation of the two
stellar components, but Pringle (1982) argues that the {nstantaneous Roche
surface 1s never actually attained by the primary because the gravitational
potentials change too rapidly for the star to respond. Stil11, he agrees
that, for sufficiently close periastron passage, the compact object will
1ikely pull off and capture matter from the companion. Haynes, Lerche, and
Wright (1980} have performed numerical simuiations of Roche Tobe overflow
in noncircular orbits. Examining the response of test particles on the
surface of the companion to gravitational potentiais which change with
orbit phase, they found that a time-dependant tidal bulge reached the
instantaneous Roche lobe for highly eccentric orbits (e > 0.6) provided the
mass ratfo of the compact object to the primary was greater than zbout 0.1
and the periastron separation was less than about twdo primary stellar
radif, For mass ratios > 0.2, mass capture by the compact object appeared
11kely, though their procedure did not give a good estimate of the vrate.
While comparison of the equitibrium surface of the primary to the
instantaneous critical surface in an eccentric orbit may not give a precise
criterion for overflow and consequent accretion, it gives some estimate of
the regime where overflow may give an important contribution to

accretion.
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b. HWind Accretion

The other standard mass transfer problem considered for X-ray
binarias 1s accretion onto the compact object from a spherically outflowing
wind, a mode whose relevapce was first pointed out by Davidson and Ostriker
{1973). Roughly, matter is gravitationally captured within a cyiinder of
radius

2

M -1
2 10 "x ,1000 km s
~ 207 10 Fio ( v '_') cm, 3"'11

R.~2GM./v
a X rel

rel
whore vynoy 1s the velocity of the wind relative to the compact object.
natter within the cylinder converges downstream from the object, forms a
shock or accretion wake, and then falls approxXimately radially inward
toward the compact object. The resulting mass accretion rate onto the

compact object is

2

Sind Vrel® 3-12

6x SR Ra
where Pyind is the local wind density and £ is an efficiency factor < 1
which corrects for radiation pressure and a finite cooling time after
passage through the tail shock. If the gas couls about as fast as it falls
toward the compact object (see, e.q., Davidson and Ostriker (1973), or
McCray {1977)), & ~ 1 except for Tuminosities near Lp4q, where tche
repulsive force uf the radiation effectively reduces the gravity of the
Ji-ray source and introduces a self-limiting effect. In this case, £ ~

(1 - L/Lggq)? (Eddington 1926).
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Substituting for the local wind density Puwind

& mass accretion rate onto the X-ray object of

2 4 2

. G Mx .

m :::E m.

X ] K] *

D Vrel Ywind
2
M 12 2 -1.4 .
s 2 X 10'4 E[(ﬁ‘l) (10 . Cm) (1002 km S , ] m*. 3-13
° vreT Vwind

The resulting Tuminosity from wind accretion is then

GMx .
by ~ s My
x36 Mx ’ 106 cn 1012cm ‘
~ 1.5 10" (FT') ( T —} ( D )
° * (1000 kn s'1)4 M, -1 3-14
. 3 ( -T) erg s .

6
Veel Ywind 10 Mo yr

It appears difficult to produce the brightest X-ray Tuminosities observed
from accretion of a fast wind onto a 1 Mo compact object unless the mass
loss rate is very high. However, in a close binary system, the compact
object may intercept the wind before its velocity has reached a substantial
fraction of {ur terminal velocity, v_ =4 (GM*/R*)I/2 {see, e.g., Lamers,
van den Heuvel, and Pettersor 13%%), Castor, Abbott, and Klein (1975)
predict a velocity profile

Vylr) =V {1 ~ Re/r}1/2 315

~ /(4 D2V, 4) yields
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for a wind accelerated by radiation pressure due to absorption and
scattering of 1ine radiation, while infrared measurements of QBA
supergiants by Barlow and Cohen (1977} suggest a much more gradual

acceleration, described by a velocity profile
Vy(r) = v_ (107274 Re/ry (1 _ pyyp)0e2L, 3-16

where r is measured from the center of the optical star. The two profiles
yield Yy (2R«)/V_ = 0.71 and 0.15, respectively. At D ~ 2R«, the latter
profile implies an accretion efficiency a factor of 500 times the former.
Photofonization of the wind by the accreting X-ray source reduces the
cross-section for acceleration by the primary radiation field, so the wind
velocity Jocal to the compact object may well be closer to the Barlow-Cohen
value than to the theoretical prediction. Fransson and Fabfan {198C!
propose that collisions between the radiatively driven wind and the
stagnant, hot, photoionized gas produce shocks, causing dense sheets of gas
to trail the X-ray source. Friend and Castor (1982) find that including
the effects of gravity and radiation pressure from the compact object, and
the centrifugal force due to orbital motion on a radiation~driven stellar
wind, destroys the spherical symmetry of the wind and makes mass loss and
accretion strong functions of the size of the primary relative to the
critical potential Tobe.

The mass transfer in a given X-ray binary system may not fall neatly
into one of the two standard descriptions. Various authors (e.g.,
Petterson 1978, Ziolkowski 1978) have suggested an accretion picture
involving a mixture of a strong stellar wind and weak Roche-lobe ovey rlow

to explain observations of some systems. Wang (1981) and Friend and Castor
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(1982) suggest that for some systems, the accretion mode might be
intermediate between the two 1imits, with a slow, asymmetric "wind"

directed preferentially toward the compact object.

B. Accretion Disks

1. Accretion Disk Formation

For the typical case of accretion from Roche-1obe overflow and for
certain circumstances of wind accretion discussed below, the accreting
material may have too much angular momentum to fall directly onto the
compact object. The standard test for disk formation requires that the
radius rp at which the specific angular momentum Jy = (& M.rp}l/2 of a
Keplerian orbit around the compact object matches the specific angular
momentum of infalling material, be larger than the radius ry of the
innermost possible orbit around the compact object. For a nonmagnetic
white dwarf or neutron star, this radius is the radius of the object; for a
btack hole, the radius is taken to be that of the innermost stable orbit,
equal to 6 G Mx/c2 (= 3 x the Schwarzschild radius) for a nonrotating black
hole (Bardeen 1970); for a magnetic neutron star, the radius is taken to be
the Alfven radius, Rap¢s Where the magnetic field of the compact object
begins to dominate the flow. To a first approximation, Ryy¢ can be
" calculated by equating the energy density of the magnetic field, B2/8n,
with the kinetic energy density of the infalling matter, %—p V%f' where the
freefall velocity ve. = (2 GMx/RA]f)l/Z and the mass

density p ~ m*/(4nRMf2

vff). Assuming the magnetic field strength (= B,
at the neutron star surface Rx) drops off roughly 1ike a dipole, B(R) ~
B (R*/R)3 (not strictly true for nonspherical accretion), this yields a

radivs (see, e.g., Davidson and Ostriker 1973)
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5286 2/
Rare * =)
4 m, GM /c

3-17
a (2.4 X 108 cm)

T I T L T
10%¢ gauss 10" km 107'g s~ Fﬂ; '

The accretion disk is assumed to extend down to Ry, the radius of the
tnnermost orbit. The outer edge of the disk, at Teast for the steady-state
case, is expected to be considerably larger than rp -- the same viscous
processes which allow some of the material to lase angular momentum and
spiral slowly inwards onto the compact object requires other material to
move outward, carrying away the excess angular momentum so that the total
angular momentum 1s conserved. The outer edge, at least for a Roche-fed
disk, is thought to be fairly near the Roche surface of the compact object,
with the exact location determined by tidal interaction of the companion,
which removes angular momentum from the disk, feeding it back into orbital
motion (Papaloizou and Pringle 1977).

In the standard treatment of Roche lobe overflow, with the axis of the
synchronously rotating primary parallel to the orbital angular momentum
axis, the matter transferred through the inner Lagrangian point is expected
to flow into the orbital plane bacause of symmetry. With the assumption of
opticaliy thick conling, the vertical structure of the disk is neglected
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and the problem is treated as 2-dimensional.

Lubow and Shu {1975} have given a semi-analytical description of the
resulting disk formation around a degenerate object. Injtially most of the
matter follows an approximately ballistic path toward the object, then
overshoots and flows arocund the object in a highly eccentric orbit. The
orbiting material hits the incoming stream and forms a shock, which does
not affect the upstream flow, but which changes the downstream flow into an
approximately circular orbit with the same specific angular momentum with
respect to the compact object as the initial stream. Lin and Pringle
(1976) show that this ring of matter then spreads if viscosity is present;
most of the matter s transported inwards while some of the matter
transports most of the angular momentum outwards {Lynden-Bell and Pringle
1974). Near the outer edge, the disk is expected to be highly noncircular
due to distortion by gravitational interaction with the primary and
interaction with the incoming stream {Lin and Pringle 1976); closer to the
sompeit object, motion in the disk is fairly well described by differential
mehaifon in Keplerian orbits, with angular velocity w(r) = (G Mx/r3)1/2,
corresponding to a Kepler veTeocfty°VK = r wWr), with a small radial
velocity V} superposed.

Accretion from a spherically outfiowing stellar wind may also be
moderated by an accretion disk whose size is very strongly dependent on the
velocity of the wind relative to the compact object. Because ¢f the
orbital motion of the compact object, the axis of the accretion cylinder is
tilted at an angle g = 1:::111'1 (vx/vw) from the 1ine joining the centers of
the two stars, in the direction of the relative wind velocity, with ?x the
velocity of the compact object. Shapiro and Lightman (1976) show that for

a spherically symmetric wind of constant velocity the variation in speed

e — e e
. PR .
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and density of the incident gas across the tilted cylinder face lead to a

net angular momentum per unit mass of
-1 2 .
J » v, D (Ra/D) , 3-18

where R, is the accretion radius given above and D is the separation
distance of the stellar centers. The outer edge of the disk (before
viscous spreading) forms at the radius rp where the angular momentum per

unit mass above equals that of the corresponding Kepler orbit
J = (aM, rp)t72, 3-19

As before, the existence of the disk depends on the size of )
relative to the innermost orbit possible around the compact object.
Wang {1981) generalizes the above analysis to include an accelerated

wind profile.

2. Accretion Disk Models

The equations needed to describe the flow through the disk are the
hydrodynamic equations of a viscous fluid: mass continuity, 3-component
momentum conservation (in the radial, azimuthal and vertical directions)
and energy conservation (keeping track of the change in internal energy of
a fluid element as it moves through the disk, subject to work done by
pressure, heating generated by viscous forces, and energy loss by
cooling). Auxiliary equations giving the equation of state of the gas and
radiation, the cooling equation, and a definition of the viscous strass

tensor must also be chosen. Typically, builders of standard disk models
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simplify the set of equations by making a number of assumptions: The disk
is assumed axisymmetric about the compact object with effects of the binary
orbit and the gravitational influence of the mass-giving star neglected.
The disk 1s assumed thin, with the half-thickness h much 1ess than the
local disk radius r, h/r << 1 [This requires the pressure to be much less
than the kinetic energy density since pressure thickens the disk; and
implies vz(~ ;-Vr) << Vr']' Elements of the viscous stress tencor tiJ are
taken to be ¢ the pressure, and hence much less than the kinetic energy
density, so that V<< vy and GMx/ri << 1), an assumption made for
sfmplicity which is valid except for r < 3 ryy for disks around black

holes. For stationary disks, partial derivatives of the equations of
motion with respect to time are zero., Vertical integration of the
approximate hydrodynamic equations then allows separation of the radial and
vertical structure, reducing the 2-dimensional problem to two 1-dimensional
problems, though at the price of an intrinsic uncertainty in the vertical
structure.

The basic differences between the standard disk models Tie in the
choice of the auxiliary equations. [Verbunt (1982} gives an excellent
summary and comparison 0f the choices made in the literature.] The usual
choices for the equation of state and the transport equation are the
ordirary equation of state for a mixture of radiation and an ideal gas, and
a radiative transport equation similar to that used for stellar atmospheres
with the addition of a non-zero radiation production per unft iength, with
opacity coming chiefly from Compton scattering and free-free absorption.
One must also choose a viscosity law, for which no clear natural choice
exists, since the mass Flowsrequired {m ~ 1017 g s71) though the thin disk
(h < 1010 ¢m) imply a viscosity > 107 g -1 cm'l, orders of magnitude
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larger than ordinary viscosity. 1In the first detajled treatment of a
steady disk, Shakura and Sunyaev (1973) proposed a viscosity

1aw tr = a P, reducing the uncertainties in viscosity to a constant of

prOportionality a, taken to be constant through the disk for simplicity.
The viscosity enhancement is generally envisioned as coming from turbulence
or the presence of small magnetic fields (~ 10° gauss) in the accreted
matter, though no straightforward calculation has been achieved.

This prototypical thin disk model predicts a large, concave disk, with
h/r increasing with r almost out to the Roche surface. Gas pressure
dominates at radif > 1000 km, while radiation pressure dominates in the
fnner disk. For r > 5000 km (the outer disk), op.>>op, while at smaller
radii ar > Opgs About half of the energy available from accretion is
released in the disk quite ¢lose to the inner edce, in the approximate
range 6 Rq < R < 30 Ry, With Rg = 2 GMy/c?; the annulus giving the peak
Tuminosity, « emissivity - R2, occurs at ~ 6,75 Rg. The other half of the
enerqy resides in the rotational velocity, and is released in a boundary
layer at the inner edge of the disk 1f that interfaces with neutron star or
white dwarf, but is "swallowed" if the central object is a black hole.
Actually, as noted by Pringle (1981), the Tuminosity of the boundary Tayer
is reduced by a factor 1 - ( nxlno)z, where a, is the angular velocity of
the compact object and g, = (GM/RX3)1/2. However, the reduction s quite
small except for rotation near the breakup rate, so radiation from the

boundary layer is generally quite important (see, e.g., Lynden-Bell and

Pringle (1974), Pringle (1977), and Pringle and Savonije (1979).).

3. Time-Dependent Disks

Relaxing the assumed time~independence of the standard disk model

e A —— . e 4 ——— e B
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but retaining the remaining assumptions, Lightman {1974a,b) has studied
varfability and instabilities in the disk in terms of a nonlinear radial
diffusion equation for the surface density. Such an equation describes the
spreading of a density disturbance, such as the spreading of a ring to a
disk or the evolution of the disk for a mass flow entering at the outer
edge. For the Shakura-Sunyaev model, the diffusion time for such a density
disturbance as quoted by McCray (1977) is

5/4 1/4 ] “003 "‘4/5

T = {,': = ax10® (R/10M ey M) (mg) o sec. 3-20

This can be used to describe the diffusion of a perturbation
or it can be evaluated in the middlie of the disk, where 1t gives
approximately the spiral-in time for the disk material.

The time-dependent equations allow analysis of the disk stability.
Generally the outer regions of the disk where gas pressure dominates are
considered to be stable, although there are recent reports of instabilities
which can occur in the outer cool regions for certain forms of opacity
{see, e.g9., Abramowicz (1983) and references therein}.

Most stability analyses have centered on the fnnermost part of the
disk where radiation pressure is dominant, studying small perturbations of
the stationary disk equations. (Verbunt (1982) has pointed out, however,
that the equations are generally solved by neglecting terms that may be of
the same magnitude as the small perturbations, particularly in the inner
region.) Two modes of instability have received particular attention: the
so-called viscous and thermal instabilities.

Lightman {1974) inve.tigated the viscous instability, also called a

"secular mode", which causes clumping of metter into rings, with a growth
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time v = (A/r}z L for modes of wavelength A > h. This mode arises in the
1nner region where radifation dominates the pressure and electron scattering
the opacity, implying the Rosseland mean opacity': ~ constant. Equating
the energy generation rate («hP) with the radiative diffusfon rate toward
the surface, R = T4 (f:)'l, with & the surface density, gives h = 2"1 and,
for hydrostatic equilibrium (P « hI), a pressure independent of the surface
density. Then the stress, proportional to hP, is inversely proportional to
the surface density. Low stress in local regions of high density and high
stress in regions of Tow density means that matter will be moved
preferentially to regions of high density (low stress), and the contrast
will grow.

Lightman argues that the existence of this instability points to a
necessary modification of the standard thin disk models, with the most
1ikely revisions being reformulation of the models of viscosity and/or
energy transport, or departure from thinness in the inner region. Making
the viscous stress proportional to the gas pressure rather than the total
pressure leads to a thin disk model similar to the standard ones but with
an inner re~. n stable against viscous clumping, and with much higher
densities. The instability could also be removed by assuming convection
provides an effective means of energy transport, or that energy generation
occurs near the disk surface, so that radiative diffusion would no longer
be dominant.

Last, Lightman suggests that the viscous instability might imply that
the inner disk is not thin, but instead puffs up, forming a cloud around
the compact object of order tens to hundreds of times its size, with an

effective radius given by the boundary radius of the inner region
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Ry = (1.1 x 108 cm) o2/21 y 173 (EI;Q———:T)MS. 3-21
gs
The emissfon properties of the cloud would depend on the efficiency of the
dissipative processes. If this 1s high, the ctoud would emit X-rays as a
hot thin plasma, with Comptonization 1ikely to be important {Felten and
Reas 1972, IMlarinov and Sunyaev 1972), Time variations 1n intensity and
spectrum would be expected on the hydrodynamic time scale of the
¢loud Ty (~ h/cg ~ r/Vg, 2 tens to hundreds of msec for a black hole},
unless the cloud 1s optically thick to Compton scattering. In that case,
time sca?eleess than the random walk time of a photon through the cloud,
1

es h -
TR~ ¢ ~ Tag (EJ ~ o TTy 3-22

are lost.

It is possible that the dependence of a on pressure is different than
in the Skakura-Sunyaev model and the viscous fnstability does not occur
(Lightman 1974}, but in the inner region, when scattering gives the
dominant contribution to the opacity, the thermal instability seems
difficult to avoid. The time scale for this instability at a given disk
radius is about that of the local Kepler period, unless the disk has become
spatially thick.

Shakura and Sunyaev (1976) investigate the stability of a thin disk in
a general way. The growth rates of density perturbation modes depend on
the wavelengths, being smaller for shorter wavelengths. For the thermal
instabilities they show fast growth rates, that is, time scales ih seconds
of ~ 0.4 61 Mx'l/z R33/2, with Rg = RB/IO8 cm. Shakura and Sunyaev argue
that the slow-growing long wavelength perturbation near the boundary
separating the stable and unstable zones determines the rate of matter flow

into the inner disk. At the antinodes of the standing wave perturbation,
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the 1ncrease in disk thickness allows an increase in energy radiation

through the sides of the enhancement, which suppresses further growth of
the instabiiity. The flow across the boundary then proceeds in "batches"
regutated by the formation timescale of the perturbation at the boundary

2
R
Thatch ~ (HEJ o w(Ry) 1' 3-23
0
where Hy 1s the equilibrium thickness of the disk at Rg.
Writing w(Rg) = Vy (Ry) /Ry = (G)*/Z Ry™*/2 and substituting for Ry from
Equation 3~21 gives

L "102 R 2
-6/7 B
Tbatch ~0,11 o mle (H;‘) . 3-24

Thus, for RB/H° ~ 10, Thatch is of order 10 seconds. Formation of reqular
batches in the accreting material at the boundary could give rise to
quasi-periodic fluctuations in the flux radfated further in. These batches
might break up into smaller cTumps due to smaller scale perturbations.
Thus, superposed on this slower modulation one might expect to see
fluctuations on a spectrum of timescales down to the shortest associated
with perturbations near the inner edge of the disk, where
Toin ™ SI(RO)-1 ~ [a w(Ro)]'l 525

-4 a-l 3/2 M -1/2

~ 10 X

R6 seconds.

The authors point out that the instabilities are 1ikely to have azimuthal
as well as radial modes with roughly equal growth rates, so that long

wavelength perturbations might produce a spiral structure in the disk,

".
1
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while those of shorter scale could lead to rotating hot spots with

millisecond quasi-perjodicities in luminosity due to Doppler effects.

C. Radiation Mechanisms in Compact Binaries

1. X-Ray Emission Continua

The spactrum of radfation from an X-ray emission region depends on
the particle densities and temperatures, the particle distribution function
1n energy, the magnetic field density and the dominant radfation loss
mechanism. For a given force, the power radiated from an accelerated

charge 1s proportional to the acceleration squared

2
av _ 2 e~ 2
CiA I 3-26

and hence inversely proportional to the mass squared, so that radiation
from the protons in a charge-neutral plasma is typically negligible
compared to that of the electrons.

For a relativistic electron in a magnetic field of ambient energy

density Upg the radiated power (belovw the K'ain-Nishina 1imit) {s

A

where 2 is the Thomson scattering cross section and y is the electron

or Ugc 3-27

Lorentz factor., The radiation spectrum can be approximated by a &-function
at energy <E> = 0.44 yz'ﬁ W, (Ginzhurg and Syrovatskii 1974), where ﬁ'uc

15 the cyclotron epergy. For an electron power law distribution of number
index T and normaltization A, the synchrotron radfation spectrum is

P+l
Ay = 1,98 x 1072 A Uy (4.99 x 107y M2T-3/2 ¢ Z 3-28

For inverse Compton scattering, where the magnetic fleld energy density Ug
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1s repiaced by the electromagnetic energy density U 1n the expression for
radfuted power, the average einitted photon energy 1is

<E> = 4/3 72 <hw> 3-29
where <hv> is the average photon energy of the target photons. For the
same power law distribution of electrons, the inverse Compton radiation
spectrum is

P41
Wy =198 x 1072 AU (1,99 x 1012 chw>) P32 T, 3-30

That i<, for both synchrutren and inverse Compton processes, a power law
electron spectrum of number index T yields a power Taw photon spectrum of
number index {r+l)/2.

For Coulomb collision losses in a plasma, X-radiation {s produced by
non~relativistic electrons. If the electron power law distribution is the
same as above, the resulting non-thermal bremsstrahlung radiation spectrum

is
Ny = 119 x 1071 £(ry a g (T/2), 3-31

where f(I') 1s a factor of order unity and n, {s the proton plasma target

density. For a Maxwellian distribution of electrons

Mg = 12 x 1071 gir,Ey (emyml/2 gl g2g g onEAT, 3-32

where Z 1s the target atomic number, ne the electron density, T the plasma

temperature, and g(T,E) is the free-free Gaunt factor, a logarithmic

(-~

S

- _;::; 8
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function of temperature containing the ratio of maximum to minimum fmpact
parameters. ( Sce,e.j. , Tucker 1975, p 129 H‘,)

2. Line Emission

In addition to the smonth continua discussed above, X-ray spectru
frequently show 1ines produced during interactions 1nvolving atomic
electrons having X-ray binding energies. The K-shell binding energies,

Eg = 72 (0.0136) keV, ave in the X-ray regime for Z > 8, However, elements
with Z > 30 are not expected to give significant 1ine emission because of
their low abundance. Below 2 keV, several elements yield a multiplicity of
1ines which require greater spectral resolution than is generally available
with proportional counters. Further, interstellar absorption of objects at
several kiloparsecs distance makes observations of these Tines marginal.
[The Solid State Spectrometer (SSS) on HEAD 2 provides sufficient spectral
resolution for partial resvlution of 1ines below 2 keV, but the relatively
short observations of Circinus X-1 obtained with the SSS reported here
coi~cided with periods of Tow flux.] For the observations discussed here,
emission T1ines from iron near 6.5 eV are expected to be the most readily
observable (see Pravdo 1979) because of the high cosmic abundance of

iron {~ 4 x 105 prelative to hydrogen) and its high fluorescence yield
(discussed below). The principle 1ine production mechanisms for X-ray

binaries are probably thermal emission and fluorescence.

a. Thermal Line Emission

Thermal 1inc emission occurs in high temperature (T = 106-8 k)
plasma. If electron collisions control the ionization and emissivity of

the gas, the equilibrium ionization state of each atomic species is

L -t

e ———— e e — .
; L P .

E
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determined by the temperature and density. Lines are formed by the decay
to more tightly bound states of collisionally excited electrons or
electrons captured into excited states. For thermal equilibrium, the
volume emissivity due to collisional excitations to level n' of ion Z with

ground state n 1s given by (Blumenthal and Tucker 1974)

-16 T -1/2 AE) e -AE/KT n

H

=1.9x10 n ( ez 3-33
where T is the gas temperature, AE the difference in the energy levels, Iy
the hydrogen ionization potential, and ;-the effective collision
strength. Calculations of the total emission expected are quite complex
and must be done numerically, usually with the assumption that the optical
thickness of the emitting region is sufficiently small that reabsorption of
the radiation can be neglected. A racent calculation by Raymond and Smith
{1977) (updated in Pravdo and Smith 1979) is used to compare observed 1ine
strengths and 1ine centers with those expected for thermal emission from a
gas having a temperaturs consistent with the observed continuum under the
assumption of collisional equilibrium. The ratio of Tine to continuum
photons is usually quoted in terms of the line equivalent width (E.W.),
1.e., the width in energy space of the continuum, centered ot the line
energy, which contributes an energy flux equal to the energy flux in the
Tine. The strongest thermal emission of jron at 6.5-7 keV occurs for a
plasma with kT ~ 3 keV, yielding an E.W. of ~ 1730 eV.

The ionization state of elements in a cloud of cooler gas surrounding
a hot ionizing central X-vray source is likely to be dominated by
photofonization rather than by electron collisions. In this case the

balance of radiative recombination with photoionization will Tead to highly
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fonized atoms at much lower temperatures, compared to the case of .
collisional equilibrium {see McCray 1977). For this case, the principie

1ine emission mechanism is 1ikely to be fluorescence.

h. Fiuorescent Line Emission

Fluorescence is a nonthermal 1ine production mechanism which
requires target atoms which are not fully ionized and a source of photons
or particles with energy greater than the relevant fonization energy. When
an X-ray source shines on a distribution of matter, atoms absorb and
scatter tn~ 1ncident photons. The characteristic fluorescent radiation
emitted by the atoms must then make its way out of the matter to be
observed. In the 1imit that the material is optically thin, the
fluorescence is easily calculated. If it is optically thick, one must take
into account both dilution of the exciting flux as it progresses through
the material and absorption of the fluorescent 1ines produced.

Strong fluorescence emission from iron is expected for many X-ray
binaries (see, e.g., Basko, Sunyaev and Titarchuk 1974; Hatchett ana Weaver
1976). Of the cosmically abundant high Z atoms (> 1073 times hydrogen
abundance), it has the highest fluorescence yield (~ 0.347, Bambynek et al.
1972), i.e., the highest probability of redistributing electrons to fill
inner shell vacancies caused by fluorescence by emission of a
characteristic photon. For neutral iron, this characteristic Ka 1ine !

photon has an enerqgy of 6.40 keV. For hydrogen-1ike iron, the

corresponding energy is 6.90 keV.

prehisiit i

The fluorescent target may be the surface of the companion, an

accration disk, a shell of material at the Alfven surface of the neutron

star, outflowing wind material, or other mass flows in the system. Details

R
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of the 1ine strength, width, energy centroid, and correlations of these
parameters with orbit phase may help determine the relative contribution

from the varfous posgible sources.

i) Optically Thin Fluorescence

For a point source of S{E} phetons s~1 sr=1 kev~! 111uminating a
volume element r2 dr da of material with density n and iron abundance Xp, 4

distance r away, the number of photons absorbed is
IEth Xeg 0 12 dr do o S(EL o, 3-34
rl

where %abs 1s the absorption cross-section and Eyp 1s the threshold energy
for absorption. For a material with fluorescent yield w, the fraction per
steradian of these yielding fluorescence photons 1$ w/4n. For a source at
distance d, division by 2 and integration over the volume of target

materfal gives the observed number of 1ine photons em~2g~1s

N =t X, ndrde [z o, S(E) dF. 3-35
Tine 4y ? target Fe Eth abs

If the source 1s {sotropic ard not obscured, SIE)/d2 s just gg, the
observed number spectrum. For this case the equivalent width of the 1ine
is then

_ rdN w - dN
EW = [qr (Eyqpe)] 7 {:arge:Fe n dr @ IEth Oabs ar G- 3-36

Hatchett and McCray {1977) have discussed the optically thin case for

fluorescence from a stellar wind. Close to the X-ray source where the
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fonization parameter £ = L,/n r2 {s > 102, the iron will be predominantly
hydrogenic and helium-11ke. There the emission 1s technically better
characterized as recombination radiation and the resuiting 1ine energy will
be higher than the neutral fluorescence value of 6.4 keV, ~ 6.7-6.9 keV,
The contribution to fluorescerice in this region can be estimated by assuming
that every excitation leads to a recombination directly to the ground state
and setting w = 1. Further away from the X-ray source where the fron has
at least one 2p electron, w = 0.34, Following Hatchett and McCray, we
write n = n, Dzlr*z. where ny fs the wind density at the X-ray source and
r« is the distance of the fluoresced material from the star center. Then,
from the contributions of the two ijonization regions, we have a somewhat

broadaned line with a net equivalent width
Ew-[034("20 Dy + Dy
TSt = Ul T AR My
Y R i [ N g 3-37
dE ‘“1ine Egp %abs @ .

If we take the cross-section used by Basko (1978),

o

3 X
_ -24 .7

( Fe
4 x 107

’ 3-38

)

as roughly applying to all the ionization states, and assume the source

spectrum to be a power law of number index o, the last factor in Eq. 3-37

becomes i
1 O - Eth3 7.1 ,6.4,%
(E;:;::) [ & " E™% () dE = w57 () keV 3-39 .
N t . .
|
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yielding
EW = 0.49 nx11 012 ( ) keV, 3-40

where ny s the number density in units of 1011 atoms cm~3.
Returning to our initial expression for the EW (Equation 3-36) we can

rewrite 1t for the case of uniform shells of material as

_ pdN B AQ dN

E
= Yabs 1ine
= [S(Eyqpe)]  wqp Tr [ Xeq ar (g~ S(E) dE, 3-41

where we have incorporated the optical depth to Thomson scattering, T =
[n ot dr and used the notation S(E) = & %g-for the energy form of the
power law spectrum. This Tast expression has been used by Basko (1978) for
fluorescence from a corona. Noting that

-24 3

g
abs _ 1.2 10
e (e « 1.8 (L 3-42

x =
Fe o 6.65 10

we can write

7.1
E¥corona = ""4_ T18_2'09

AR 0.9,%
= 403 '4;_' TT (m) kev . 3"43

For a spectrum as hard as that of Her X-1, with « = 1, taking the solid

angle of the accretion disk corona to be AQ ~ 4n gives an EW =
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1.2 T keV. Thus the Tine £W can become very significant as Tt 1, though
as the scattering optical depth increased the 11ne would become smeared and

the absorption edge in the spectrum would become increasingly important.

11) Optically Thick Fluoroscence

For the case of fluorescence of optically thick material,

calculations by several techniques have been carried out for cold
matter (£ 106 K) such as a stellar atmosphere., Hatchett and McCray (1977)
and Basko (1978) have made analytic calculations based on approximate
equations, while Bai (1979) and Felsteiner and Opher {1976) performed Monte
Carlo simulations. The various answers are generally 1n agreement to
within ~ 50%. These results can be used to estimate }ine equivalent widths
for X-ray fluorescence of binary system targets such as the surface of the
companion, an accretion disk, or a shell of material at the Alfvén surface
of an accreting neutron star.

An upper Timit to the EW can be obtained by assuming that all X-rays
above the threshold are absorbed and re-emitted into the hemisphere

viewed. This gives

dN/dE

1]
EW < w L 1 dE

- g 7.1 o
= 0.34 I el (0.9) keV, 3-44

where we have again taken a power law photon spectrum of index a.
When radiative transfer is included, the resulting line EW 1is

considerably smaller.

[
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3. Absorption and Scattering Effects

Frequently the spectrum observed from an X-ray binary system does
not have one of the simple forms discussed above, but rather shows
modifications due to absorption and scattering processes. These
modifications take place in the source 1tself 1f it is not optically thin,
or in intervening mater{ial between the source and the observer. Perhaps
the simplest example of the Tatter is photoelectric absorption in the
interstellar medium, whose principle effect is a Tow energy turnover. The
photoelectric cross-section is a steep function of energy, roughly E”2'7,
with absorption edges at the ionization energies of the absorbing elements
in the medium. Brown and Gould (1970) and Fireman (1974) have calculated
the effective photoelectric absorption cross section for material with
interstellar abundances.

In principle, photoabsorption by ionized gas near the X~ray source can
be distinguished from cold interstellar absorption if the interstellar
absorption does not dominate because the energies of the absorption edges
depend on the {fonization state of the gas. (Such a distinction, however,
requires greater spectral resolution at 1-3 keV than is available with
current proportional counters.) Absorption occurring within the system is
also 1ikely to show correlation with binary phase or other variation with
time.

If there 1s a c¢loud of material in the system, acting as a screen
through which the primary X-ray spectrum must propagate to be viewed by the
observer, the relative strengths of an iron emission line to an {ron
absorption edge provides some measure of the geometry of the cloud, since
the 1ine photons can be scattered into the 1ine of sight from directions

out of the line of sight, while the absorption edge is due to material
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along the 1ine of sight.

Generally, models of close bipary X-ray systems assume as the
principle sources of opacity free-free absorption (the inverse process to
thermal bremsstrahlung) and €l4<tron scattering. At sufficiently low
frequency or sufficiently far from the X-ray source (see fonfzation
discussion, below), free-free absorption dominates. If the temperature and
density conditions within the energy production regions are such that the
source s optically thick to free-free absorption, t (= absorption
coefficient « depth} > 1, only the surface layer (down to a depth where 1 =

1) is ubserved, and the emerging spectrum has the Planckian form

&=y e 3-45

where T is the effective blackbody temperature.
When electron scattering dominates, the effective optical depth is

taken to be
reff(v) =fp Ve Rep (V] dZ 3-46

where Kag 18 the electron scattering coefficient, and Kff(v) is the
frequency dependent absorption coefficient, p 1s the matter density, and Z
is the depth inward from the surface. The emitting material is then said
to be optically thick or optically thin depending on whether Toff is
greater or less than unity.

The radiation spectrum is also affected by the "Comptonization

parameter”, y = (4 kTe/mecz) T 52. where T, and m, are the electron

e
temperature of the gas and the electron rest mass, and Tag {s the electran

LAl



78

scattering optical depth to the point of emission. The factor {4 kTe/meca)
is the fractional gain in energy of a photon per scattering and Tesa is the
average number of scatterings a pheton undergoes 1n reaching the last
emittiny surface., If y << 1, Comptonization effects are unimportant. If
the emitting material {s optically thin (‘eff < 1}, the emerging radiation
spectrum has the shape of the primary emission mecnanism.

1f the source 1s optically thick (Teff > 1) i1t 1s viewed to a depth
where Toff ™ 1. The emerging spectrum is that of a "modified blackbody”.
For an 1sothermal homogeneous siab of emitting material {an approximation
to the emission from a thin disk), the 1ntensity at frequency v 1s given
approximately by

. 1/2 1/2

v V es

where B, s the Pianck distribution. This reduces to a pure blackbody
when Keg >> x__. Otherwise the emissivity 1s less than that of a

blackbody.

es

For different assumptions of the density distribution, the exact form
of the modified blackbody varies. For example, for an exponential
atmosphere the power of the opacity coefficients is 1/3 rather than 1/2 and
the numerical factors are slightly different.

When y >> 1, Comptonfzation is safd to "saturate”: photons continue
to gain energy until thev come into thermal equilibrium with the
electrons. Since the photon number is conserved in the scattering process,

the resulting equilibrium spectrum follows a Boltziann distribution

dN _ 8 2 e-hu/kT
]

& Boltz ° =37 E 3-48




rather than a biackbody spectrum,

The case of "unsaturated Comptonization”, with y ~ 1 and 1 .. <«¢ 1,
requires detailed analysis of the Kompaneets (1957) equation for radiative
transfer. For nonrelativistic electrons, Shapiro, Lightman, and Eardiey

(1976) give an approximate expression for the resuiting photon spectrum:

e (v am _=hv/kT
I\J ('ET—e-) e e 3"‘49

with m = %-- ( §-+ %-)1/2, = ~1fory =1, They argue that unsaturated
Comptonization in the inner part of an accretion disk may explain the hard
spectral tail seen from Cyanus X-1.

In addition to its possible profound effect on the observed continuum,
Comptonization will tend to spread out any emission 1ine feature and fil1

in absorption edges (Ross, Weaver, and McCray 1978),

4, Ionization Effects

The mass flows in the binary system do not simply provide an inert
screen which modifies the initial source spectrum with absorption and
emission features. The gas itself may be affected by radiation pressure or
heating, a wind outflow may become very asymmetric due to fonization near
the X-ray source. In general, gas in the system will have & complex
geometry and thermal structure, Sti11, the highly idealized model of an
isothermal, spherically symmetric mass distribution centered on the
companion (approximating an extended atmosphere or wind outfow) allows an
estimate of the magnitude of one of the potentially most important effects

of the X-ray source on the mass flow from the companion from an
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observational standpoint. This effect is ionization of the matter in the
vicinity of the X-ray source. Apart from possible dynamic changes in ths
wind which may result, such fonization may largely determine the appedsance
of the binary system from various orbit orientations, and changes observed
with binary phase.

Foliowing Pringle (1973), we can estimate the size of the fonized
region around the X-ray source by considering the "Strdmgren surface® which
bounds it. Along any radius vector from the central X-ray source (assumed
to be a point) the distance of the surface is found by equating the number
of fonizing photons emitted in & pencil beam to the number of
recombinations within it. We can express the number of recombinations per
unit tice in a pencil beam of elemental solid angle da and length Rg from
i X=pay source as

Rs - 2
£ Ni”e %eae Tx drx dn 3.50

where r, i1s the distance from the X-ray source.';rec is the effective
recombination rate (cm=3s~!) of the species being fonized, and Ni and Ng
are the electron and fon densities at distance r, from the X-ray source,
taken as équa1 for a hydrogen-1ike species.
The distance r from the center of the companion can be expressed in
terms of r, and the stellar separation D as
2 2 . N2

r“ =r" +D

X -2 re D cos @ 3-51

where 8 is the angle the radius vector from the X-ray source makes with the

1ine joining the stellar centers (refer to Figure 3-1). Assuming for




/3 i

81

ORIGINAL Py
GE i3
OF POOR QuaLiye

Figure 3-1

The size of the ionized region around an X-ray object imbedded in the
stellar wind of 1ts companion 1s estimated using the Stromgren surface
analysis of Pringle {1973). The 1ine-of-sight distance from the X-ray
source to the Strimgren surface is found Ly equating the numbsr of jonizing

photons in a pencil beam to the number of recombinations within it.
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simplicity a wind density profile that ¥alls off as the inverse square of
the distance from the center of the companion, the recombination rate can

then be written as

2

do | X , 3-52

R.(8) r
s r
rec o X [rx2+ D% - 2 r, D cos 81°

NDZ D4 o

where Np 1s the wind density at the X-ray source, a distance D from the
companion. One finds an implicit solution for RS(B), the distance from the
X-ray source to the Stromgren surface as a function of 6, by setting the
above expression equal to g%-F, where F is the number of fonizing photons

from the source emitted isotropically, and performing the integral. This

yields
A = 3 i 2, 3-53
4r D %ac ND
where
1 . 1 RS - D cose]
A= -6 + tan"" [ + sine coso
2 sin” @ z D sing
DRS sing - 2D R s sinsa - D2 sind coso
+ . , — 3-54
Rs + D" - 2 Rs D cose

Figure 3-2 shows the Stramgren surfaces calculated for various values

of A. For A < 1/3 the fonized regions are bounded by closed surfaces
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Figure 3-2

The shape and size of the Strimgren surface depends on the jonization
parameter A = F (4n w D3 NDZ)'l, where F is the number of jonizing
photons emitted isotropically from the X-ray source, D is the stellar
separation, Np is the wind density at the X-ray source, and Weee 15 the
effective recombination rate. For XA < 1/3, the ionized regions are bounded
by nl.,sed surfaces around the X-ray source. For A > 1/3, the Stromgren

surface is roughly a hyperboloid with symmetry axis along the line passing

through the stellar centers,

STROMGREN SURFACES FOR VARIQUS
VALUES OF 2
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around the X-ray source. For X > 1/3, the Strdmgren surface is rcughly a
hyperboloid with an axis of symmetry along the 1ine passing through the
stellar centers. The asymptotes to the surface can be calculated by
Tetting Ry + = in the expression for A, yielding an implicit expression for
the half angle BT of the tangent cone whose vertex lies at the X-ray

source, outside of which X-rays can reach the observer without absorption:

T~ Op sin 01 cos eT

3-5658
2 51n3 ]

| G(aT) =
T

A plot of the tangent cone half angle eT versus A is given in Figure 3-3.

The dominant photoabsorbers for X-rays in the range 0.7-7 keV are
oxygen fons {e.g., Hatchett and McCray 1977}. If we take 10% K as a
typical gas temperature near the JX-riy source, oxygen is mostly hydrogenic,
and we can write the effective recombination coefficient {including the
oxygen abundance) as

- ~10

%pae ™ Xo {3 10

) 22 T“3/4

~ (4.4 107%) (3 10710) (64) (1.8 1074

~ 1.5 10717 ' 356

where the values for the recombination coefficient and the cosmic oxygen
abundance have been taken from Allen {1973). The photoionization cross
section varies roughly as v"3 times the threshold energy 0.87 keV, so that
source photons with energies > 2-3 keV will not contribute much to keeping

the gas jonized, If we include only the softer X-ray flux from the source,
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Figure 3-3

The cone half-angle eT of the open Strimgren surfaces (A >1/3) 1s

calculated by noting that the distance to the surface, Rg» Pecomes infinite
at the asymptotic 1imits of the surface. Letting Rg + w in Equation 3-54

glves an implicit expression for 2 for a given ,,
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from photons with energy ~ 1 keV, we can write

Lyn/E
A = 50 37% , 3-57

o N 3

where we have used dimensionless parameters L3y = L/10%7 erg 571, Ey = the
effective fonizing energy in units of 1 keV, Dyp = p/1012 cm, Nip = N/10%
cm™3, a_yp = ;;80/10'15 em® 571,

Pringle points out that a proper calculation should take into account
both thz details of the various absorbing elements and the true source
geometry and thermal structure. Hatchett and McCray {1977) argue that the
type of analysis used by Pringle should give an upper limit to the size of
the fully jonized region which would be calculated under a more careful

treatment of the atomic physics.
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CHAPTER IV. INSTRUMENTATION

This chapter describes the instrumentation used to effect the
observations reported in this thesis. An outline is given of the physical
principles of the detecting devices, followed by a brief discussion of
prototypical detectors designed to optimize astrophysical application.
Parameters of the actual detectors used in the observations are 1isted for
reference in Table 4-1. Detailed discussions of the various instruments
have been given elsewhere, and are cited in the relevant discussions below

for the interested reader.

A. Proportional Counter as X-Ray Detector

A gas proportional counter is used to detect X-rays by means of the
photoelectric effect. For simplicity, consider an X-ray photon entering a
cylindrical gas volume of diameter "a" surrounding a central collecting
wire of diameter "b" which is positive with respect to the outer
cylinder. The photon has a probability of interacting with atomic
electrons in the gas which depends on the gas thickness (in g cm2)
traversed and the quantum efficiency w(E,Z) which is a function of the
X-ray energy and the atomic number of the gas. The quantum efficiency is a
smoothly decreasing function of energy roughly proportional to 74 E'2'7,
except for sharp discontinuities at absorption edges, corresponding to
ionization energies of atomic electrons in inner shells. These edges are
characteristic of the particular detecting gas. When the photon ionizes an
atom, the electron is ejected with a kinetic energy equal to the photon

energy less the jonization energy e, ~ 20-30 eV for typical counter
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TABLE 4-1:

A

SatelTite Detector (cm@)

Ariel-5 ASM

050-8 A

HEAD-1™** A2 MED
A2 HED3
HEAQ-2 $SS
MPC

Approximate values

rea

263
37
237

400

400

400

400

200

672

Foy

40x900

59 circ
3% ¢irc

59 circ
30x30
3%1%
30x30
3%19%

3' circ

45'x45"
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DETECTOR PARAMETERS"

Energy Range FWHM Background Crab™*

(kev)

1.6-60
1 . 6"20
2.5-60

0-4"4

1.1"20

(rev) 51 51

1/2

7 40t 128

" 2% 800

v 1 70

" 10 370

" 6.7 780

’ 3.9 780

" 9.2 700

6.1 700

0.160 0.1 500
1/2

(,E-) 17 1600

o Flux from Crab = 1000 uly = 2.4 X 10-9 erg s~lem=2kev-l at 5 kev

UEAD-1 "R15 counts"

=3 1079 erg cm2 s-1,

(HED3 total + MED Layer 2} count s~1

,k
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gases., This electron distributes the excess energy among neighboring
atoms, creating an "avalanche" of jon pairs whose number N is roughly
proportional €o the incident photon energy divided by the fonization
energy: N = E/e.

1. Proportional Counter Gain

The applied electric field causes the electrons to drift toward a
collecting anode; as they accelerate, they collide with and -- {f the field
{s strong enough -- jonize additional atoms, with the avalanche process
repeating until the number of electrons collected at the anode is MsN,
where M, the "gas multiplication factor" or "gain" of the detector, 1s a
function of V,/ &n{b/a}, with V, the applied voltage. As the voltage is
increased, the multiplication region moves outward and the number of
avalanches increases. The gain also depends on the number of electrons
encountered as the electron drifts through the multiplication region, which
is proportional to the pressure times the distance a. The typical
proportional counter regime for gain gives a factor of 103 - 105 more
electrons than the initial avalanche. Since each electron in the inftial
avalanche produces approximately the same number of cascade electrons, the
total charge collected is approximately proportional to the incident photon
energy. Departures from proportionality are caused by such effects as
losses due to electron scattering and edge effects due to location of this
initial avalanche near the boundary of the counter. The influence of end
effects due to nonuniform fields at the ends of the cyclinder is minimized
with a long narrow cylinder. Losses of electrons through the wall boundary
can be parameterized in terms of the range of the electron for a particular

gas constituency and pressure relative to the cell size.

e e e BT 4, A e e et i bt ot et
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For proportional response to incident energy, the charges must also be
collected before they recombine and within the relevant integration time,
Impurities 1n the detector gas which can attach to the electron and slow
down their drift will also lead to incomplete charge collection.

Outgassing of impurities 1n the detector walls can lead to {ncreased
degradation of counter response with time unless specfal care is taken to
minimize their presence.

Another important process which leads to non-proportional response is
the escape of fluorescence radiation. This can occur when ejection of an
{nner shell electron by a photon with energy above a characteristic
absorption edge of the gas 1s followed by cascade of an outer shell
electron to fil1l the vacancy. The counter gas 1s relatively transparent to
{ts own characteristic radiation, which may then escape. In that case, the
net energy recorded for the event will be the initial photon energy less
the amount of the resonant radiation. For a noble gas such as argon or
xenon, the fluorescence yield is only a few percent; however a hard
incident source spectrum can produce a high percentage of 1ow energy counts
from high energy photons by this means.

A noble gas is usually chosen as the primary counter gas to reduce
such non-fonizing energy loss mechanisms as excitation of low Teve!
rotational or vibrational states of a molecuie. However a noble gas fis
transparent to ultraviolat photons emitted by excited noble gas atoms. New
multiplication processes may be started by electrons removed from the
counter walls, by fluorescing photons or colliding excited atoms. A
polyatomic quench gas such as methane is usually added to the counter to
absorb UV photons and coilisionally de-excite noble gas atoms in metastable

states.



91

2. Proportional Counter Resolution

The resolution of the counter is 1imited by the fnherent
statistical nature of the number of {on pairs formed in the initial
avalanche and by subseguent losses in the multiplication prncess. The
numbér N of electron-ion rairs crected in the Inftial avalanche is subject
to variations depending on which energy levels are excited and losses due
to such effects as scattering of the primary electron. For Poisson
statistics the variance on N is equal to <(N - ﬁ32 > = N, In this case the
rms deviation of the energy distribution deduced for monochromatic incident

1/2
photons of energy E is o ~ (ZEE) ~ ¢ N2

where ¢ ~ 30 eV is the average
ionization energy per pair. This would lead to an observed full width half
maximm detector response to a &-function input of FUHMp,icean *

2a(2en 2)1/2 = 2.35 (Ea)llz. which corresponds to a fractional resolution
0.41 £°1/2, or a resolution of about 14% FWHM at 3 keV. In fact the
variance on the number of electrons 1s not Poisson; the energy dispersion
is lowered by a "Fano" factor less than 1 {Fano 1947) to a value

2.35 (EeF)l/Z. However, the multiplication increases the dispersion back
to roughly the Poisson value. In practice, this inherent proportional

counter resolution is degraded by incompiete charge collection due to

impurities and other Tosses noted above.

B. Goddard X-Ray Proportional Chambers

1. Detector Design

The Goddard proportional counters on the 8th Orbiting Solar
Observatory (0S0-8) and the first High Epergy Astrophysical Observatory

(HEAD-1) satellites are multiwire gas proportional chambers consisting of
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stacked wire grids which partition a common detector gas volume into many
long rectangular cells, each with grounded wire boundaries and a central
wire anode. Alternate anodes are connected in a logic scheme whereby
events which trigger adjacent cells or layers within the integration time
are rejected as particle events; uniixke X-rays which {nteract once if at
all, incident electrons will leave a trail of {fon pairs that usually cross
cell boundaries,

Events are also rejected if they occur in the boundary cells adjacent
to the detector sides, where Compton @lectrons produced by low
energy y-rays entering through the detector walls increase the background
substantially. Several of the detectors have an upper veto layer just
under the mechanical collimator, filled with neon-propane gas which is
transparent to X-rays with energies above Z keV, but which records the
passage of charged particles. The detectors without this veto layer have a
lower low energy threshold; cross-comparison with the response of the
two-gas detectors can be used to protect against contamination by
precipitating electrons, a major source of detector background in the
absence of some rejection scheme.

The proportion of X-ray events which are thrown out in this
anticoincidence process due to dispersion of the initial electron cloud
past a cell boundary, i.e., the anticoincidence 10ss rate, can be f
determinéd in controlled experiments before the detectors are launched into
space. As noted fn the gain discussjon above, t*e magnitude of this loss
will depend largely on the range of the electron in the detector gas
retative to the cell size. While this and other such losses are kept to a !
few percent by considered detector design, effects of this size hecome

important when they exceed the statistical errors. A program of careful
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calibration of the detectors by exposure to sources of known energy and
strength in a simulated space environment has reduced the systeiatic
uncertainties in knowledge of the detector response on earth to one or two
percent. For a detailed discussion of the method used to calculate the
detector response function from these calibeations, refer tu Pravdo (1976).

The Goddard proportional chambers use ~ 1 atmosphere of argon (Z = 18)
or xenon (Z = 54) as the detecting medium, with 10% (by pressure} methane
added as a quench gas. ({th wire diameters of a mil and cell sizes ~ half
an inch, operating voltages near 2000 volt. give muitipiication factors of
2-4 x 103, The collected charges are read out into 32 or 64 pulse height
channels, with the 64 channels arranged in a quasi-logarithmic format that
doubles the resolution below about 15 keV. 7The range of energies covered
by these channels (roughly 2-20 keV for the argon detectors and 2-60 keV
for xenon), depends primarily on the counter window transmission at Jow
energies and the efficiency of the detector yas for absorbing high energy
X-rays within the detector volumes. Window thickness (in gm em=2) is
constrained by the need to keep diffusion by the detector gas, and the
resulting drift in gain, to a tolerable level. The window materials are
efther thin (~ 2 mil) beryllium foils or thin plastic sheets aluminized to
provide grounding on that face of the counter. The detector thickness is
constrained by satellite weight constraints and the growing importance of
Compton scattering relative to photoelectric absorption, above a few tens
of keV.

2. Detector Calibration

Within the energy range of the detectors, the relevant absorption
edges are the K-edge of argon at 3.2 keV, and the K edge and three L edges

of xenon at 34.6 keV and ~ 4.8 keV, respectively. The effects of resonance
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escape due to these edges were determined in a calibration facility at
Goddard which pravides bremsstrahiung continuum and fluorescent 1ines from
thin metal targets irradiated by electron beams with energies > 25 keV.

The well-established energies of the target fluorescent energies could
be used to determine the 1inearity, slope, and intercept of the gain of
each detector. These Tines in conjunction with characteristic Tines from a
variety of radfoactive sources were used to measure the detector
resolution.

Once the detectors were in space, changes in gain and resolution were
tracked with weak onboard radfoactive sources: an Fe95 K~capture source
which emitted a 5.9 keV M98 KaB 11ne, and an An?%l source that emitted an
alpha particle coincidently with prompt gamma-rays at 59.6 keV and 26.3
keV, as well as Np237 L X-rays at 13.9 and 17.8 keV. These sources were
either commanded into and out of the detector Tield of view or had
associated anticoincidence circuitry to flag the signals. Examples of the
calibration pulse height spectra for two 0SO detectors are shown in Figures
4-1 and 4-2. The xenon-filled A detector was calibrated with an Am24l
source. The detector response to the calibration lines used is
indicated. The line at the upper threshold is due to the 53.6 keV nuclear
line minus the resonant escape energy due to the xenon L-edge at 4.8 keV,
The argon~filled B detector was calibrated with the 5.9 keV Koy Tine and
the 1ine minus the resonance escape peak due to the argon K-edge at 3.2
keV. ,

In space, the detector gains drifted slowly with time due to diffusion
of the counter gas through the window. Figure 4-3 shows the detector gain
histories for the three 0S0 detectors, where the detector gains are quoted

in terms of the ratio of photon energy to pulse height channel in
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Figure 4-1

The xenon-filled 05S0-8 A detector is calibrated in space with a weak
Am24d alpha-particle emitter, which has associated anticoincidence
circuitry to flag the signals during observations of cosmic sources. The
«rosses in the figure show the complex detector pulse height spectrum from
the source. The s01id curve indicates the predicted detector response to
several narrow lines superimposed on a flat continuum: the 59.6 keV
nuclear 1ine (minus the resonant escape energy due %o the xenon L-edge at
4.8 keV) shows up at the upper threshold; the 1ines at 13.9 and 17.8 keV
correspond to Np237 L X-rays.
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Figure 4-2

The argon-filled 0S0-8 B detector is calibrated in space with a weak
Fed5 K-capture source which can be commanded into and out of the field of
view., The crosses in the figure show the detector pulse hefght spectrum
for the 5.9 keV Mn KuB Tine, and the 1ine minus the resonance escape due to
the argon f-edge at 3.2 keV. The solid line gives the predicted detector

response to a narrow line at 5.9 keV,
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due to diffusion of counter gas through the windows.
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Figure 4-3
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The figure shows the siow drift of the 0S0-8 detector gains with time

The detector gains

are quoted in terms of the ratio of the photon energy to the pulse height

ckannel in keV/channel.
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keV/channel, a standard convention which actually states the reciprocal of
the gain. As the detector gas pressure dropped slcwly, the multiplication
factor, proportional to the pressure, was reduced so that a given collected
charge required (and a given pulse height channel reflected) a higher
photon energy. The relatively rapid gain change of the xenon-filled C
detector (note the change in scale of the y-axis) at the beginning of the
mission 1s believed to be due to rapid outgassing of water vapor which had
entered the plastic windows of the detector in a humid environment before
launch. The observed counter stability and good resolution (Fe55 showed a
resolution of ~ 17% at 5.9 keV in the B detector) refiect the near absence
of impurities in the gas. This condition was achieved by great care in
detector assembly, where the inner counter surfaces were carefully cleaned,
followed by baking of the assembled detector at 80° C during evacuation to
allow the Al surfaces to outgas. Additionally, a film of calcium metal was
evaporated onto the inside of the detector to act as a “getter" for

impurities such as water vapor.

C. Summary of Instrument Parameters

For the various detectors used to make the observations reported in
this thesis, Table 4-1 lists parameters useful for understanding those
observations: The fields of view of the mechanical collimators give the
potential for isolating sources in crowded regions of the sky. The energy
range indicates sensitivity to various spectral components, while the
energy resolution measures the ability to identify narrow spectral
features. The background rate and count rate observed for the Crab Nebula

combine to show the sensitivity to weak flux levels. The observed

— —m I
-
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rate from the Crab also allows a rough conversion of rates quoted in the
text to fundamental flux units {erg cm2s=1) or rates expected from other
detectors for a spectrum similar to that of the Crab. Source fiux levels
in Chapters V and VI are sometimes quoted in units of HEAO-1 "R15 counts",
a roughly spectrum-independent measure of 2-20 keV band flux from a
combination of detector rates defined in Table 4-1; one R15 count
corresponds to = 3 x 1079 erg cn~? 51, or ~ 1.2 Uhuru flux units for a
Crab-11ke spectrum,

1. Proportional Counters

The detectors Tisted include five proportional counts of the type
discussed above: the three 050-8 detectors (Pravdo 1976) and the Medium
Energy Detector (MED) and smallest field of view High Energy Detector
(HED3) of the A2 experiment (Rothschild et al. 1979; Shafer 1983) on
HEAO-1. Two other proportional counters are listed. The first is the All
! Sky Monitor (Katuzienski 1977} on Ariel-5, a small {1 cm?) low data

rate (~ 1 bit s~1), position-sensitive detector with no spectral

information beyond a 3-6 keV band average, which served a crucial role of
providing near-continuous coverage of most X-ray sources, monitoring

1 long-term behaviors not accessible to most satellite instruments. Imaging
E of the X-ray sky in one dimension was accomplished with a resistive anode
| detecting photons through two pinhole apertures. The geometry of the
detector allowed a narrow strip of the sky to be viewed at any instant,
with the band moving across the sky as the satellite turned. Along the
Tongest dimension of the strip the source of observed photons could be

determined by the ratio of the charge collected at one end of the wire to

the sum from both ends. The remaining proportional counter is the Monitor

Proportional Counter (MPC) on HEAO-2 (called the Einstein Ohservatory in

g oy~
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commemoration of Efnstein's centennial birthday celebration in the year of
launch}, which provided low resolution 1-20 keV band coverage of sources
simul taneous with viewing by the HEAO-Z Soilid State Spectrometer (SSS)
(Holt 1976; Joyce et al. 1978},

2. Solid State Spectrometer

The principle of a solid state spectrometer 1s similar to that of a
proportional counter. An X-ray "frees" an electron. A voltage applied
across the device collects an zimount of charge proportional to the X-ray
energy. Instead of a gas the medium is a solid, Si, which has been doped
with Li to tune the insulating and conducting characteristics of the
material. The voltage across it keeps the interior region depleted of
electrons and holes, so that no current is flowing except when an X-ray
creates a pair. The detector is a reverse-biased np junction. As the
operation 1s similar the energy dispersion is also of the form
2.35 (EsF)l/z. Here ¢ =3.81 eV and F ~ 0.1, predicting FWHM ~ 46 eV (Holt
1976). Other sources of variance increase this to ~ 160 eV. These
dnminant effects are energy independent.

The S5S on HEAQ-2 worked over the energy range ~ 0.4 - 4 keV, The
lower 1imit is determined by the noise, the upper by the telescope cutoff
due to focal length. The effective area was ~ 200 cm® from 0.4 ~ 2 keV,
but only ~ 50 cmé at 3 keV. The field of view for the SSS was a circle 6'
in dizmeter. The detector, 9 mm in diameter, was placed slightly beyond

the focus of the telescope so that the whole detector volume would be

utilized.

- _ P

T L
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Y. OBSERVATIONS

This chapter outlines the instruments, data collection modes, and
viewing times for the Goddard observations of Circinus X-1. A synopsis is
given in Table 5-1.

From the positfon of the optical counterpart, Circinus X-1 is located
to within 1" of 1950.0 celestial coordinates R.A. = 22992021 , Dec
= -56%989 (Whelan et al. 1977). This position corresponds to galactic
longitude & = 3229 in the plane (b = 0%a4). Figure 5-1 shows a map of the
Circinus region in galactic coordinates, indicating nearby sources and
various observational scan paths. Note that longitude increases from left

to right, opposite to the convention used in many galactic projections.

Observation 1: 0S0 A Detector Point

Cir X-1 was observed by the Goddard Cosmic X-Ray Spectroscopy
Experiment "A" Detector (xenon-filled, 5° FWHM collimator, 50 off-axis) on
0S0-8, during a 16.6 day binary period from Day 230 to Day 247 (17 August -
3 September) of 1976. The source coverage was especially good (i.e. high
collimator efficiency, Tow source contamination, good statistics) from a
day or so before the transition (1.e., the decrease in soft flux) through
the day after. This observation constituted the longest v;ew of Circinus
with good statistics with Goddard instruments, and allowed a study of
spectral evolution. The slow motion of the aft spin axis through the
Circinus region is indicated in Figure 5-1 by a dashed curve. The path was
chosen so that the A detector, canted at 5% to the spin axis, scanned over

the source for 2-3 seconds out of every ~ 10 second satellite rotation. In
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TABLE S-1a:
ANSTRUMENTS

050-8 A Detector

50 eircular collimator

1.7 « 60 ke¥ response
HEAD=1 A2, HED & HEDD
SFOV: 195 x 39 MM

LFOy: 39 x 3° FHIN

MED re_ponse! 1.5 - 20 keV
HED response: 2-60 keV
HEAC-1 A2, HED & HED]

{as above)}

HEAD=1 A2, MED & HED}
{as above)
0sN.8 C Detector

5% circular co)limator
2-60 ke¥ response

REAO-1 A2, MED & HED3
{as for Qbs, 2)

HEAD-]1 A2, MED & HED3
(as for Obs, 4)

HEAD-2 S55 & HMPC
§55: &' collimator, 0.4-4
key pespsisp
MPC: 0,75 x 0.75 FWiM,
2~20 ke¥ response

HEAD-2 SS5 & MPC

(as above)

HEAD-2 555 & MPC
(as above)

HODE

“coning®

point

Scan

point

scan

point

*ping pong”
point

£can

point

point

point

SUHHARY OF CIRGINUS X-1 OBSERYATIONS

DATES

1976 Nays 230.247
(17 August - 3 September)

1977 Days 236243
{24.31 August)

1978 Day 48,79-48,93
{17 February)

1978 Days 51.57
(20.26 February)

1978 Days 48.56
{17-25 February)

1978 Day 231.54-231.84
{19 August)

1978 Days 236-243

(24-31 August)

1979 Day 49.11-49,9%
Day 50.29-50.45

(18~19 February)

1979 Days 230,97-231,05
23]1.49-232.04
232.48-232.58
234.92-235.02

(18-23 August)

1979 Day 248,14-248.30
(5 September}

0.3}

0.98

0.12

=0.07

-0.01

-0.01

«0,05

0.19

0.99

- 0065

- 0.99

- 0,48

- 0.41

- ﬂ.Dl

- 0,07

- 0,08

- 0.20

- 1.00
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TABLE 6-1b: SUMMARY OF CIRCIKUS X-1 QBSERVATIONS
COMMENTS OH OBSERVATION AND ANALYSIS

Very tlow scan of aft spin axis around source for good efffcency of A detector. Data
collected in “TH sync” mode to minimize source confusfon. 160 msec rates data
available, &4 channel PHA mode,

MED window 28 turned off, 10-5ec PHA and 1-sec rates overflowed for peak fluxes.
S.sec scalar rates used to estimate spectra, LFQOY used to obtein 80 msec rates dering
quasi.osciilations, 32 channel PHA mode. Source 1n field of view for < 30 seconds
out of each ~ 33 min great circle scan of the sky.

LFOV used to estimate spectrum from adjacent source AUSI0-59 (+MSH 15-52) as check on
D50 A detector residual spectrum after outburst, 64 channel PIA mode,

8-color scalar rates used to ostimate Jow-flux spectrum. Adjacent sources of
comparable strength would contribute to PHA accumulation but can be excluded from
rates by scan angle timits with SFOV,

Hast of }slowly moving) pointed observation had Tow effective area for Circinus, with
up to a factor of 2 grester exposure to AUI51N.59.

Nine maneuvars on and off source over seven hours bracketing transition. Background
taken in off source position near 4U1446.55, 64 channel PHA mode,

f-color scalar rates for SFOV used to estimate Tow flux spectrum during scanning
maneuyer,

Ice factor for $S5 large in early part of mizsion and not well modeled. Hence spectra
fit only down to 1 keV.
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Figure 5-1

This galactic-coordinate map of the sky near Circinus X-1 indicates
nearby sources and various observing paths {discussed in the text). Care
must be taken to exclude other sources from the 0S0-8 and HEAO-1 A2 fields
of view. The 050-8 A and C detector 5° circular fields of view, centered
on Circinus are denoted by the large circle; the smaller c¢ircle shows the
full width half-maximum efficiency. At peak efficiency for Circinus, the
050 collimators view the nearby supernova remnant MSH15-52 at about half
efficiency. The A2 SFOV collimators are represented by the 39 x §°
rectangle giving the FWFM response. The FWHM response is indicated by the
smaller rectangle (195 x 3%0). When Circinus X-1 is observed at peak
efficiency in the SFOV, MSH15-52 appears oniy in the LFOY.

Note that in the figure, longitude increases from left to right,

opposite to the convention used in many galactic projections.
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Figure 5-1, a circle of 59 radius centered on Circinus corresponds to the
area of the sky viewed with Circinus in the center of the field of view.
The smaller circle of 29 radius gives the half maximum response of the
coltimator.

Detector rates superposed in phase with the satellite rotation for a
string of rotations are shown 1n Figure 5-2 for two intervals during the
observed outburst. With -a satellite rotation rate of 6.06 RPM, there were
61 phase bins. The solid 1ine in Figure 5-2a shows the contribution to the
flux from neighboring sources on Day 232, with the peak bins expected for a
triangular response of the colliimator to point sources tagged for each
source. Figure 5-2b shows the dominance of Circinus X-1 during the peak of
the outburst on Day 231, with a nearly perfect triangular response to the
source. (Minor discrepancies are predominantly from variability of
Circinus.)

Because the data were collected in telemetry synchronization mode
rather than the more usual spin-synchronized mode, the sectors available
for PHA data accumulation precessed and could be chosen to minimize source
contamination. Background data were taken from the region of the circuit
free from apparent sources.

Tha combined 2-60 keV aspect-corrected rates from Circinus for a
portion of the observation including the outburst are shown in Figure
5-3b. During the peak. the source showed chaotic fluctuations on the ~ 10
second rotation timescale, with spectral hardening with increasing
intensity. (These fluctuations wil1l be discussed in Chapter VI.} The
maximum Tntensity (for 1000 second averages) was ~ 0.6 counts em=2 s“l,
corresponding to ~ 160 Uhuru counts or ~ one-sixth the intensity of the

Crab Nebula. This was a moderate outburst for Circinus, which has been
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Detector rates superposed in phase with the satellite rotation for a
string of rotations are shown for two intervals during the observation.
With a satellite rotation rate of 6.06 RPM, there were 61 phase bins., The
solid 1ine in part A shows the contribution to the flux from neighboring
sources on Day 232, where the peak bins expected for a triangular response
of the collimator to point sources are tagged for each known source. Part
B shows the dominance of Circinus X1 during the peak of the outburst on
Day 231, with a nearly perfect triangular response to the source. (Minor

discrepancies are predominantly from variability of Circinus.)
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Figure 5-3

This figure demonstrates the behavior of Circinus during Observation 1
averaged over 1000 seconds. It shows:

A} A nine-month 3-6 keV band 1ightcurve for Cir X-1 in half-day
averages, from the Ariel 5 A1l Sky Monitor. This puts in context the
outburst covered by the 0S0-8 A detector (indicated by dashed circle). The
outburst was of moderate strength {~ 160 Uhuru flux units) and declined
half a day early compared to the ephemeris based on the larger outbursts.
Predicted transitions are indicated by the arrows at the top of the plot.
Quasi-simultaneous radio coverage during the 0S0 event 1s discussed in the
text.

B} The portion of the 2-60 keV band 0S0-8 light curve including the
outburst, the predicted transition {marked by a dashed 1ine), a hard flare,
and a slow decline.

C) & D) Evolution of a two-component spectral model: A soft
component well fit by a blackbody of KT ~ 0.8 keY is assocfated with the
outhurst, jncreasing in strength and becoming less absorbed as the flux
increases, then diminishiryg and becoming more absorbed until it disappears
at transition. A steadizr component, described by a power law of photon
index ~ 2 or thin thermal bremsstrahlung of KT ~ 8 keV, persists after the
transition and may never show much more than interstellar absorption. A
brief hard flare, possibly involving an additional component, occurs a few
hours after the predicted transition.

The letters at the bottom (C,D,E,...,0,() identify intervals of

spectral accumulation.
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observed at intensities as high a. 2-3 times that of the Crab {Dower 1978;
Kaluzienski 1979). It declined half a day early compared to the ephemeris
based on the larger outbursts, a fairl, common behavior for the smaller
outbursts. The vertical dashed 1ine shows the transition predicted by the
Ariel 5 A1l Sky Monitor {ASM) ephemeris (Kaluzienski and Holt 1977).
Figure 5-3a shows the ASM 3-6 keV band 1ight curve (Kaluzienski 1977} in
hal f-day averages for a nine-month period surrounding the 080 point. The
0S0 outburst in this plot is marked by a dashed circle. Results from
quasi-simuitaneous s :dio coverage during the 0S0 event (indicated by the
hatched region nearby) are discussed in Chapters VI and VII., Predicted
trencitions to low flux are indicated by arrows at the top of the plot.
After the outburst, a residual flux was detected, with a minimum rate a
factor of 10 lower than the peak. Except for a brief flare which peaked a
few nours after the predicted transition and declined in about an hour, the
residual flux was fairly steady, dropping by no more than about a factor of
2 during the observation.

For spectral analysis, the pulse height data were divided into
intervals (indicated at the bottom of Figure 5-3) when the counting rates
were approximately constant on the time scale of minutes. Results are
presented in Chapter VI for spectra between Days 231 and 234 of 1976
(intervals £ through 0) and one average spectrum for Days 237 to 240
(interval Q, not shown), when source confusion was minimal.

rhe spectral data indicated the presence of two continuum components,
whose evolution, indicated in parts ¢ and d of Figure 5-3, is discussed in
Chapter VI. Note the flare occurring a few hours after the predicted
transition.

The source 4U1510-59, tentatively identified in the 4U catalogue with
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the supernova remnant MSH15-562, is located ~ 20 away from Circinus and was
in the A detector 5° field of view concurrent with Circinus (see Figures
5-1 and 5-2a). While the sources could not be completely separated with
the 0S0 detector, the contribution of 4U1510-59 can be estimated from a
HEAD 1 pointed observation in February 1978 (see Observation 3, below),
later scanning observations, an overlapping 0SO C Detector point in
February 1978 and a HEAQ 2 point in August 1979, Data from the A2
detectors with 195 collimation show 4U1510-59 had a continuum shape not
unlike that of Circinus after the outburst but a considerably weaker
strength. Assuming the source is steady, as suggested by the HEAD 1 and
HEAD 2 data, it can account for no more than about 25% of the persistent,
harder component of Circinus during the 050-8 A detector observation.
However, Circinus had a strength comparable to or weaker than that of
4U1510-53 during the majority of the observations reported here, That is,
the component which is relatively steady during the cycle observed by 0S0-8

is not an invariant feature of Circinus.

OBSERVATION 2: HEAO-1 Scan O

The HEAO-1 A2 detectors scanned Circinus from Day 236 to Day 243 (24
August - 31 August) of 1977. In this mode the small fields of view (SFOV)
of the MED and HED3 passed over Circinus for ~ 15 sec out of every ~ 33 min
great circle scan of the sky. For analysis, the 1% x 3% (FWHM) SFOV for
the MED and HED3 were used almost exclusively, to minimize contamination Hy
from nearby sources. As the spin axis was stepped across the sky, at a
nominal rate of 0% per 12 hours to keep the solar panels pointed toward

the sun, the leading edge of the 3° annulus swept out by the collimators

advanced across the sky. Thus the source at the time of transit moved from
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the edge of the 3° (FWHM) collimator through the center to the opposite
edge, with maximum efficiency (corresponding to on-axis viewing) occurring
in the middle of the observation, on Days 239 to 240. 1In Figure 5-1 the
directions of the great circle scans and thair advance with time are
indicated for this and succeeding HEAD 1 scanning observations. Also shown
is the zero response 3°x6° rectangle outside of which the SFOV collimator
response 1s essentially zero with Circinus centered in the field of view.
The ~maller rectangle (195x3%) gives the half maximum response,

Figure 5-4a shows the combined MED+HED3 SFOV 1.28-second counts as a
function of scan angle in the region near Circinus for approximately a
one-day accumulation at¢ the beginning of the observation. The contribution
from Circinus (at scan angle 32292) is less than that of 4U1510-59 (at scan
angle 320%5). Since both are approximately on the same great circle scan
(see Figure 5-1), this indicates that Circinus is in fact weaker at this
time. A similar plot for 1977 Days 240.65-241.12 when Circinus was quite
strong (Figure 5-4b) shows departures from a triangular response due both
to intensity variations and overflows in the 1-sec rates counters. The
aspect-corrected ~ 2-20 keV light curve derived from the MED rates for an
assumed point source at the position of 4U1510-59 (not shown) is consistent
with a constant source of ~ 9 R15 counts. The lower part of Figure 5-5
shows the corresponding light curve for Circinus during this observation.
Throughout this observation, one of the pulse hefght windows for the second
layer of the MED (Window 2B, nominally > 3.9 keV) was off, so that the
counts from MED Layer 2 covered only the range 1.8 ~3.9 keV.

Prior to Day 239 the observed flux from Circinus was Tow (< 9 Ryg

counts). On Day 239, the source flux averaged 20-25 Rig counts, about the
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Part A of the figure shows the combined MED+HED3 SFOV 1.28-second

Figure 5-4
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counts, as a function of scan angle, in the region near Cjrcinus for

approximately a one-day accumulation at the beginning of the observation.

The contribution from Circinus (at scan angle 32292) s less than that of

4U1510-59 (at scan angle 320%5). Since both are approximately on the same

great circle scan (see Figure 5-1), this indicates that Circinus is in fact

woaker at this time.

Circinus was quite strong (part B) shows departures from a triangular

A similar plot for 1977 Days 240.65-241.12 when

response due both to intensity variations and overflows in the l-sec rates

counters.
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Figure 5-5

The upper plot shows an Ariei-5 lightcurve covering five 16.6-day
cycles of Circinus, including one with partial concurrent HEAO-1 A2
coverage and the following cycle which was covered by SAS-3.

The lower plot shows HEAO-1 coverage of approximately half a cycle in
August 1977 (called HEAD A-2 Scan 0), including onset near phase 0.5.

The scan-by-scan binning shows erratic changes in flux by large
factors from one scan to the next. (The spectral character of the changes
are Indicated in a succeeding figure.) The Ariel-5 lightcurve shows that
the source intensity increased to above that of the Crab nebula {(~ 1000
Uhuru flux units) after it left the HEAO-1 A2 field of view. This cycle
showed a long duty-cycle (~ 0.5) compared to that covered a year eariier by

0s0-8 {< 0.1).
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same intensity as the residual component in the first observation, As we
will discuss in Chapter VI, the spectrum was different.

Beginning on Day 240 near phase 0.5 of the ASM ephemeris, the source
showed erratic behavior, with large intensity variations from scan to
scan, The maximum 5-sec average intensity observed was ~ 1.8 x 10-8 ergs
cm=2 5“1, corresponding to an instantaneous 2-10 keV luminosity of ~ 2.1 X
1038 erg s for a distance of 10 kpc. Overiapping coverage of Circinus by
the Ariel-5 ASM (see upper part of Figure 5-5) showed that the flux
continued to increase after the HEAO-1 observation ended (~ 5 days before
the transition, due to satellite constraints), reaching ~ 25% higher in the
3-6 keV band before falling off. This cycle showed a long
duty-cycle (~ 0.5) compared to that covered & year earlier by 050-8 (<
0.1), The ASM 1ightcurve for several cycies including the one partially
covered by HEAO-1 is shown in the upper part of Figure 5-5. [The preceding
cycle was comparable to or a 1ittle higher than that seen by the 0S0-8 A
detector in Observation 1. The succeeding cycle is the quite spectacular
one for which Dower (1978) reported SAS-3 observations showing a peak
luminosity of ~ 6.6 x 1038 erg s~1 {for a 10 kpc distance) and a wide
variety of behavior, as noted in Chapter II.] The 80-msec data obtained
with the MED and HED3 large fields of view {LFOV, 39x3% FWHM} showed
quasi-oscillations in intensity with amplitudes of a factor of 2 or more on
timescales of a few seconds, with rise times as short as 160 msecs. The
first column of Figure 5-6 shows the four clearest samples of this
behavior. (The autocorrelation functions shown in the figure will be
discussed in Chapter VI.)

At the highest intensities, the 10-sec PHA accumulation scalars (8
bits only being assigned) overflowed for HED 3 channels 4 through 6 and MED
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Figure 5-6

The HEAO-1 Scan O observation of Cir X-1 shows interesting structure
on timescales of seconds or less, including quasi-oscillations of a few
seconds.

The first column of plots shows 80-msec rates data (from the MED and
HED3, large and small fields of view) for four individual scans across the
source on 1977 Day 240 (Data sets 1-4 of Table 6-9). The second column
shows the autocorrelation for each scan for lags up to 8 seconds, while the
third column shows the logarithm of the respective autocorrelation
functions, with representative fits to the characteristic times for short
lags.

The autocorrelation functions show nearly linear declines from zero
lag to the zero crossing points; the timescales of the declines may be
associated with the duration of the peaks or troughs of the

quasi-oscillations.
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channels 13-17, which contained most of the counts. The 40-sec PHA
accumulations did not overflow, but due te the scanning mode included
sources comparable to Circinus above a few keV., The 1-second scalar rates
for the first layers of the MED and HED a]éo overflowed, Hence the
5-second scalar rates were used to study the changes in the spectrum with
intensity. Tables 5-2 1ists the scalar rate energy window (color)
definitions, and the available independent colors during the several HEAO-1

observations.

OBSERVATION 3: HEAO-1 Point 1
The first HEAO-1 A2 pointed observation took place on 1978 day

48.79-48.93 {17 February), at ~ phase 0.98 according to the ephemeris of
Kaluzienski and Holt (1977). During the point the centers of the detectors
were maintained within a circle of ~ 095 radius of Circinus. lLonger term
ASM coverage shows that the outburst for this cycle was moderate, perhaps
comparable to that of Observation 1, and declined early, before this
observation began.

The aspect-corrected HED3 SFOV Tlight curve during the ~ 2.6 hour point
(see Figure 5-7) shows a generally Tow flux (12-16 R15 counts) with a
substantial double-peaked flare (> 80 R15 counts at peak intensity)
lasting ~ 5 minutes from start to finish. The large gaps in the data occur
during periods of earth occultation or high electron flux. Regions of the
data for which spectra were accumulated ("low", "high", and "burst" times)
are indicated in Figure 5-7.

The source 4U1510-59 was present in the LFOV but not in the SFOV.
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Figure 5-7

The Circinus X-1 1ightcurve during the first HEAD-1 A2 point shows a
generally low flux with a substantial double-peaked flare lasting ~ 5
minutes from start to finish. The large gaps in the data occur during
periods of earth occultation or high electron flux. Regions of the data
for which spectra were accumulated ("Jow", "high", and "burst" times) are
indicated.

The ~ 2.6 hour point occurred at ~ phase 0.98 according to the
ephemeris of Kaluzienski and Holt (1977). Longer term Ariel-5 A1l Sky
Monitor coverage shows that the outburst for this cycle was moderate,

perhaps comparable to the 0S0 outburst, and declined early, before this
HEAQ point.
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OBSERVATION 4: HEAQ-1 Scan 1
This scanning observation with the A2 MED and HED3 detectors

began ~ 2 days after the preceding point, covering Circinus during 1978
days 51-57 (20-26 February). In this case, to avoid source confusion
during scanning mode data collection, the 1-second scalar rates data were
used to estimate the source spectrum rather than the 10-second PHA data,
which included sources of comparable strength (particularly 4U1510-59).
Figure 5-8 shows the counts as a function of scan angle for one of
these "colors" (the 2-6 keV and 8-20 keV window for MED Layer 1, L1ACD) for
superposed scans from 1978 Days 51.58-56.08, The contribution from
crcinus (at scan angle 21793) was again less than that of 4U1510-59 (at
scan angle 219%4). The aspect-corrected 1ightcurve for the total MED rate
for the latter (not shown) again indicated a constant source of about the
intensity determin~d for Observation 2. The combinea MED and HED3 SFOV
lightcurve for Circinus, shown in Figure 5-9, yields an average rate of ~ §
R15 counts, with no clear evidence for variation. The apparent increase in
flux at the beginning and end of the observation are signatures of data
collection with Tow effective area to the source of interest, where
aspect-correction can boost small contaminations from other sources or

local background.

OBSERVATION 5: 0S0-8 C Detector Point

This pointed observation consisted of a slow maneuvering of the fore
spin axis of the 050-8 satellite in the vicinity of Circinus during 1978
Days 48-56 (17-25 February), so that the C Detector viewed both Circinus
and 4U1610-59 (see Figure 5-1). A background spectrum was accumulated from

1978 Day 45.36 to Day 46.46, as the fore spin axis moved slowly through a

.
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Figure 5-8

The figure chows the counts as a function of scan angle for the 2-6
keV and 8-20 keV window for MED Layer 1 (L1ACD) for superposed scans from
1978 Days 51,58-56.0B. The contribution from Circinus (at scan
angle 21793) was less than that of AU1510-59 at scan angle 219%4),
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Tha combined MED and HED3 SFOV lightcurve for Circinus yields an
average rate of ~ 5 R15 counts, with no clear evidence for variation. The
apparent increase in flux at the beginning and end of the observation are
signatures of data collection with Tow effective area to the source of
interest, where aspect-correction can Loost small contaminations ¢.om other

sources or local background.
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region free of known sources.

The observation was not optimum for deiineating Circinus -- it was
offset from the source (with consequent reduced efficiency) to avoid
inclusion of 4U1538-52 in the 59 field of view; it typically had an
effective area for viewing 4U1510-59 about a factor of 2 larger than that
for Circinus, at a time when HEAO AZ data (Observations 3 and 4) show
Circinus was generally weaker. However, this observational shortcoming can

be exploited to constrain the spectrum of 4U1510-59,

OBSERVATION 6: HEAO-1 Point 2

This "ping pong" point involved nine maneuvers on and off the source
during a seven, hour period bracketting phase 0 (1978 Day 231.655, 19 .
August)}. The maneuvers consisted of fast slews between the source and
of f-source positions (the latter near 4U1446-55, found to be quite weak in
HEAO A2 observations), with the pointings confined to circles
of ~ 095 radius. The off-source position (indicated in Figure 5-1) was
used to obtain background rates and PHA data. There was no major change in
flux or spectral character across the nominal transition. The Tower part f
of Figure 5-10 shows the aspect-corrected MED lightcurve during the
observation. The apparent changes in source flux are probably real, not
being well-correlated with changes in the effective area of the detector
(shown in the top part of the figure) in the direction of the source. The

source at this time was relatively weak, (~ 6 R15 counts). .

OBSERVATION 7: HEAO-1 Scan 2 i

The Tast HEAO-1 observation of Circinus, covering 1978 Days 236-243
(24-31 August), corresponded to phases 0.3-0.7. It had a flux level about
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Figure 5-10

The second HEAQ-1 A2 point at Circinus involved nine "ping pong"
maneuvers on and off the source over seven hours. The apparent change® in
the source flux shown in the figure are probably real, not befng
well-correlated with changes in the effective area of the detectors in the
direction of the source.

The observation brackets a nominal transition predicted by the
ephemeris of Kaluzienski and Holt {1977) on 1978 Day 231.656, but there is

no major change in flux or spectral character across the transition.
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two-thirds of that during Observation 6, a few days before, and the data
were sparser (due i1n part to the scanning mode, but also to loss of data

during points at other sources).

OBSERVATION 8: HEAD~2 Point 1

The first HEAO-2 point at Circinus, on 1979 Days 49-50 (18-19
February}, invoived 15 looks at the source with the Solid State
Spectrometer (SSS) and the Monitor Proportional Ceunter {MPC), lasting 500
to 1500 seconds each, over 1.35 days beginning on 1979 Day 49.11. The 58S,
with a 6' diameter collimator, responds to the energy range 0.5 - 4.5 keV
with 64 PHA channels, while the MPC, with a 195 x 195 FWFM rectangular
collimator has an 8 channel response to the range 1.5 - 20 keV. The Tow
energy response of the 5SS was compiicated by ice accumulation on the
window. While this effect was generally modeled fairly successfully, the
correction was difficult to make in the early part of the mission when the
ice factor was large. For this observation, the PHA data were not fit
below 1 keV, where the effect dominated. Typically the last two channels
of the MPC are not reliable because of changing background effects, so they
were not used except for high source counting rates during the flaring
discussed below.

According to the A1l Sky Monitor ephemeris (Kaluzienski and Holt
1977), the phases of the 16.6 day cycle covered by this observation
were ~ -0.01 to 0.07. There was no abrupt change at phase 0 (~ Day 4923)
though, as shown in Figure 5-11, the flux in both the SSS and the MPC did
show a stow decline across the predicted transition (from ~ 6 U.F.U. to ~ 4
U.F.U. in the MPC), and the MPC hardness rat%io increased in keeping with

typical past observations. It is not clear from concurrent ASM coverage



.-

128

Figure 5-11

The first HEAO-2 point at Circinus involved 15 looks at the source
over 1,35 days, 1ast1n§ from 500 to 1500 seconds each. According to the
A1l Sky Monitor ephemeris (Kaluzienski and Holt 1977), the phases covered
were ~ ~0,01 to ~ +0.07. There was no abrupt change at phase 0 (indicated
in the figure by arrows at ~ 0,14 of X-axis scale), though the flux in beth
the SSS (plot A) and MPC (plot B) did show a slow decline across the
predic ted transition {from ~ 6 U.F.U., to ~4 U.F.U. 1n the MPC}, and the
MPC hardness ratfo (plot C) increased in keeping with typical past
observations.

Starting about a day after the predicted transition, flaring was
observed from the MPC with the counting rate rising as high as 30 U.F.U.
The flaring continued at jeast until the end of the point.
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whether there was a small outburst, with an early decline like that of the
0S0 A detector observation, or whether the flux stayed Tow throughout.

Starting about a day after the predicted transition, flaring was
observed in the MPC, with the counting rate rising to 30 U.F.U. (see Figure
5-11), The flaring continued for at least ~ 4 hours, until the end of the
point. {The A1l Sky Monitor was not sensitive to the flux levels
involved.} The modest increase in the SSS rate and the factor of 3-4
increase in the hardness ratio show that the bulk of the flaring occurred
above 3 keV. Changes {in the SSS spectra from pre-flare to flare times,
discussed in the following chapter, rule against the possibility that the
flaring came from a source outside the smaller SSS field of view.

Finer time resolution of the flaring is shown in Figure 5-12, where

2.56 second rates are plotted for several detector windows.

OBSERVATIONS 9 and 10: HEAQ-2 Points 2 and 3

The second HEAQ-2 point at Circinus took place, on 1979 Days 230-235
(18-23 August), 11 cycles after the first. 1t sampled phases -0.05 to 0.2
of the 16.6 day period. The third point took place on 1979 Day 248 (5
September) during the last hundredth of the same cycle. In both cases the
source flux was fairly weak during a nominal outburst time. The flux
during the second point averaged about 4 U.F.U., occasionally ranging as
high as 10 U.F.U. The flux during the third point averaged 2.5 - 3 U.F.U.,

the lowest reported in this work.
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The flaring during the first HEAO-2 point at Circinus is shown with

2.56~second time resolution in several detector windows.
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The intensity

fluctuations are confined primarily to the MPC channels 4-6, The MPC

channels 1-3 and 7-8 and the SS§ rates are fairly steady in comparison.

The bottom plot shows the hardness ratio of MPC channels 4-6 to MPC

channels 1-3.
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VI, RESULTS

This chapter presents the results of spectral and temporal analysis of

the observations outlined in Chapter V.

A.  Circinus X-1 - Spectral Studies

Spectral data were fit using a standard procedure described elsewhere
(Pravdo 1976) whereby trial photon spectra were folded through the detector
response function and compared with the observed pulse height data using
a xz goodnass of fit criterion. A similar procedure aliows the counts
predicted for various detector bands from a given incident spectrum to be
compared with the observed scalar rates data. The parametric forms used to
fit the spectral data are summarized in Table 6-1. Contact with intrinsic
physical parameters is made by comparison with the pertinent equations in

Chapter III.

Observation 1: 0SQO A Detector Point

a. Before Transition

During the moderate outburst covered by the 0S0 A Detector in i
August 1976, the 2-20 keV data cannot be fit by a single component spectrum
modijfied at Tow energies by photoelectric absorption. Instead, it yields a I
complex spectrum of two components whose relative intensities vary with the
source strength: an optically thick component associated with the outburst
of soft flux and a steadier optically thin component. Figure 6-la shows |

the pulse height data at maximum intensity (interval D in Figure 5-3) along s
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TABLE 6-1: PARAMETRIC FORMS FOR SPECTRAL FITTING
Absorption Cutoff Factar: (%g-) « e~y olE)
oA L (Epgqal€)%*T
Absorption Edge Factor: (E'E') - edge
Emfssion Line: (-:—g) = ClLine e-(s-l—:o)2/(202)
Line
Power Law tont{inuum: (-g%) = Coy e
PL
*
Thin Tharmal Bremsstrahlung Continuum: (%} " Crn gi{T,k} ('.'.T)"U2 E"1 e'E/kT
TTB
dN 2 ¢ E/XT -l
Blackbody Contdnuum: {r) = Coy E° (e - 1]
dar T
. di 2 _=E/kT
Boltzmann Continuum: {one} s C E* e
oy BOLTZ
c ~E/KT
i} d 3 {1 -e }
Hodified Blackbody Continuum: (==} a (o= [ 3, x = g{T,E)
Tlpp Lgg T Cp X (/T

Cy = 0.33 exponential atmosphere
0.5 homogeneous disk

# The Gaunt factor j(T)E) ] Comru.‘led. bj Karizas and Lafter (1941)

with interpolation formulae given b\l Kcuojj? Baldwin

and Koch (1975).

)
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Figure 6-1

Part A of the figure shows the pulse height data at maximum intensity
(interval D in Figure 5-3) along with the best fit continuum spectrum
folded through the detector response: a blackbody component with a KT of
0.82 & 0.01 keV, plus a power law component with a number jndex of 1.9 %
0.3. (A1l quoted errors are lo uncertainties). The corresponding inferred
incident spectrum 1s shown in Part B. The energy fluxes at earth
corresponding to the two components were ~ 6 x 10~2 and ~ 1 x 10~9 erg cm™2
s=1, respectively. The low-energy cutoff corresponded to an equivalent
hydrogen column density of (1.6 % 0.1) x 1022 atoms cm'z, about what s
expected from 1rterstellar material along the line of sight to Zircinus.
The best fit included a narrow 1ine feature at 6.1 + 0.3 keV corresponding
to 0,005 photons cm~2 s=1, and had a w° of 45.6 for 51 degrees of

freedom.
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with the best fit continuum spectrum folded through the detector
response: a biackbody component with kT = 0.82 + 0.01 keV, plus a power
law component with a number {ndex of 1.9 + 0G.3. (A1l quoted errors
are lo uncertainties uniess otherwise noted.) The corresponding inferred
incident spectrum s shown in Figure 6-1b. The energy fluxes at earth
correspondi»q to the two componants were ~ 6 X 109 and ~ 1 x 10~° erg cm™?
5'1, respectively. A single absorption parameter was associated with both
components when the blackbody was strong because of a lack of uniqueness
and statistical significance of separate absorptions. The resulting
equivalent hydrogen column density was (1.5 ¢ 0.1) x 1022 atoms cm'z, about
what is expected from interstellar material along the 1ine of sight to
Circinus [21-cm emission measurements give 1.4 X 1022 ¢p~2 {McGee, Milton,
and Wolfe 1966)]. The best fit included a narrow 1ine feature at 6.1 + 0.3
keV corresponding to 0.005 photons cm~2 s'l, and had a xz of 45.6 for 51
degrees of freedom. Omfitting the 1ine from the model gave a best
F1t ¢ larger by 21 for an additional 2 degrees of freedom. The line is
discussed further in part c. In this composite model, the fit was not very
sensitive to the parameters for the harder component when the blackbody was
strong. MNor was it possible to choose between a power law mndel with
photon index near 2 or a thin thermal bremsstrahlung model with kT ~ 8.9
keV for this harder component. However, since the power law fits to the
residual flux after the decline of the outburst were sometimes
significantly better than the thermal bremsstrahlung fits {see Tables 6-4
a,b), this component will generally be discussed here in terms of power law
fits for continuity and definiteness.

On the other hand, replacing the blackbody component with a power Taw

2

or thin thermal bremsstrahlung component increased x~ per degree of
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freedom (xs } from 0.9 to about 10. However a fit to> *he soft component
equally as good as the blackbody was a Boltzmann distribution of the same
temperature: %%-u V2 exp (- hv/kT)}, corresponding to a classical hard
sphere distribution. Such a distribution arises in a gas that is optically
thin for free-free absorption but thick for electron scattering. The
parameters of the Boltzmann fit over the 2-20 keV range were essentially
unchanged from those of the blackbody fit, consistent with the fact that
Boltzmann and Planck distributions of the same temperature deviate
significantly only for hv < kT. Thus the optically thick component couid
be a "grey body" with an emissivity less than 1, rather than a true
blackbody.

Modified blackbody models, corresponding to the gase where the
electron scattering opacity is comparable to that of free-free absorption
for at least part of the observed energy range, have been proposed to
explain certain #.~ay spectra, as discussed in Chapter III. For these
models, as the electron scattering increases with increasing energy
relative to absorption, the depth of penetration into the source and, thus
the emissivity, decreases with energy. The resulting spectral forms (see
Table 6-1} for two simple cases -- a homogeneous slab of emitting material
{Shakura 1972; Felten and Rees 1972) and an isothermal exponential
atmosphere (Zeldovich and Shakura 1969) -- give poor fits to the spectral
data during the outburst (x% ~ 2.3 and 1.9, respectively, compared
to x% < 1 for the blackbody or Boltzmann forms). However, the
approximations used in deriving the spectral forms break down for KT < 1
ke¥, the regime of the outburst spectra. Thus, an energy-dependent
spectral emissivity depressed from 1 may not be ruled out for the optically

thick component. For definiteness, however, this component will generally

-_,-.__...r“A
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be discussed in terms of fits to a blackbody form.

As the source intensity varied, the relative contributions of the soft
and hard components changed. Figure 6-2 shows an overlay of the incident
spectra inferred from fits to the pulse height data for intervals C, D, E,
and N {as defined in Figure 5-3). The blackbody component associated with
the soft outburst of flux diminished as the intensity decreased,
disappearing at the predicted transition. {For this observation, the term
"transition" will subsequently refer to the final disappearance of the
blackbody, coincident with the ephemeris transition at phase 0, rather than
a precipitous decline of soft flux). The hard power-law component was
fairly steady, constant to within about 50% before the transition and
persisting at a comparable level after the cutoff of the soft flux. When
the blackbody strength decreased by 20% (interval 1), an acceptable fit to
the pulse-height data required different amounts of absorption for the two
components rather than the single joint value used when the blackbody was
stronger. The column density for the hard component remained comparable to
the interstellar value, while that for the blackbody component intreased
to ~ 1023 cm? as the blackbody disappeared (see Figure 5-3d).

Prior to the transition, successive spectra could be fit by varying
the strength of the bTackbody component, the strength of the power-law
component, and the amount{s) of absorption, keeping the blackbody
temperature a.d power law number index fixed. The blackbody temperature
was held at kT = 0.82 keV, the best fit value at the intensity peak
(interval D), and the power law number index at 2.2, the best fit value for
the intensity low prior to transition (interval J) where the power law
dominates, as well as for the residual spectrum after the brief hard

flare. These constraints on the temperature and power law slope minimize
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Figure 6=2

This figure shows a superposition of incident spectra for intervals
before {C), during (D}, and just after (E) the peak of the Cir X-1 outburst
covered by 0S0. Spectrum N, a "relaxed" spectrum after the hard flare,
indicates the contribution from the steadier component. (The open circle
in the plot is a high point belonging to spectrum N.} 1In the absence of
the blackbody component, strong narrow iron line emission at 6.5-6.7 keV is
evident, of 400-1000 eV equivalent width., The data are consistent with the
number of 1ine photons, ~ 0.004 photons em=2 s-1, remaining constant
throughout the observation. See Tables 6-2 and 6-4 and text for details of

spectral parameters.
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the number of free parameters in the succession of complex spectra without
significantly altering the goodness of the fits from their best values when
all the parameters are free, as shown in Table 6-2.

The change in intensity of the blackbody component, however, is also
compatible with a change in temperature. From the intensity peak (interval
D) to the intensity low prior to transition (interval J), the blackbody
strength decreased by a factor of ~ 12, if the increased absorption is
neglected. A value of kT = 0.4 keV, the 20 lower 1imit to the best fit
value for kT for interval J (see Table 6-2) could just account for the
decrease in intensity.

During the pre-transition peak, the 2-6 keV source intensity showed
chaotic fluctuations by a factor of 2 to 3 on a timescale of some tens of
seconds. A sample of the observed rate on the ~ 10-sec satellite rotation
timescale is shown in the upper left of Figure 6-3. Unlike the spectrally
independent 10-20 sec fluctuations reported by Dower {1978), these
variations show a strong correlation between intensity and spectrum, in the
opposite sense to the longer term softening generally observed with
increasing intensity for Circinus. One measure of this short term spectral
hardening with intensity is shown in Figure 6-3, where the "softness ratio”
of counts < 3 keV over 3-6 keV counts is plotted as a function of the 3-6
keV counting rate. To improve statistics, before the ratios were taken,
the 10-sec PHA rates were sorted into 20 intensity bins on the basis of the L
observed 3-6 keV source strength. Note that this sorting procedure will }
not reveal spectral change which depends on the time history of the source
flux; for example, 1t will tend to wash out any effect dependent on whether
the local trend was increasing or decreasing. However, the strength of the

effect apparent in the figure indicates that spectral change associated
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Figure 6-3

The upper left figure gives a ~ 3000 second sample of the fiickering
from Cir X-1 observed during the peak of the outburst covered by 0S0-8.

The source intensity varies by a factor of ~ 2 from one 10-second bin to
the next.

The upper right figure demonstrates the increasing spectral hardness
with increasing intensity of the flickering. The data were sorted into 20
bins by the average intensity during one scan across the source as the
satellite rotated. Across the x-axis, the intensity intervals are
indicated over which corresponding PHA data were accumulated.

At the bottum, the average pulse height spectra (1eft) and
corresponding inferred incident spectra (right) are shown for the upper and
lower intensity intervals. Spectra for the two intermediate intervals show
the same trend and were omitted for clarity. The increases in flux can be
described as resulting predominantly from increases in temperature of a
black body of slightly increasing size. The absorption of this component

remains nearly constant during the peak {see Figure 6-4}.

J S
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Figure 6=3
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with absolute flux level dominates.

The 10-second 2-20 keV PHA histograms were sorted into four intensity
bins by 2-6 keV counting rate (0.1-0.2, 0.2-0.3, 0.3-0.4, 0.4-0.6 counts
cm=2 s~1) before spectral fitting. The histcgrams for the highest and
Towest intensity intervals are shown in the lower left of Figure 6-3. The
histograms for the two intermediate Tevels show the same trend and were
omitted for clarity. The best fits for a spectral model with a {(variable)
blackbody plus a (fixed) power law plus a narrow iron line, all modified by
a single absorption parameter (allowed to vary), are shown in Table 6-3,.
The corresponding inferred incident spectra for the highest and lowest
intensity intervals are shown in the lower right of Figure 6-3. The
results suggest that the increase in intensity can be explained as an
increase in temperature for a blackbody of radius constant to within ~ 12%
(35-40 km for a 10 kpc distance}. (See the left half of Figure 6-4.)

b. After Transition

After the cutoff of the soft component at the transition, the
residual flux briefly flared and hardened, coming to a peak {see interval
L, Figure 5-3) about 5 hours after the predicted transition with a rapid
decay of the high flux in about an hour and a slower decay of the remaining
flux with a characteristic time of about a week. The continuum spectrum
could be described by a power law which hardened to a photon index of 1.5
at the hardest, and then steepened again to 2.2 as the flare subsided.
Alternately, the hard component could be fit by thin thermal bremsstrahlung
spectra with kT of ~ 8.5-9 keV away from the hard flare, where the kT
reached as high as 5925 keV. These thermal fits were somewhat worse than
the power law fits but generally acceptable or nearly so. Table 6-4 parts

a and b 1ist the parameters for these alternative models, which include an
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variations in the blackbody parameters during intensity fluctuations

of Circinus outbursts for the 0S0-8 peak and the HEAO-| onset are

compared.

for ~ 2 seconds per 10-second satelljte spin. The HEAD parameters are

The 050 parameters are determined from PHA fits to data averaged

determined from discovery scalar fits to intensity-sorted 5-second rates.
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TABLE §-4: SPECTRAL FITS(1) AFYER Prast 2emo
) POVER LAV MODEL 2 PL
X Ay
. (2) no line
Photon Index tine Center Line E.N. [e¥} best it best fit
intervsl . E {kaY) Best Fit 903 Conf, Limfts {52 d.s.f) {55 d.o.f.)
‘ l.“t-ﬂs ‘oStO-l 539 3‘0 ol f“ﬂ 56:0 3003
L 1.542.10 6,910.3 560 200 « 940 3.4 6.8
M 2,258,056 §.7:0,1 590 00 ~ 790 57,4 274
0 2,231.08 6.740,1 820 590 -1060 64,4 37,6
0 2.28:.04 6.510,1 Bib 710 - 980 75.5 130.7
b) THERMAL BREMSSTRAHLUNG MODLL 2
X
e Center (keY) '4., Line EJM. ‘QVI best fit
Interval &7 {keV) mm / _Predicted  Bast Fitl2)  predicteal®®) (53 d.0.7.)
K 0414 §.510,1 6.9 4404 90 100 - 180 B3
L 60 $20 6.9:0.3 6.9 5204250 < 100 57,3
H 15 s 2 £.880,3 6.8 4804250 420 - 600 46.9
N B8.810.7 6.7:0.1 6.8 3704 80 BI0 - 900 65.6
0 9.320.9 6.740.1 6.8 5604140 700 - 910 66.1
] 8.4:0.4 .540.1 6.8 630+ 70 850 - 960 87,9
¢) TWO-POMER LAY MODEL, CONTINUUM FIT
StasdyComponsnt (5!} Flare Component
N Cl'z N m"z 2
Interval c-' . “1( ) Cos (Y Hz‘ ) (63 5013
X o35 2.2 1.44 1082 0,01430,008 0,940.2 (725)x1022 60,3
L .36 2.2 1.44 10°% 0,15 $0.06  1.330.2 (542)x1022 53,4
N 36 2.2 1.4 1022 0,09 £0.11 19406 (1489)x1022 444
|| 0.35&0.04 2.251.06 'lisﬂ-z) Iozz Lgald m— — 57|‘
0 0.37:0.04 2,23:,08  (1.740.3) 102 - an= - 64.4
0 0.29:0.02 2.285.04  {1.8:0.2) 1082 — —— - 75.5

(Liquoted errors are 1o values within given mode] unless otherwise noted.

@) ine errors are 901 statistical error Yimits within given model (Axa * 2,7, with a1} paraseters sllowed to vary)

“”sz 15 {ncrease in

mvredlcud thermal Vine parimat: v for collisional equitibrium from Raymond and Saith 1977:

2

for best Fit with no Yine over best fit with Yine.

8) Predicted Tine center 15 & « =% of Yipas from different fonfzation states.

b) Range fn predicted LM, corresponds to range {n kT for thermal fit,

(S'Study component wis assigned representative fixed parameters durfng flare,
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iron 1ine emission feature near 6.5 keV. Histograms K, L, and M correspond
to the flare times, with L covering the peak, while histograms N and 0
correspond to two successive half-day accumulations afterward. Histogram Q
corresponds to a three-day accumulation during optimum conditions after a
three-day gap when Circinus could not be as well isolated.

The post-transition flux data were also compatible with a slowly
decaying component with low absorption (~ the interstellar value) and
constant stope with the addition during the hard flare of a harder,
variable component. Such a breakdown into two components 1s not unique,
ard the parameters of the additional flare component are poorly determined
(though they are not consistent with the brief re-emergence of a blackbody
component 1ike that during the peak of the outburst). However, such a
spectral model is probably a more natural one than a single component of
variable slope for understanding spectral changes in the hard component
near the transition., Even if the steady component should turn out to be
due to some presently unknown source not related to Circinus {improbable on
the basis of correlated SSS/MPC data discussed below), the hard flare just
after transition is almost certainly due to Circinus. Table 6-4c gives
representative parameters for an additional hard component during the
flare, when the “steady" component parameters were fixed at power Taw
number index oy = 2.2, a power law strength typical for this time, and
absorption corresponding to the interstellar column density. Parameters
for the "steady" component for intervals N, 0, and Q are given for
comparison. The strength and center of the 1ine feature discussed below
were not significantly altered in the two power-law model from the values
of the single power-Taw model. The hard fiare occurred during a one and a

half day gap in quasi-simultaneous radio coverage at 6 cm. When radio
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coverage resumed, the 6-cm flux density was ~ 1.0 Jy, compared to a
pre-transition value of ~ 0.25 Jy, and gradually decayed over several days
(Whelan et al. 1977), The X-ray flare may be related to the frequently
observed post-transition radio flaring. This possibility is examinad {n
Chapter VII,

A summary of the evolution of spectral parameters 1n the composite
model (blackbody and power law) 1s shown in Figure 5-3¢ and d. For
concreteness, the blackbody temperature and power law index were held fixed
at kT = 0.82 keV and ay * 2.2 before the transition {indicated by the
vertical dashed 1ine). Figure 53¢ a shows the inferred blackbody energy
flux at earth neglecting photoelectric absorption. There was no evidence
for the blackbody fit after transition == inclusien of such a component did
not improve the fit. For the combined spectral data of days 237-240
{interval Q), a 90% confidence upper 1imit to the blackbody flux was 8.5 x
10-11 ergs em2 =i, Figure 5-3c also shuws the unabsorbed 1-20 keV power
law energy flux at earth. In this model the hard flux increased slowly as
the blackbody subsided; then, after the hard flare, it decreased to about
half its pretransition strength about 5 days after transition. Figure 5-3d
shows the hydrogen column density inferred for the various spectra: a
Joint value for intervals C-H, separate values for the two components
during intervals I and J as discussed above 4n (a), and a single value for
the surviving hard component after the transition.

During the hard flare a single component fit to the continuum yielded
a hydrogen column density not much greater than the interstellar value.
However, in the two power law model, when the steeper component was fixed
with the interstellar column density, the additional flatter component

showed a column density as high as ~ 1023 atoms cm™2,
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The hatched region in Figure 5-3d applies to the average spectrum
during the onset of the outburst. For the standard two-component model, 1t
indicates the range of acceptable column densities for the bluckbody
component. The absorption of the other component, strongly coupled to the
blackbody absorption, is not well determined, but is consistent with the
interstellar column,

¢. Line Feature and Absorption Edge

A1l the data were consistent with the presence of a narrow 1ine
feature between 6 and 7 keV corresponding to 0.004 to 0.005 photons em™2
s~1, Such a feature reduced the xz of the spectral fit by more than 17 in
7 out of 14 intervals (see Tables 6~2 and 6-4), with the data for the
remaining intervals having considersbly poorer statistics. The Tine was
most significant for the spectrum accumulated over the 3 days of interval
Q, shown in Figure 6-5, where including the 1ine in the piwer law fit

reduced x2

by 130.7 for 53 degrees of freedom. Tables 6-2 and 6-4 show the
variation in the equivalent width of the 1ine, along with 90% confidence
1imits, for the intervals chosen. A constant value for the number of
photons 1n the 1ine is at least marginally consistent with the data (xz <
19 for 13 degrees of freedom, implying a probability of > 0.10).

The best fit 1ine energies for successive spectra with 90% confidence
statistical errors are shown in Tables 6-2 and 6~4. There appears to bhe a
systematic difference between the energy of the line before and after the
transition., Before {intervals C-J), the weighted mean of the 1ine energies
is 6.11 % 0.05 keV, while after (intervals K-0 and Q) the value is 6.56 ¢
0.04 keV. A comparison of nearly concurrent A detector and B detector

observations of the strong thermal {iron 1ine emission from the supernova

remnant Cas A during the same satellite epoch indicates that the absolute

e {1 e Aty it e i i i 3
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Figure 6-5

Part a of the figure shows the pulse height spectrum accumulated for
interval Q in Observation 1 when the source flux was low. The fit shown
corresponds to a power law of photon index ay ~ 2.3, modified at low
energies by an absorbing column density Ny = 1.8 x 1023 atoms cm-2,
comparable to the interstellar value, with the addition of a highly
significant narrow emission Tine feature at 6.5 keV. The dip at ~ § k=\
may indicate greater structure in the spectrum, but its shape is not wel)

fit by an absorption edge.
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energy calibration of the A detector at that time might be low by ~ (.05
keV. However, analysis of the Circinus data with a response matrix
calibrated 50 days before the Circinus observation will tend to
overestimate the Tine energy in the Circinus spectra by nearly the same
amount due to the slow change in gain. Thus the net uncertainty in the
1ine energy arising from the detector calibration {is 1ikely to be quite
small. In any case, any such calibration offset should affect the 1ine
center determinations of all spectra in the same way.

One possible source of systematic differences in the line center
before and after the transition {s complexity of the pre-transition spectra
beyond that implied by the spectral model. While the soft component is
clearly not optically thin, it may not be a true (featureless) blackbody.
For example, for the spectrum of interval D {which corresponds to the peak
intensity and which has the best statistics for the soft component), a
blackbody fit leads to a deficiency in observed counts between 7 and 8 keV,

which contributes ~ 14 to the total xz

of 50 for the fit (for 51 degrees of
freedom). Inclusion of an absorption edge of the form a~C (Eedge/E)2'7,
with C = 0.30.1 and Epqqq = 7.1 keV, reduces x* by 10 (significant at a
level of > .99) and raises the 1ine center from 6.1 to 6.3 ke¥. Such an
edge implies an absorbing column density of fron amounting to (8:3) x 1018
atoms cm‘z, or, for a standard iron to hydrogen abundance ratio (Fe/H = 3.9
X 10'5), an equivalent hydrogen column density of (2.0+0.6) x 1023 atoms
cm™2,  Since the inferved column density from the low energy spectral
turnover was an order of magnitude less, this indicates that the ambient
material near the X-ray source may be highly ionized during the outburst.

While the presence of an absorption edge in the residual flux after the

transition is not statistically significant (sz = 2.6 with the addition of

.‘-‘%E‘n-k*"j ’

Tt
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a two-parameter edge 1n the fit to Spectrum Q: C = 0.22 to 0.14, E ~ 8.5
keV), a comparable absorbing column of iron can be accommodated without
substantial change to the 1ine feature,

Some fraction of the 1ine center discrepancy can also be attributed to
the difficulty of fitting a 1ine feature of low equivalent width Tocated in
a region of changing spectral slope. Such a situation occurs in these
complex outburst spectra, where the soft and hard spectral components have
a "cross over" region of comparable flux in the vicinity of the line. To
estimate the magnitude of the Tine shift that might occur from this effect,
a data simulation was performed. A model incident spectrum was chosen to
match the best fit continuam spectrum during the outburst, with a narrow
1ine feature of 0.005 photons em~2 s™1 centered at 6.5 keV. This spectrum
was binned in energy, with random Poisson errors assigned to each bin, then
folded through the detector response matrix. The standard f'tting
procedure showed that the assigned 1ine energy could be lowered by as much
as 0.2 keV (90% confidence limit).

Thus, the total downward shift in the measured line center during the
outburst could be ~ 0.4 keV; the preferentially Tower energy of the line
center when the blackbody 1s present, while suggestive (e.g., being the
right order of magnitude for redshift near the surface of a neutron star),
is probably an artifact of fitting a complex spectrum,

While the nonthermal continuum fit is not significantly preferred over
the thermal fit except for hi.tograms K and Q, tne line feature appears
inconsistent with equilibrium thermal emission from plasma at the measured
temperatures (except for histogram M). Table 6-4b compares the measured
90% confidence range of the 1ine centers and equivalent widths (E.W.) for

thermal bremsstrahlung continua with values calculated by‘Raymond and Smith

——— e - e
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{1977) for a condition of collisional equilibrium (for the solar number
ratio Fe to H of 4 10"5). The range in predicted E.W. comes from the
uncertainty 1n measured temperature. The predicted 1ine center is the
effective energy of a blend of different fonization states expected in a
plasma with the measured temperature. The high temperatures inferred for
the flare histograms K and L predict much Tower E.W. than measured, making
(instantaneous) single temperature thermal equilibrium models during the
flare less creditable. On the other hand, thermal fits to the relaxed
histograms after the flare predict higher E.W. than measured. Also,
histogram Q (with quite good counting statistics and Tittle probability of
contamination by other sources) indicates a somewhat lower energy for the
1ine center than predicted. (The statistical 90% confidence upper 1imit to
the 11ne center is 6.6 keV, compared to the 6.8 keV value predicted. As
noted above, the systematic error in the measured 1ine energy from
calibration uncertain ties is probably small compared to 0.2 keV, and -- 1f
anything -~ would overestimate the inferred line energy.) The discrepancy
between the measured and predicted T1ine parameters suggests that a single
isothermal plasma ‘in collisional equilibrium is not the source of both the
line and the entire continuum.

A standard alternative model to consider for 1ine production is
fluorescence from material in a lower ifonization state than that expected
for plasma with kT ~ 8-9 keV. We discuss in Chapter YII possible
fluorescent contributions and conclude that such an interpretation is not
sufficient either.

d. The Nearby Supernova Remnant 4U1510-59

Since the harder, more persistent component of the Circinus

srectrum seen with the 050-8 A detector is similar to one which might be
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expected from some supernova remnants (thermal bremsstrahlung with kT ~ 8
keV plus a strong iron 1ine), the possible contribution from the nearby
source 4U1510-59, tentatively identified with the SNR MSH165~52 was a matter
of some concern. With the finer collimation {195 FWHM) available with the
small field of view of the HEAO A-2 detectors, Circinus and 4U1510-59 could
be separated. In observations during the first Circinus point (Observation
3}, 4U1610-59 did in fact show a continuum similar to the harder Circinus
component seen by the A detector in Observation 2, but, assuming the source
strength is constant, it could account for at most 25% of the steady
continuum flux.

The contribution to the Fe 1ine feature should be less. The large
field of view of the A-2 detectors (3° x 3° FWHM), which viewed both
4U1510-59 and Circinus during the point, had a smaller 1ine E.W. (400 eV)
than did the small field of view (600-800 eV) which excluded 4U1510-59.
ihe large minus small fields of view, to which the contribution of Circinus
w3 minimal, had a 1ine E.W. of 150+130 eV (1 sigma). The 90% confidence
upper 1imit to this 1ine E.W. is not tight: 580 eV for a thermal spectrum,
690 eV for a power law spectrum, but the corresponding Timit on the 1ine
photons is 1.5 x 10-3 photons cm‘2 s=1. When 4U1510-59 is > 29 away from
the cgllimator center of the 0S0 A detector during interval { of
Observation 1, this T1imit can supply less than 0.25 of the 1ine photons
assigned to Circinus.

The 0SO C Detector point (Observation 5) shortly after the first HEAOD
point supports and refines this finding. The composite spectrum showed an
tron line E.W. of 210+40 eV. With the normalization factor taken from HEAO
scanning rates, this implies a corresponding number of line photons equal

to (6%1) x 10-4 photons em™2 s~1 from both sources.

-
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A HEAO-2 MPC observation of 1510-59 (with 195 x 195 FWFM collimation)
shows a spectrum consistent with a featureless power law of number index
1.840.2, and a total 2-10 keV flux corresponding to ~ 6 U.F.U. A
simultaneous SSS observation with 6' collimation shows a 0.4-4.5 ke¥
spectrum consistent with a power law of number index 1.7+0.2, with an
extrapolated 2-10 ke¥ flux of ~ 3 U.F.U, indicating the presence of
additional flux from outside this region.

The inferred rates and spectral parameters for 4U1510-59/MSH15-52 from
the 0S0, HEAO-1, and HEAO-2 observations are summarized in Table 6-5. The
picture emerging from the comb.ed results is that of a steady, extended
featureless power Taw spectrum more similar to that of the Crab than to
that of Cas A, possibly A synchrotron spectrum though a weak iron line
cannot be ruled out. The report by Seward et al. (1982) of a 150 msec
X-ray pulsar at the position of the harder compact source increases the

anzlogy with the Crab.

Observation 2: HEAO Scan 0

On 1977 Day 239 (27 August), just prior to the onset at ~ phase 0.5 of
the large, long duty-cycle outburst observed by HEAQ 1, CLircinus showed a
flux of 20-25 R15 counts, comparable to the residual component in the first
observation, but with a spectrum that was both much softer and much more
absorbed. Spectral fits (see Table 6-6) to 32-channel PHA for MED Layer 1
yielded a power law index of ~ 3.7 or a thin thermal bremsstrahlung kT
of ~ 3.2 keV, with an equivalent hydrogen column density of 2-3 x 1023
atoms cm~2. Inclusion of a narrow 1ine feature near 7 keV did not improve

the fits, but showed that the line E.W. could be as high as 0.5 keV (with

large errors), corresponding to a number of 1ine photons about the same

SN e -
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as for Observation 1, The spectrum could also be fit with a blackbody with
kT ~ 1.5 keV and a somewhat lower column density (~ 7 1022 atoms cm=2).
Inclusion of an iron 1ine of 0.006 photons em-2 s-1 (660 eV E.W.) at 6.5
keV increased the kT to 1.8 keV and reduced the column density to ¢ the
interstellar value,) The power law and thermal bremsstrahlung fits imply
the intrinsic (unabsorbed) intensity could be as high ~ 180 UFU, with a
corresponding Tuminosity of 5 x 1037 erg g-1 (for an assumed distance of 10
kpc).

During the periods of high flux which followed, Circinus reached a

peak luminosity of > 2 x 1038 ergs sec“l.

The thermal and power law fits
to the average spectrum gave values of temperature and photon index uy,,
consistent with the values for the day before the outburst, though the
(average) absorption was much less for both models. The normalizations
were also several times larger, so that the size of the source accessible
to view was larger if the underlying spectra are the same. While the
number of 1ine photcns the fits could accommodate was substantially higher,
the equivalent width dropped, so that it was no Toriger consistent with that
expected for thermal emission from a plasma with a kT of ~ 3 keV. A
blackbody fit to the average spectrum gave a kT ~ 1.0 £ 0.1 keV and a
column density < 4 X 1022 atoms cm-2.

During the periods of high flux which followed, the
efficiency-corrected count rate was very variable, even within a scan
(Figure 5-6), as well as from scan to scan (Figure 5-5). To exclude the
nearby sources and to see how the spectrum changed with the large 1
variations in Intensity, the six available 5-second discovery scalar rates
(see Table 5~2) were studied. The sets of scalar rates were sorted into 10

[

bins on the basis of MED Layer 1 (L1) count rate (= total intensity for a
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soft spectrum}. The hardness ratio MED L1/MED L2A showed a c¢lear trend of
softening with increasing intensity.

The intensity-binned scalar rates were fit with three simple spectral
models: blackbody, power law, and thin thermal bremsstrahlung, each
modified by cold matter absorption. Some of the fits 1isted in Table 6-7
were not acceptable at the 90% confidence level. The poorness of the fits
is 1ikely a measure of greater spectral complexity, but the small number of
degrees of freedom did not allow for a larger number of model parameters.
The spectrum may have been inherently more complex, as in the first
observation; it may have varied in some important way on timescales shorter
than the 6-second binning time as the intensity underwent
quasi-oscillations with a factor of 2 amplitude; or the spectrum may have
depended on whether the flux was increasing or decreasing, as noted above
for the 0SO intensity-sorted PHA data.

A rough check on the influence of faster variability was provided by
an intensity-sort of the 80-msec HED/MED hardness ratio. These data
provide a monitor of faster temporal change at the expense of sensitivity
to spectral change, and the large field of view used includes the
possibility of bias by neighboring sources. Nonetheless, the ratio showed
a clear trend of decreasing softness with increasing intensity consistent
with that expected from the 5-second scalar accumulations. The possible
spectral dependence on time history is restricted by a similar result for
80 msec data sorted separately for times (selected by eye during pronounced
oscillations) where the trend in intensity change was primarily decreasing X
or primarily increasing. The softness trends with intensity for the two f
subsets and for the total data set were consistent. i

Figure 6-6 compares the best-fit blackbody models for the maximum and
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Figure 6-6

To allow a study of spectral changes during the intensity fluctuations
of Observation 2 beginning on Scan 0 Day 240, the 5-second scalar rates
were sorted 1nto 10 intensity bins and fit with simple spectral models.

The best fit blackbody models for the maximum and minimum intensity bins

are compared with the model for the 050-8 peak spectrum (D).
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minimum intensity bins with the medel for the 0S0-8 peak spectrum (D). The '
temperature during the HEAO peak was higher (kT ~ 0,95 keV compared to 0.82
keV). The simple scalar fit models tend to ignore a low-level harder
component such as that found for the 0S0 observation, in the presence of
the Jarge soft component.
Except for the Towest intensity bin (which was most apt to suffer from
contamination by nearby sources, and for which any low~level harder
component such as that seen in Observation 1 would be fractionally greater)
the blackbcdy and thermal models gave fits where the temperature and
hormalization remained ~ constant, .hile the absorption pirameter decreased
with increasing Intensity. For the power law model the bulk of the change
was also in the absorption, but the normalization and power law number
index showed a slight tendency to decrease with innreasing {ntensity.
The high energy resolution spectral data was aviilable only averaged
over the variations within a scan. DPuring several scans when the flux was
high, the availilable 1.28-second rates indicated relatively small changes in
fiux within the scans. The 10-second accumulations of 32-channel PHA data
overflowed the 8 nits/channel assigned for storage, but the correct
accumulations were reconstructed from overflow flags to give an average
high flux spectrum. The resulting MED and HED3 spectra were significantly
better fit by a blackbody model than by bremsstrahlung or power law ;
models. For the MED spectrum, with 3 degrees of freedom, from channel

2 vziues were 1.3, 2.0, and 4.5; for the

binning, the respective reduced yx

HED3 spastrum, with 11 degrees of freedom, the values were 1.4, 2.5, and 5.
For the blackbody model, the kT for the two detectors agreed:

0.97+0.01 keV for the MED and 0,99+0.02 keV for HED3. The absoybing column

densities, (1.0£0.1) x 1022 cm™? and (2.0%0.1) x 1022 e+, respectively, !

C->
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were not 1n agreement, but systematic errors for the HED3 measurement
probably dominate the statistical errors. The inferred incident blackbody
spectra for the two detecturs are shown in Figure 6-7. There was no
significant improvement in fit if a power law high energy tail was
included., The flux in the 10-20 keV band is comparable to that during
Observation 1. However a power law component of intensity comparable to
that of the Observation 1 residual component would require an absorbing
column density in excess of 1023 atoms cm™2,  These data show that the
blackbody model is a better description when the flux is high. It is
11kely then that it {is the preferred model for the varying soft

component. The best fits to a constant value for the 9 highest bins of
intensity-sorted scalar rates data gave a blackbody kT = 0.95 keV, a
thermal bremsstrahlung kT = 1.9 keV, or a power law photon index = 5.0.
For the blackbody fits the hydrogen column density ranged f-om ~ 2 X 1023
atoms cm~? to < the interstellar value (~ 1.4 x 10°%), The thermal
bremsstrahlung fits showed nearly the same range, though the highest
fntensity bin showed a column density greater than 3 times the interstellar
value. For the power law fit the highast intensity bin had such a high
absorption (Ny ~ 1023 atoms cm~2) that the intrinsic (unabsorbed) peak
luminosity implied was a factor of 5 higher (~ 1039 erg s=1 at 10 kpc) than
that observed directly.

In all three models, when the temperature or index was held fixed at
this best fit value the normalization increased systematically with
intensity, but the column density decreased faster. This effect was most
pronounced for the blackbody (with factor of 8 change in column density

versus a tactor of 1.6 change in norm for a factor of 3 change in
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Shown are the incident spectra inferred from peak intensity 10-second
accumulations of 32-channel PHA during Observation 2. The spectra are
better 1t Ly a blackbody of kT ~ 1 keV then thin thermal bvemsstrahlung or

power law models.
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intensity} and smallest for the power law (~ 1.5 : 1), The column density
enters into the calculated intensity as an exponent: exp(-Ny o(E)), so the
effect at Tow energies (< 3 keV) can be characterized as being due
primarily to changes in the column density of intervening cold material, at
least in these simple models,

The 32-channel data for which the biackbody model was preferred
1ncluded the 5 highest intensity bins in Table 6-7. Since these encompass
only a modest variation in column density, fitting the aver~ge spectrum
with a simple rodel was a reasonable procedure and the results argue
strongly for interpretation of the spectra as optically thick. The overall
tendency during Observation 1 was also a softening of the spectrum as
intensity increased, due to an increased contribution from the blackbody
relatve to the harder component, as well as to a decrease in cold-matter
absorption. However for the 10-second intensity fluctuations during the
“plateau” of that outburst, the spectrum hardened with intensity,
consistent with a description in terms of an increase in blackbody
temperature for the same effective source size and column density. In
marked contrast with both results is Dower's (1978) report of a lack of
major spectral change for the large, rapid intensity variations from SAS-3
coverage of the following cycle.

Figure 6-4 compares the change in blackbody fit parameters as the
intensity fluctuates for Observations 1 and 2. There are differances in
the two data sets which may be correlated with the different behaviors:
the phase of the cycle (phase 0.95 vs. phase 0.5), the peak strength of the
source (~ 4 x 1079 vs. ~ 2 x 10-8 erg cm~2 s~1), and 1onger-term average
behavior. In particular, the 0S0 sample is taken from an approximate

piateau, while the HEAQ sample is taken during a time of large erratic
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hourly changes. However, for these two very different cases, the maximum
blackbody sfze inferred is about the same -- ~ 40 km for a spherical

emitter at 10 Kpc.

Observations 3-10:

The timing of the two HEAO-1 and three KHEAD-2 points at Circinus was
Intended to maximize coverage of Interesting periods of behavior, to allow

further study of spectral and temporal character and variability during

times of outburst, to examine detaiis of changes during the transitions and

possible flares after. When it appeared that the source was changing its
behavior in early 1979 (e.g. Kaluzienski and Holt 1979), with maximum flux
occurring after phase 0 of the previous ephemeris, the times of the HEAQ-2
observations were slipped accordingly. Unfortunately, the source was
gererally in a low state during the pointed observations and in the last
two HEAO 1 scans, with insufficient flux for detailed studies of possible
changes with the available collecting areas and detector sensitivities.
Thus, except for the flares during the first HEAO 1 point and the first
HEAQ-2 point, only the average spectral character during the observations

is presented. (For a synopsis, see Table 6-6.)

Observations 3, 4, and 5: HEAO Point 1, Scan 1 and 0S0 C Detector Point

The first HEAQ-1 pointed observation of Circinus showed behavior with
some similarities to that observed during part of the 0S0 A Detector
point: brief hard flaring after an early decline, the presence of strong
iron 1ine emission. However, the duration of the flaring was shorter
(minutes instead of hours), the overall flux ‘ievel was lower, and the

spectra were softer during this cbservation.
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The 1ightcurve in Figure 5-7 shows, 1n addition to a brief flare or
burst, regions of two levels of flux differing by ~ 30%., The 64-channel
SFOV PHA data for these "Tow", "high", and "burst" times (marked in the
figure) were accumulated separately. Parameters for power law and thermal
bremsstrahlung fits to the MED spectral data are given in Table 6-«6. The

HED fits are similar. Simple blackbody fits to the data are quite

2

unacceptable, with xs > 2.5 compared to x5

<1.5 for the power law and
thermal models. The fits are not sensitive to the presence of an edge --
an edge did not improve the fit but equivalent hydrogen column

densities > 1023 aton. cm"2 could easily be accommodated.

Model incident spectra for the three flux levels are compared in
Figure 6-8. The low flux spectrum is consistent with a power law of number
index ~ 3 or therma) bremsstrahlung with kT ~ 3.5 keV, plus a narrow iron
emission 1ine at 6.6-6.9 keV with an E.W. of 600 eV, corresponding
to ~ 0.002 photons em? 571 in the 1ine. The expected iron 1ine E.W. for a
plasma with kT = 3.5 keV in collisional equilibrium is ~ 1700 eV, about a
factor of 2 higher than the upper Timit measured. The higher flux spectrum
is flatter, with a power law photon index of 2.3 or a bremsstrahlung kT of
8 keV. The number of 1ine photons is about the same, so that the E.W. is
lower. The expected thermal emission E.W. also drops (to 960 eV), but
remains well above the measured value (~ 300-400 eV). The burst spectrum
has a continuum similar to that of the high flux spectrum. The number of
Tine photons is 2-3 times higher, but the resulting E.W. is lower (200-300
eV), again much lower than the therma1 equilibrium value (> 1000 eV).

The six-day HEAO 1 scanning observation which began two days after the

point found the source about a factor of two weaker than during thc Tow

part of the point. Spectral fits (1isted in Table 6-6) to the 8 available
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ORIGINAL PAGE 19
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Model incident spectra for the best power law fits to PHA data from
Circinus during the two HEAO-1 A2 points. Spectra for Point 1 are shown
for the intensity accumulations indicated in Figure 5-7. The average

spectrum for" Point 2 shows no evidence of the strong iron line emission
found in Point 1.
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scalar rates (see Table 5-2) show a source continuum similar to that of the

low flux spectrum.

Observations 6 and 7: HEAO Point 2 and Scan 2

The SFOV 64-channel PHA data accumulated for the entire point show an
average spectrum somewhat steeper and more absorbed than the Tow flux
spoctrum from the first HEAQ point. Power law and thermal fit parameters
are 1isted in Table 6-6. Figure 6-8 compares the inferred incident
spectrum with spectra from Point 1. The fit was not sensitive to the
presence of an fron line, but the upper limit to the E.W. was ~ a factor of
2 less than that expected (1000~-1500) for a thermal equilibrium plasma at
kKT = 2-2.5 keV,

When the PHA data were accumulated separately before and after phase
0, 90% confidence contours in @y or kT and Ny overiapped. However, the
best fits (1isted in Table 6-6) indicated that the spectrum after phase 0
may have been slighty harder, with the possible presence of a strong iron
11ine.

Spectral fits to the 8 available scalar rates (see Table 5-2) during
the §1x-day scan which began four days later when the source was weaker,
showed a considerably flatter continuum with a best fit power law number
index of 2.3, similar to the hard component in the 0SO A detector
observation, and to the high flux spectrum during the first HEAO point (see
Table 6-6). The column density for absorption was ¢ the interstellar
value. There was no evidence for strong iron 1ine emission near 6.5 keV,
though a good 1imit cannot be set with the poor fits. The poorness of the

fits may be due to the presence of strong nearby contaminating sources.
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Observation 8: HEAO-2 Point 1

During the first part of the first HEAO-2 point at Circinus, which
corresponded to the nominal outburst of soft flux, the flux level was
relatively low {~ 6 U.F.U.} and the spectrum was harder than the standard
outburst spectra. Figure 6-9a shows the average SSS pulse height spectrum
for the first ~ 8000 seconds of the point. Quasi-simultaneous SS§ and MPC
spectra were consistent with a thin therma) bremsstrahlung fit with kT ~ 6
keV, or a power law fit with number index near 2, and a hydrogen column
density of ~ 2 % 1022 atoms cm“2, The best fit blackbody spectrum for the
MPC (with KT ~ 1.3 ~ 1.4 KeV) implied a column density much Jess than the
interstellar value, and was not acceptable for the SSS data. The inferred
incident spectrum for the combined SSS and MPC data is shown in Figure
6-9¢c. As noted in the previous chapter, 555 spectral data for this
observation are only fit down to 1 keV due to difficuities 1n modeling the
ice accumulation parameter at this time.

After a slow decrease 1n flux across phase 0, but before the
commencement of flaring, the spectrum became quite hard. The MPC showed a
number index of ~ 1 for a power law fit or a KT of > 30 keV for thin
thermal bremsstrahlung, with 1ittie absorption. These fits were
unacceptable for the SSS (which also showed a flat unabsorbed spectrum},
but none better could be found for reasonable ice and background
constraints, so the spectrum was 1ikely more complicated.

Figure 6-9b shows the average SSS pulse height spectrum for the
intervals of MPC flaring which began about a day after phase 0. The fit
shown, for a power law of number index 0 and a column density of 2.3 x 1022

atoms cm“z, is unacceptable (x% > 2}, but demonstrates that the tail of the

spectrum 1s harder sti1l if a single component model is used. The inverted
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Figure 6~9

Piot A shows the average 5SS pulse height spectrum for data
accumulated for the first ~ 8000 seconds of the first HEAO-2 point at
Circinus, Just prior to the nominal transition, though the flux level was
relatively low. The inferred incident spectrum for the SSS is shown in
plot C, along with a quasi-simu)taneous MPC spectrum.

Piot B shows the average SSS pulse height spectrum for the intervals
of MPC flaring which began about a day after the nominal transition. The
fit showr, for a power law of number index 0 and a column density of 2.3 x
1022 atoms cm~2, 1s unacceptable (xi > 2), but demonstrates that the taii
of the spectrum is harder still (if a single component model is used).

The inverted spectrum 1s shown in Plot D, with two MPC spectra
accumulated over times overlapping with the $S§ data. A1l spectral models
that give qualitatively good fits to the SSS data result in an upturn of
the last three channels, an effect consistent with the MPC spectra
shown. 1t appears that two components are present. A representative
breakdown which gives a good fit is: a strongly absorbed power law

component of photon index 2.5 which dominates the strongly fluctuating MPC

data; and a flatter power law of photon index 1.0, modified by intersteliar

absorption, which dominates the steadier 585 data, except for the last

three channels.
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spectrum §s shown 1n Figure 6-9d, alon; with two inverted MPC spectra
deduced from pulse height data accumuiated over times overlapping the 5SS
cuverage. By themselves, the MPC data would indicate a large Tow energy
cutoff. (For this plot only, MPC channels 1 and 2 are omitted, while
channels 7 and 8 are included. The two lowest channels cannot be reliably
inverted for heavily absorbed spectra, while the two highest channels,
because of their high flux, do not suffer from thely usual background
problem.) A1} spectral models that give qualitatively good fits to the SSS
data result in an upturn of the last three channels in the {nverted
spectrum, an effect consistent with the overlapping MPC data.

The Joint 5SS and MPC spectra indicate the presence of two components
during the flaring -~ a flat component modified by ~ jnterstellar
absorption which describes the $55 data except for the upturn in the last
three channels, and a heavily absorbed steeper component which dominates
the strongly fluctuating MPC data. The agreement of the overlapping
portion of the inverted SSS and MPC spectra and the relative steadiness of
the SSS data during large changes in MPC flux (cf. Figure 5-12) Yend weight
to such an interpretation. A representative breakdown which gives a good
fit is: a fairly steady power law component of photon index 7.0, modified
by interstellar absorption (~ 1.4 x 1022 atom cm“a), and a highly variable
power law component of photon index 2.5, with column density ~ 3 x 1023
atoms cm~2. This very high column density implies that the intrinsic
flaring source intensity could be about four times higher than that
observed.

The spectral shape of the flaring component itself may be
approximately constant, as shown by the similarity of the two inverted MPC
spectra Tn Figure 6-9d, for two flux levels. The intensity-sorted MPC
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hardness ratio (Ch 4-6)/(Ch 1-3) correlates very well with total MPC rate,
as shown 1n Figure 6-10. However, the three jowest MPC channels 1{e in the
domain of the steadier component, and without more precise simultaneity v~
MPC/SSS PHA accumulations, variations of the two components in the
overlapping region are nearly impossible to decoupie unless they are large.
This complex post-transition flare spectrum does not look much 1ike
the 0S0-8 post-transition hard flare spectrum, as shown in Figure 6-11,
where model incident specitra for the two are compared. However there are
similarities: each may be described in terms of a heavily absorbed highly
variable component plus an unabsorbed steadier component. The slopes of
the respective components and their relative intensities do not match in
the two cases. It 1s not possible to compare {iron 1ine emission near 7 keV
f.; the two cases, since the MPC data are not sensitive to its presence,
and any 1imits are complicated by the large absorption feaature expected

nearby with such a large column density for the dominant flaring component.

Observations 9 and 10: HEAD-2 Points 2 and 3

For the second and third HEAO-2 Points, spanning the beginning and end
of a 16.6 day cycle, Circinus was even weaker than at its minimum during
the first point. Simple fits to the pulse height spectra for the SSS and
MPC spectra were hard to match, with the SSS consistently showing higher
temperatures and flatter power laws. A possible source of discrepancy is
variability of the source during coverage by the two detectors that was not
quite simultaneous. There was some evidence for occasional harder flaring
shortly after phase 0 and near the end of the second point (cor-esponding
to a flattening of > 0.5 1n index for a power law fit) and a softening with

time in the third point (by as much as a one-unit steepening in power law



i A T e e

ORIGINAL PAGE IS 178

OF POOR QUALITY
Figure 6-10

During the flaring cbserved with the MPC during the first HEAO-2 point
at Cir X-%7, the intensity increases occurred primarily in MPC channels 4-6
(corresponding to an energy band of ~ 3-10 keV), leading to an increasing
hardness ratfo, MPC (ch 4-6)/(ch 1-3), with increasing MPC co.nt rate, as

the figure demonstrates.
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Figure 6-11

Model incident spectra are used to compare the HEAD-2 spectra of

Circinus with each other and the hard flare from
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The Point 1 and Point 2 “pre-transition” spectra were comparable to

each other, so only one is shovn for clarity. They were somewhat weaker

than the ~ phase 0.1-0.5 average spectrum from the first HEAO-1 scanning

cbservation. The Point 3 pre-transition spectrum was lower in intensity,

the lowest reported in this work.
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1ndex or a decrease in temperature of £ keV).

Because of the weak flux Jevels, the spsctra from either detector
separately were not considered reliable. Instead, since the MPC has a
broader spectral dynamic range while the SSS has better Jow-eneray
coverage, the best fit slope or temperature from tie MPC was folded through
the 5SS detector response to determine a value for absorption. If the two
inverted spectra roughly agreed, the spectrum so generated was assumed at
Teast qualitatively reliable.

F’gure 6-12 shows the resulting spectra for average pre-phase 0
accumulations durine. the two points. Parts a and b show the $5S PHA data
compared with the best "composite" fits, while parts ¢ and d show the
inveried spectra for both the SSS and the quasi-simultaneous MPC
accumulation. The combined SSS and MPC data yield thin thermal
bremsstrahlung fits with kT ~ 4 keV (Point 2) and 6 keV (Poifnt 3), with
hydrogen column densities of 1-2 x 1022 atoms cm™2. Table 6-6 1ists
parameters for similar composite fits for SSS and MPC data at other times
during the points. Upper Timits to an fron 1ine feature near 7 keV are
taken from the automatic MPC fits supplied by Smithsonian Astrophysical
Observatory. The model incident spectra corresponding to the Point 2 and
Foint 3 fits before phase 0 are plotted with dashed 1ines in Figure 6-11,
for comparison to the Point 1 flare spectrum. The Point 2 intensity and
the Point 3 shape are comparable to the corr:sponding parameters for the

Point 1 spectrum before phase O,

B. Cincinus X-1 - Temporal Studies X
The previcus section concentrated on average spectral properties of

Circinus over several natural accumulation ¢ frelated to data mode
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Plots A and B show the average "pre-transition” SSS pulse height
spectra for the second HEAD-2 point at Circinus, eleven cycles after the
first, and the third point during the following cycle. For the second
point the flux was somewhat weaker than during the first, and the third
point was weaker still.

Plots C and D show the respective inverted spectra along with MPC

spectra taken during overlapping times.
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collection or observed changes in the source) and spectral changes
associated with local changes 1n intensity. This section will emphasize
studies of temporal structure and timing (relative, for example, to the
cycle phase or presence of an outhurst) of the events observed.
Particularly in a highly variable source such as Circinus, the two
discussions are necessarily somewhat coupled. Because of the generally
weak flux during most of .the ohservations, making detailed studies of the
temporal charcteristics of Circinus difficult with the available detector
sensitivities, this section will address almost exclusively observations 1,
2, 3, and 9 (The 0SO A Detector point, HEAO-1 "Scan 0", the first HCA0-1
point, and the first HEAO-2 point). Given the rather broad spectrum of
behavior from the source, 1t is not always clear how to generaliz: from
this sample of "snapshots". However, they do provide additional clues to
the nature of Circinus and constraints on whatever picture of Circinus one

wants to build, as shown in the following chapter.

Observation 1: 0S0O A Detector Point

Passibly in keeping with the modest peak intensity, the outburst
covered in this observation was also rather short in duration, with the
peak lasting less than a day compared to the 3-5 days of larger
outbursts. Data from 1976 Day 230 may indicate the presence of a "front
porch" before the main outburst (refer to Figure 5-3b), possibly analogous
to that reported for radio observations of Circinus (Murdin et al. 1980).
If the effect is real and not the result of source confusion, it indicates
a gradual buildup in flux of about a factor of 2 in a day. A similar but
scaled up effect has been reported for larger X-ray outbursts (Kaluzienski

et al, 1976). On Day 231 there was a more rapid increase, amounting to a
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factor of 3 in ~ 2 hours, to the peak level. A downward sloping "plateau"
lasting ~ 3 X 10% seconds showed chaotic fluctuations, with factor of 2
changes in intensity from 10-second spin to spin (see Figure 6-3), as noted
in the previous section. The autocorrelation function of this peak
“flickering" is flat {see Figure 6-13), with the only timescale greater
than the 10-second satellite spin period related to the slow decline of the
plateau. Timescales shorter than the ~ 2-second pass across the source can
be monitrred with 160 msec rates data, and samples of this data in Figure
6-14 show structure on subsecond timescales. However, the individual
passes do not have sufficient statistics for autocorrelation analysis.

{For 12 bins of 160 msec data, the deviation from a straight Tine should be

at least as large as that implied by xi ~ 3 while a straight 1ine fit to
the data gives only x% ~ 2.) Summing the passes to improve the statistics

washes out the variations, yielding only a characteristic timescale
of ~ 0.67 seccnds, i.e. one~-third the sampling time and hence suspect
(though visial inspection of some of the passes shows it could be a
timescale of interest). Possible structure at times between 2 and 10
seconds was not accessible to study because of the data sampling mode.
After the plateau, the flux gradually declined over ~ 12 hours, with
several broad dips and partial recoveries of 5-10 x 103 seconds duration,
arriving at a Tow level of flux (~ 25 U.F.U.) half a day before phase 0
(again refer to Figure 5-3b). Shortly after phase 0, an episode of hard

flaring commenced, peaking ~ 5 hours after phase 0, then fading in about an
hour, leaving the residual component discussed in the previous section.
Though gaps in the data from earth occultation interfered with a careful
study of the flare structure, there was evidence of a broad "precursor" g

flare before a narrow spike lasting ~ 5 minutes which reached a peak
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Figure 6-13

Tha autocorrelation of the peak flickering during the 0S0-8 outburst
1s flat. The only timescale greater than the 10-second satellite spin

period 1s related to the slow decline across the peak.
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For the "flickering" at peak intensity in Observation 1, timescales
shorter than the ~ 2-second pass across the source Jduring eich satellite
rotation could be monitored with 160 msec rates data, and samples of this
data in the figure show structure on subsecond timescuiles. However, the
individual passes do not have sufficient statistics for avtucorrelation
analysis, Summing the passes to improve the statistics washes out the

varfations.
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flux > 65 U.F,U, (see Figure 6-15). The timing of this flare shortly after
phase 0 and the burst in the first HEAO 1 point just before phase 0 brings
to mind post-transition radio flaring frequently reported, though the
duration of the X-ray events is shorter than the radio timescales. As
noted in the previous section, quasi-simultaneous radio coverage during the
050 point showed an increase in flux at 6-cm after phase 0, though the
onset itself was not observed due to antenna-switching at an inopportune
time (Whelan et al. 1977).

Observation 2: HEAOD 1 Scan O

The second observation of Circinus, covering the onset of a much
larger, muck longer duty-cycle (~ 0.5) outburst (refer to Figure 5-5) in
scan mode, had much sparser data sampling than during the first
observation, but longer contiguous stretches for examining behavior on
timescales of a few seconds. The larger effective areas of the MED and
HED3 (1600 cm® versus 263 cm?) yielded better counting statistics for the
subsecond structure revealed by 80 msec rates. As noted in the previous
section, the intermittent coverage showed large fluctuations in average
intensity from scan to scan, with increases in flux attributable to
decreases in absorption. The 80-msec sampling showed structure within the
scans on timescales of seconds or less, including quasi-oscillations of a
few seconds, with rise times as short as 160 msec.
The first column of Figure 5-6 shows the best samples of these
quasi-oscillations from four scans across the source on 1977 Day 240, when P!
the effective detector areas were near maximum and the source remained in
the field of view for several "cycles". The second column shows the !

autocorrelation function for each scan for lags up to 8 seconds, corrected r
i



187

ORIGINAL PAGZ I
Figure 6-15 OF POOR QUALITY

The figure shows an episode of hard flaring during Observation 1. It
commenced shortly after phase G, peaking ~ 5 hours aftey phase 0, then
faded in about an hour, leaving a residual component as discussed in the
text. Though gaps in the data from earth occultation interfered with a
careful study of the flare structure, there was evidence of a broad

“precursor® flare before a narrow spike, lasting ~ & minutes, which reached

a peck flus > 65 U.F.U.
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for photon counting statistics; the third column shows the logarithm of the
respective autocorrelation functions, with representative fits to
characteristic times for assumed exponential declines for short lags. The
rapidly changing slope of the log of the autocorrelation function at small
lags allowed large chauges in the measured timescale for small changes in
the fit interval, To provide some consistency in the f{t procedure, an
1terative process was used to select a fit interval comparable to the fit
timescale, as suggested by Tennant et al. (1981).

In a shot noise description of fluctuations, the autocorrelation
function at small Yags will show an exponential decay 1f the underlying
shots have the usually-assumed exponential form, while 1inear declines
could be produced by rectangular shots. Table 6-8 1{ists the various
relations between the shot parameters for both forms and the first three
moments of the count rate distribution, assumed to be corrected for noise
(cf. Dower 1978}, Table 6-9a 1ists the moments of the count rate
distributions for the four scans shown in Figure 5-6. Table 6-9b gives the
decay times and shot parameters derived for assumed exponential shots,
while Table 6-9c gives the corresponding values for assumed rectangular
shots. The exponential decay times, of order 1-2 seconds, are assigned
errors from varying the fit interwal in the procedure noted above. The
exponential parameters are listed for comparison with values quoted
elsewhere for Circinus as well as Cygnus X-1. 1In fact, the autocorralation
functions are better described by T1inear declines from zero lag to the zero
crossing points [refer to Figure 5-6, column 2; cf. Dower (1978)]. The
timescales of these declines, not very different from the exponential fit
values, may be associated with the peaks or troughs of the observed

quasi-oscillations. Though the variance and third moment track roughly
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TABLE 6-8, AUTOCORRELATION AND SHOT NOISE DEFINITIONS AND RELATIONS

Moments of count rute distribution:

S = mean rate LI 51N1/8 w1
Vg = variance " T 3(51-5) A1/z w1
Mg = third moment = N%T 2(81:533 Wy /B Wy

where Wy = weighting factor
= 1/012 x 1/51 for weighted moment
= ] for unweighted moment

ACF =_autocorrelation function = p{u} < r{u}/r(0)

P B (y-5)(y,,5)

=1 9 %

time hin width
cirrelation time

shot amplitude

shot rate —
shot faction = Ar hT/S

Shot relations”™ (for T << )

where r{u)

Shot Parameters: T

R B W RN

T
h
)y
f

Rectangular shots: Exponential shots:

hit) = h 8(t) 8(t-r) hit) = h eft) e"¥/"

h s Mg/ (VgT) h = 3/2 My VT
e v 2 » o =89V 2w
Foow VMg, S) Foow 432, 5)

*from Dower (1978); 6(t) = Heaviside step function




190

ORIGINAL PAGE 9

6°2 ~ 80 I'0 1 4
8°0 - 9°0 0 £°0 9°1 £
$°2 - 6°1 L0 z°0 2'1 2
£°0 - 20 5°0 - €0 £°0 22 1
£:.995) X I ({-5,-9 3) u (das)1 195 eaeg
3Ry 30US uo}3oRa4 30US apn3}|duy joys 2wyl Bupssoud-0437
[ SYUILIWVIVA 10HS Juvads (2
=
=2
o #°c - 6°1 (T <) 2°0 §°078°1 ¥
&= I'T - 470 9'0 - §°0 5°0 5*075° 1 £
g 8'z - 9'1 0°f - 60 £°0 2°0FL°1 2
a g°0™ £'0 L°0 - %0 0 L"0Ff" L 1
4 3
o (g-995} ¥ 3 (7-S;-49 39) 4 (o9s) 2 195 e3eqQ
a3y 30US uo}3oRd J0YS apn1}|duy 30US auyy Aeoag
SYILIWVEVA 1OHS TVIININOAXI (4
$0°0/€0°0 61°0/S1°0 £2°1/50"1 £92 9150£509 oz ¥
S0°0/40°0 91°0/11°0 86°0/£8°0 11 967 L5b9t ove ¢
20°0/10°0 60°0/10"0 69°0/85"0 128 56122101 ov2 2
20°0/10°0 10°0/¢° 6%°0/9E"0 g2¢ GE80Y0S0 02 1
{Q3LRNA/ QLK) (QILMRN/03IN)  (QILXNN/G3LK) N Jasu Keq 185 e3eg
St jusmon pajyr S souepaep S 330y ueay s3ulod 4o -oj sup] 3dess

SNOTINSIYISIG ILVY INNDD (e

SY3L3HVAYd ISTOK LOHS ONY NOILVI3IY¥yad0L1ny

S31¥d J3SH-08 0 NYOS T OVIH  <6-9 J1avi



191

with the mean count rate, the shot parameters do not seem to be correlated
with Intensity., HWith the shortness of the data streams, 1t {is difficult to
estimate the errors on the shot parameters; for a larger data sample, one
could use the dispersion from scan to scan at a given intensity to assign
errors, It is not clear whether the variations in the small sample
available represent substantive changes or uncertainties in the
determinations. The crudely determined shot parameters nonetheless imply a
rather interesting regime, where one or two overlapping shots, lasting one
to two seconds each contribute at least half of the observed intensity.

The corresponding Tuminosity per shot is quite high, > 1037 ergs.

We have performed data simulations which show that quasi-oscillations
roughly similar to those shown in Figure 5-6 can be produced by rectangular
shots with parameters similar to those 1isted in Table 6-9c¢. Thus, the
quasi-oscillatory appearance might be a manifestation of underlying shot

noise behavior, as Boldt et al. (1975) suggested for Cygnus X-1.

Other Observations Of Hard Flaring

Observations 1, 3, and 3 showed episodes of hard fiaring from Circinus
near phase 0 after a period of low flux. Of the three, only Observation 1
viewed the outburst as well, showing a peak flux and duration well below
the largest seen from Circinus in other cycles, with a decline of the bulk
of the flux about half a day early comparad to the abrupt transitions seen

in the larger outbursts.

Observation 3: HEAO-1 Point 1

Ariel 5 A1l Sky Monitor coverage before Observation 3 showed that a

small outburst occurred for that cycle as well, but the relatively low flux
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level did not allow {ts shape to be well monitored by the ASM. In the
brief view (~ 3 hours) allowed by the HEAQ point after the outburst had
subsided, the source underwent a 5-minute double-peaked flare with peak
intensity ~ 85 R15 counts, again following a broader, less intense

precursor (see Figure 6-16).

Observation 9: HEAO-2 Point 1

The flaring episocde in Observation 9 may be a diiferent phenomenon.
Prior A11 Sky Monitor coverage does not clarify the existence of a
preceding outburst with an early decline, and due to evolving source
behavior over the years, phase assignment at the later epoch is more
ambiguous. Nonetheless, the gradual changes in flux and hardness across
phase 0 according to the standard ephemeris suggest that it still provides
some fiducial point. If so, the flaring observed by the MPC began about a
day after phase 0, considerably later than the f1hring in Observations 1
and 3. Incomplete data coverage did not allow vieawing of the onset or
decay, but the character of the flaring also seems different for the later
observation -~ fairly chaotic fluctuations lasting at least four hours,
with no obvious narrow spikes in intensity.

Three intervals of several hundred seconds of contiguous 2.5 second
MPC rates data were available for autocorrelation analysis. The 1light-
curves for the three intervals are shown in the left half of Figure 6-17.
The right half of the figure shows the corresponding autocorirelation
functions, corrected for photon counting statistics for lags up to 512
seconds. Fits to the Togarithms of the autocorrelation functions for short
1255 {as discussed above) indicate possible characteristic exponential

corrz2lation timescales of ~ 54 seconds for the first interval and ~ 45
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In the brief view (~ 3 hours) allowed by the first HEAO-1 point

(Observation 3) after the cutburst had subsided, Circinus underwent a

5-minute double-peaked flare with peak intensity ~ 85 R15 counts, again

following a broader, less intense precursor. The figure shows the HED3

1ight curve during the flare time in 10 second bins.
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Plots A, B, and C are expanded views of three data streams shown in
Figure 5-12: 2.56-second rates from MPC channels 4-6 during flaring in the
first HEAD-2 point at Circinus. Plots D, E, and F show the respective
autocorreiation functions. Possible linear declines are indicated in

plot F.
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seconds for the second. Timescales for assumed 1inear declines for these
two intervals are somewhat longer, approximately the zero-crossing times.
More than one timescale may be operative even within a given data stream,
as most clearly indicated by the third and longest interval, whose
autocorrelation function shows complex structure. Possible 1inear decline
timescales of ~ 63 and 231 seconds are indicated in part F of the figure.
The equivalent timescales for assumed exponential declines are somewhat
shorter {as for the first two intervals), 52 and 86 seconds,

respectively. These correlation timescales are a factor of > 50 times
greater than those found for the soft intensity fluctuations at th: onset

of the large outburst in the second observation.
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"... when they come to model Heaven,

And calculate the stars, how they will wield
The mighty frame, how build, unbuild, contrive
To save appearances, how gird the sphere

With centric and eccentric scribbled o'er,

cycle and epicycle, orb in orb."

- John Milton

Paradise Lost

156
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YII. DISCUSSION

A. The Binary Model

As noted above in Chapters I and II, except for the (1971) era of
Uhuru eclipse-1ike observations (Jones et al, 1974), the soft X-ray
Tightcurve of Circinus X-1 (Kaluziensk? et al. 1976) is not typical of an
occulting binary.

1. Absorption By Cold Wind Material

Following up the suggestion that the source shines out
periodically for a portion of the orbit, Murdin et al. (1980} proposed a
detailed model to explain the shape of the 3-6 keV lightcurves found {n the
Ariel-5 ATl Sky Monitor data base from 1974 to 1978, along with the earlier
Uhuru 1ightcurve. Thelr model invokes the effects of changing optical
depth to a constant luminosity X-ray source in a very eccentric orbit
through the dense, cold stellar wind of a massive companion. They assume

that the observed 3-6 keV Tuminosity L,,o at a given binary phase 8 can be

written

-rA(e; ep, i)

L const © ) 7-1

obs ~ L
where L.onst 15 the (assumed) constant intrinsic Tuminosity, and the
optical depth to photoelectric absorption, Ta is a function of the binary
phase 8, the "periastron angle" ep, and the inclination angle i of the
orbit (refer to Figure 7-1 and Appendix A). They note that the source is
not 1ikely to be truly constant, particularly if the luminosity is due to

accretion from the wind and not moderated in a disk, but argue that,
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In conjunction with Appendix A, the sketch indicates the relevant
geometry for calculating the instantaneous absorbing column density along
the Tine of sight 1n terms of the apparent relative position of the two
stars. The angle ¢ in the figure is related to the "perfastron

angle" o , which gives the orientation of the major axis to the line of

sight, a:d 8, the "true anomaly" or binary orbit angle measured from
periastron, by ¢ = (§£.+ ap + 0). For the cold wind case, the column
density 1s integrated from the X-ray source to infinity. When fonization
is included, the Tower 11mit is replaced by Rgs the distance of the

Stromgren surface from the X-ray source along the line of sight.

X-Y PLANE = PLANE OF ORBIT
X-Z PLANE = INSTANTANEOUS PLANE WITH LINE OF SIGHT TO X-RAY SOURCE

D = INSTANTANEOUS SEPARATION OF STELLAR CENTERS

cos I = sin ¢ sini

rf=n2+D%2-2nDcosT N

R, = DISTANCE FROM X-RAY SOURCE TO STROMGREN SURFACE
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because the optical depth factor enters as an exponential, 1t should .
dominate intrinsic changes in the source.

The observed systematic changes in infrared and optical fiux over
several years discussed in Chapter Il suggest that an early-type supergiant
is probably not a vieable candidate for the companion. Further, Argue and
Sullivan (1975) argue that, after distance and reddening corrections, an 0B
supergiant would appear about two magnitudes brighter than is consistent
with the upper 1imit based on non-~detection with their plate threshold.
Figure 7~2, adapted from Murdin et al. {1980) displays in bold 1ines the
radius versus mass curves of several luminosity classes of stars. (I:
supergiants, II: gfants, V: hain seguence stars). At the top of the figure
we have added visual magnitudes applicable to main sequence stars. The
range of possible candidate masses suggested by Murdin et al.,
1og(Mp/Mo) ~ 1.3-2.0, 1s indicated in the figure. With the revised visual
magnitude estimate MV ~ 2.5 (with rather larger uncertainties due to
uncertainties in the reddening correction), we estimate a companion mass <
22 My, possibly ~ 10 My, This is consistent with a B-type main sequence
star or a later-type more evolved star. Either of these types of objects
might still produce sufficient wind outflow to fuel the Circinus system.

In addition, tidal effects on a less massive companion due to the close
passage of the compact object near periastron may be quite Targe.

Murdin et al. find that an eccentricity > 0.7 will give Tlightcurves
roughly consistent with those observed and suggest an inclination angle
of ~ 75° so that the soft X-rays are strongly modulated but the harder %
X~-rays are unaffected. They explain the observed evolution of lightcurves E
from 1977 to 1978 in terms of a changing orbit orientation due to ?

by about -10° per year. Figure 7-3 A

precession, amounting to a shift in Bp !
|
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Figure 7-2

The figure, adapted from Murdin et al. (1980}, displays in bold lines
the radius versus mass curves of several luminosity classes of stars. (I:
supergiants, I1: gfants, V: main sequence stars). At the top of the figure
are visual magnitudes corresponding to main sequence stars. The range of
possible candidate masses suggested by Murdin et al., 1og(Mp/M°) ~1.3-2,
1s indicated in the figure by the double-sided arrow. The revised visual
magnitude estimate leads to a smaller companion mass (indicated by the
arrow decreasing from log Mp/M0 = 1.3) consistent with a B-type main
sequence star or a later-type more evolved star.

The 1ight solid Yines in the figure correspond to the periastron
separation of the stellar centers for a 1 M, compact object, as a function
of primary star mass for several values of eccentricity.

The dashed 1ines indicate the approximate size of the Roche lobe of
the primary star at periastron passage of a 1 M, compact object for the
same eccentricity values as before (the minimum and maximum values only are
labeled to avoid confusion in the figure). For high eccentricity or a
somewhat evolved companion, the Roche Tobe at periastron may be smaller than

the primary radjus, possibly leading to overflow onto the compact object.

Yo
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Figure 7-3

A schematic of an eccentric (e = 0.7} binary system similar to that
proposed for Circinus X-1 by Murdin et al. {1980).

The primary star, of radius Ry = 20 Ry, is Tocated at the focus.
Along the elliptical orbit various phases are noted, with phase zero
defined to occur at periastron. The hatched region indicates the portion
of the orbit where the primary is expected to overflow the instantaneous
gravitational equipotential surface of approximate radius RyypaL, as
calculated by Avni (1977). (This condition lasts for ~ 1 day of the 16.6
day orbit for the system parameters of the model.)

The periastron angle, ep, is the projection in the orbit plane of the
angle from the major axis of the ellipse to the Took direction. The
approximate look directions during two satellite epochs are indicated, for

an assumed orbit precession of -10° per year and the phase assigned by

Murdin et al.
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shows a schematic of their proposed eccentric (e = 0.7) binary system with
a smaller mass primary (Mp = 20 Mo). Along the elliptical orbit, positions
of the compact object for varicus orbit phases are noted. The primary
star, of radjus Rp * 20 R, 1s located at the focus. The hatched region
indicates the portion of the orbit where the primary 1s expected to

exceed the {nstantaneous gravitational equipotential surface of
approximate radius RypyaL» @s calculated by Avni (1977). (See Chapter

IT11§A.2.8.) The perfastron angle, 6_, 1s the projection in the orbit plane

of the angle from the major axis of Zhe ellipse to the ook directions,
The approximate look direction during two satellite epochs are {ndicated,
for an assumed orbit precession of -10° per year and the precession phase
assigned by Murdin et al.
A stellar wind dense enough to provide the observed lTuminosity should
provide observable optical depth effects and there are in fact large column
densities sometimes associated with Circinus. However, despite the
apparent attractions of the photoelectric absorption model for the soft
X-ray lightcurve, it has some serious flaws.
We have reproduced the Tightcurves of Murdin et al. as a first step in
a more general program of modeling X-ray lightcurves. While we confirm the :
basi¢c shapes that they find Tor various orbit orientations, we note that,
for optical depths large enough to produce the desired shapes (10 at the
surface of the primary is taken to be ~ 5 so that T Ry/D ~ 1 for
Rx/D ~ 0.2), the relative peak intensities change dramatically with look
direction. Figure 7-4 shows the lightcurves predicted by the model of

Murdin et al. with correct relative normalization. The model peak

intensities change by a factor of 4-5 from 8y ~ 90° to 8 ~ 15°,

corresponding to the range of assigned look directions from the 1971 Uhuru o
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Figure 7-4

With correct relative normalization, the i{ghtcurves predicted by the
cold wind absorption model of Murdin et al, (1980) for Clr X-1 (~ ") have
peak intensities which decrease by a factor of 4-5 from the Uhuru

epoch (o ~ 90%) to the HEAO-1 epoch (o, ~ 150) as the orbit precesses.

LIGHTCURYES EOR ARSORPTION MODEL
WITH CORRECT RELATIVE NORMALIZATIONS
e =07 i=75°
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(ec1ipse-11ke) epoch to the 1976-7 0S0-8/HEAO-1 observatiuns, while the
average peak Tuminosities did not deciine 1n this monotonic way. Also, the

peak (e”T) efficiency predicted for the HEAO-1 Scan 0 observation and the

SAS-3 coveraqge of the following high cyvcle is ~ 10%, implying an intrinsic

source luminosity during those times of several times 1039 erq 5"1.

Figure 7-5 shows the optical depths to photoelectric absorpiion as a
function of binary phase corresponding to the 1ightcurves shown in the
previous figure. The change in photoelectric optical depth corresponding
to che column densities measured during the 0S0-8 August 1976 observation

of Circinus 1s denoted by a dashed 1ine. The changes in optical depth

Rredicted by the model are too gradual to match the echserved change -- a

rapid decrease to a Tow value of t for a few hundredths of a cycle followed
by a rapid increase--for any values of ep or 1. Also, the wind densities
required to achieve the desired modulation at ~ 4 keV imply a minimum
column density much larger than that observed (roughly the interstellar
value) for the proposed orbit orientations.

A further difficulty with the absorption wodel for the Circinus
lightcurve is 11lustrated in Figure 7-6: not all of the soft flux

modutation is due to_changes in e”". The figure compares the 3-6 keV band

lightcurve determined by 080-8 in August 1976 (denoted by small crosses)
with the modulation attributable to the changing optical deptr- to
photoelectric absorption found in the spectral fits discussed in Chapter VI
{denoted by larger crosses with closed circles and the hatched box). (The L
contribuiion to the rates from the relatively steady "power law" component §
noted in Chapter VI wes first subtracted off.) The binary phase predicted I
by the X-ray ephemeris of Kaluzienski and Holt (1977) is indicated on the

X-axis.
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The figure shows optical depths > photoelectric absorption predicted
by the (cold winu; model of Murdin et al., corresponding to the 1ightcurves
shown in Figure 7-4. The variation in optical depth observed for Cir X-1
in August 1976 by 0S0-8 is indicated by the dashed segment.
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The 3-C keV band 1ightcurve observed for Cir X-1 in August 1976 {small
crosses) is compared with the modulation attributable to the changing
optical depths for photoelectric absorption found in the spectral fits
{1arger crosses with closed circles), after the contribution to the rates
from the relatively steady "power law" source was first subtracted off.
The binary phase predicted by the X-ray ephemeris of Kaluzienski and Holt
(1977) {is indicated on the x-axis.
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These data show that -- even if some density distribution other than a "
simple inverse-square Taw were invoked -- the modulation during this
outburst 1s not principally the result of changing photoelectric
absorption.

2. Jonization Effects

As a simple modification to the absorption modei for the
Tightcurves, we can include the effect of photoionization of the
surrounding stellar wind by the central X-ray source (still taken to be
constant in intensity), following the simple Strimgren surface analysis of
Pringle (1973) discussed in Chapter III. The {energy independent) optical
depth to Thomson scattering, about 10% of the optical depth to absorption
at 2.7 keV in the cold wind case, is still calculated for the entire column
density. However, in the integral for the absorbing column density along
the line of sight (see Appendix A), instead of integrating all the way to
the X-ray surface, we then integrate only to the Strdmgren surface {see
Figure 3-1). For a given orbit orientation, the lower Timit of zero on the
column density integral s replaced by the 1ine of sight distance Ry from
the X-ray source to the Strimgren surface associated with the local
ionization parameter A. Using the notation of Equation 3-53,

Av o 50 (Lgy/Ey)/la_yg Ny,
The soft outbursts of Circinus covered by 0S0-8 in August 1976 and

3
012 )l 7"2

HEAO-1 in August 1977 showed blackbody spectra with kT ~ 0.8 - 0.95 keY
(peaking at ~ 3kT) with luminosities ~ 1038 erg s-1, Recalling that the
threshold enerqy for photoionizing hydrogenic oxygen is 0.87 keV, we take i
0.87 ‘ :
For an inverse-square stellar wind density we can write L

Nyp = (N/10th en™) (R, /)2, 73

% bt e
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where Ny is the wind density at the primary surface, Ry is the primary
radius, and D is the instantaneous stellar separation. For the model
parameters of Murdin et al.,, Ry = 20 Rg ~ 1.4 x 1012 cm and, to

provide T, ;f-~ 1 in the cold wind model, N« ~ 3.8 x 1011 em~3, Murdin et
al, use wind densities such that t,R,/a ~ 1 at 5 KeV and then compute

Tightcurves e'T(5 kev). We use lower wind densities, such that 7,R,/a ~ 1

at ~ 2.7 keV and compute'e"1(2'7 keV)

The shapes of the two sets of
lightcurves are jdentical for the cold wind case, but out treatment allows
us to include more readily other effects such as fonization and wind
accretion for a source such as Circinus, whose optically thick outburst
spectra peak near 2.7 keV,

For 2 16.6 day period, with My = 20 M, and W, = 1 M, {values in the
model of Murdin et al.}, the semi-major axis is, from Kepler's third law,
Me + M 1/3

21 = 0.35 AU, 7.4

_ z
ay ¢ [pyr ( o

or 5.3 x 1012 cp, Thus, assuming the intrinsic source luminosity is

constant we can write

D

12 ~ 2.4 (1-e%)/(1+e cos8)

A~ 25 5 ;i o
1y (r, /1012 -15

ﬂ_ls(N*/lo

For a recombination parameter ¢_15 ™ 1 and e = 0.7, this gives A ranging
from ~ 1.8 at apastron to ~ 0.3 at periastron. While these particular
values should only be taken as illustrative because of the somewhat
arbitrary choice of rather uncertain parameters (in particular, a rather

simplistic estimate of the recombination rate), they show that the ionized

R

-l



211

reqion can be open in one part of the orbit and closed in another for

plausible parameters. (We will see below that the change in A with orbit

phase when luminosity {s proportional to wind accretion is quite different
from the relation found for the constant luminosity case, where A « D, the
stellar separation.)

Whether, for a given orbit phase, the {onized region is closed (A <
1/3} or open (A >1/3; refer to Figure 3-3 for a plot of the half angle of
the tangent cone for the unionized region as a function of A), the effect
on the 1ine of sight column density depends strongly on the relative
alignment of the two stars with respect to the 1ine of sight to the X-ray
source as well as on the actual stellar separation. For a given A, the
Tine of sight distance, Ry, to the Stromgren surface scales with the
instantaneous stellar separation D for a particular look direction (refer
to Equation 3-54 and Figure 3-1), but the column density integral depends
on the absolute value of D.

IT this type of Strimgren analysis is applied at each position along
the orbit, Tightcurves analogous to those found by Murdin et al. can be
computed, this time with the assumption

-TABS(B’ Bp!1 ’A)E“Tcompt(eaepsi)

L{e; 8 ,7,0) ~L e

p const ’ 7-6

where Tags is now calculated for the 1ine of sight cold material

while = the optical depth to Compton scattering, is calculated for

Compt?
the total 1ine of sight column density. Figure 7-7 shows the resulting
Tightcurves when the illustrative values of A discussed above are used to
recompute the optical depth to absorption through the unionized matter.

The shapes and peak intensities of the lightcurves change substantially
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OF POOR QUALITY
Figure 7-7 FP Q

The figure shows the effect oh the cold wind 11ghtcurves of Figure 7-4
when fonization of the stellar wind material by the X-ray source is taken
into account by incorporating the simple "Strbtmgren surface” {onization

model of Pringle {1973); the shapes and peak intensities of the lightcurves
change substantially.

LIGHTCURVE FOR ABSORPTION MODEL
WITH IONIZATION
e=07 i=175°

UHURIU epoc'h

INTENSITY
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from the cold wind case. The peak efficiencies are more nearly the same,
being different from 1.0 because of Compton scattering effects. The
1ightcurve assigned to the Uhuru epoch (ep = 90%) looks somewhat more
eclipse-1ike, in keeping with the data. However, it should be noted that
the 11ghtcurve assigned to the 0S0/HEAQ epoch has a much smalier duty-cycle
than that inferred for the HEAO 1 Scan O observation (Observation 2} or for
the very intense cycle foliowing that was covered by SAS-3.

While this approximate treatment of changing fonization conditions
throughout the orbit suggests that such effects are 1ikely to be important
in the Circinus system, and they offer a natural way of achieving average
peak efficiencies (for letting through the intrinsic source luminosity)

near 1 for various orbit orientations, a_description of the lightcurves in

terms of changing optical depths through a uniform wind to the X-ray source

is not adeguate even when fonization is included. It 1s still true that '

not all of the modulation is due to e”' effects. The total amount of
material along the line of sight, ionized plus cold, is equal to the amount
of cold material in the previous case. With the absorption cross-section
roughly a factor of 10 larger than the scattering cross-section, the
resulting decrease in flux from cold plus fonized material is at most that
due to all cold material. Thus the excess modulation found in Observation
1 over that predicted by the cold wind case (see Figure 7-5) cannot be
explained by appealing to column densities of fonized material which would
not show up in the Ny determination from the low energy turnover, unless
this material is not part of the smooth wind distribution postulated.
lLarge changes in the amount of materfal near the compact object might be
expected for rapid changes in accretion conditions, but then the basic

picture of modulation from optical depth effects would no lenger apply.
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3. Intrinsic Source Variations

Low measured column densities of cold material when the source
intensity 1s Tow and intensity modulation not attributable to optical depth
effects in a uniform wind, even when fonization 1s included, suggest that,
even though matter densities in the system are probably quite large,
intrinsic changes in the'source intensity may compete with or dominate
optical depth effects. For an eccentric binary system, 1t {s natural to
investigate the contribution of changes in wind accretion to modulation of
the Tightcurve.

To do so, we write

Lobs (9) % Lygng (0) (%,

where the wind accretion iuminosity at orbit angle 6 is calculated
according to Equation 3-14., This assumes that the accretion is prompt,
ignoring, for example, possible formation of an accretion disk.

Chiappetti and Bel1-Burnell (1981) argue that including accretion from
a fast wind in the 1ightcurve calculation provides sufficient modulation
that the orbit eccentricity and wind density should be reduced from the
values of Murdin et al. to keep the envelope from becoming too narrow, and
to match the Ariel 5 observations of low hydrogen column densities for
Circinus during times of lTow flux. They suggest that an optical depth at
the primary surface T, ™ 0.5 (rather than 5.0), an eccentricity of 0.5
(rather than 0.7) and an orbit inclination near 90° gives lightcurves
similar to thoese of Circinus. They do not quote a wind velocity but nhote
that the accretion rate is symmetric with respect to the 1ine of apsides,
implying a wind speed fast compared to the orbit velocity, so that V.. in
Equation 3-14 does not change substantially over the orbit. Their

assumption of an inverse square density law for the wind implies a constant
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wind velocity., For a fast, constant velocity wind, the mass accretion rate
1s roughly proportional to D*2, An accelerated wind profile, such as that
of Castor, Abbott, and Klein (1975) (see Equation 3-15) which they adopt in
a follow-up paper {Chiappetti and Bel1-Burnell 1982}, would tend to make
the peak sharper and reduce the relative fraction of off-peak flux compared
to those which they present or which we show in Figure 7-8. For an e=0.5
orbit, the qualitative changes in the Tightcurve relative to the constant
wind velocity case are not too large even for this rapid acceleration case,
though the peak intensity is increased by a factor of ~ 4 since the wind
velocity 1s only ~ 70 percent of maximum at periastron.

Figure 7-8 shows 1ightcurves for the low density, fast wind accretion
model with an assumed orbit semi-major axis of 5.2 x 1012 cm, a primary
radius of 20 R, and a constant wind velocity of 1000 km s}, The y-axis is
plotted in units of 1038 erg s=1. Three Took directions are chosen for
i1lustration of the effects of orbit orientation. The dip in each case
marks the passage of the compact object behind the primary, essentially an
eclipse phenomenon, The outer envelope of the superposed curves indicates
the shape of the wind accretion term for this case before the optical depth
effect is included. The look direction determines the relative flux before
and after the "eclipse". Orientations near ep = 180° most closely match
the Uhuru eclipse-like curve, while considerably smaller angles (ep ~ 600 -
1209) produce a gradual rise followed by a sharper decline, broadly
consistent with the Ariel-5 A1l Sky Monitor prototypical 1ightcurve noted
by Kaluzienski et al. (1976},
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The figure shows 1ightcurves for the low density, fast wind accretion

model with an assumed orbit size of 5.2 x 1012 cm, a primary radius of 20

R, and a constant wind velocity of 1000 km s™1. The y-axis fs plotted in

units of 1038 erg s*1. Three look directions are chosen for i1lustration

of the effects of orbit orientation.

phenomenon.

The dip 1n each case marks the

passage of the compact object behind the primary, essentially an eclipse

The combined outer envelope indicates the shape of the wind

accretion term for this case before the optical depth effect is included.

The look direction determines the relative flux before and after the

"ecl{pse”.
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There are several difficulties with the wind accretion model as it "
stands:

(1) The lightcurves are not particularly compelling reproductions of
the data (see Figure 7-8). Turn-ons and cutoffs are not nearly as sharp in
the model as are observed. The lTightcurve assoctfated with the Uhuru era
ecTipses 1s not convincing.

(2) One cannot choose a single consistent set of wind parameters and
a reasonable orbital precession value to reproduce both the short
duty-cycle 0SO outburst (Figure 5-3) and the long duty-cycle HEAQ outburst
(Figure 5-5) a year later,

(3) The model cannot produce the optical depth evolution chserved
from c1rc1hus by 050-8 in August 1976 (cf. Figure 7-5), The optical depth
predicted by the model 1s low most of the time except for a rapid increase
followed by a rapid decrease around the eclipse. The 0S0 data require a
rapid decrease followed by a rapid increase.

(4) Last and perhaps most critical, 1t 1s difficult to produce
the > 1038 erg s Juminosities observed for Circinus with a fast Tow
density wind (see Equation 3-14 and Figure 7-8). Chiappetti and
Bel1-Burnell (1981) plot “relative intensity" for their 1ightcurves and do
not address this problem. In Equation 3-14, the

M, 3 R -1
factor [(MEJ (IEE&__) ] may be considerably greater than unity, but even
0

a value of 10 would yield < 1037 erg s*1, The mass loss term could be
increased, but then absorption would become more important and ionization ij
effects would have to be taken into account. Alternatively, since the

accretion luminosity depends so strongly on the local relative velocity of
wind and compact object, a more gradual acceleration profile such as that

of Barlow and Cohen (1977) (Equation 3-16) or a slower terminal wind

e #
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velocity would greatly increase the peak flux for a fixed mass loss rate.
However, such a change would also increase the wind density and make the
relative velocity factor dependent on the birary phase, and the
corresponding 1ightcurves would be quite different from the fast, Tow
density wind accretion curves of Chiappett! and Bell-Burnell or,
equivalently, those shown in Figure 7-8. A slower wind would also increase
the 1ikelihood of disk formation, a possibility noted in Chapter III which
we discuss further below.

From the longer term modulation of cycle peaks and the varifety of
spectral and temporal behavior observed from one cycle to the next, we
expect that the mass transfer conditions vary strongly with time. If the
transter 1g primarily via wind accretion, this could imply variable wind
density and velocity. If we allow variable wind parameters, we may be able
to answer most of the objections noted above. For example, variable wind
speed could explain the short duty-cycle 0SO outburst in 1976 (Observation
1} in terms of a fast wind, with the longer duty-cycle more luminous HEAO
outburst the following year (Observation 2) occurring when the wind was
slower.

Figure 7-% shows the approximate match of the 3-6 keV 0S0 data points
with the smooth curve predicted by wind accretion in an e = 0.7 orbit
through a fast (1000 km s-1) dense (ﬁx ~2 % 10-5 Mo yr‘l) wind which in
turn 1s fonized by the resulting X-ray source. The model does not account
for the residual unabsorbed flux from the persistent component noted in
Chapter VI. The match requires a shift of 0.07 of a 16.6 day cycle in the
X-ray ephemeris phase 0 with respect to periastron passage.

The fonization effect, required both to achieve sufficient peak

Tuminosity and to describe the observed column density evolution, has a
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ORIGINAL PACE |9
Figure 7-9 OF POOR QUALITY

The figure shows the approximate match of the 3-6 keY 0SO data points
with the smouth curve predicted by wind accretion in an e = 0.7 orbit
through a fast (1000 km s~1) dense (ﬁx ~2 x 1075 Me yr“l) wind which 1n
turn 1s 1onized by the resuiting X-ray source. The model does not account
for the residual unabsorbed flux from the persistent component discussed in
the text., The match requires a shift of 0.07 of a 16.6 day cycle in the

X-ray ephemeris phase 0 with respect to periastron passage.
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different dependence on the orbit phase than in the constant luminosity

case. The fonization parameter for the wind accretion case has the form:

R Y10 st om 3 oR o

0.82 w2 ( ) (
By %5 D2 1078w sy (V50710 km s71)3 Mo 1085cn  7-8

wheire n 15 a combined accretion efficiency factor for capture and

1 rather

conversion to soft X-rays. For a fast wind, this gives A = D~
than A o« D. That is, Ay has a maximum value at periastron rather than at
apastron.

When the simple Strimgren surface analysis discussed above is applied
at each point of the orbit, the resulting modification in Tagg Trom the
Murdin case can roughly match the magnitude and evolution of Teold found
for the blackbody component in the 0S0 observation for the same phase shift
noted above, as shown in Figure 7-10. The plnt should be taken only as
representing the possibility that the measured optical depths may be
approximately reproduced if ionization by a varying X-ray source is taken

into account.

4, Wind-Fed Accretion Disk

Following the troatment of Shapiro and Lightman (1976) for a
circular orbit discussed in §I11.B.1, one can calculate the outer edge of a
wind-fed accretion disk by balancing the specific angular momentum of

accreted gas with respect to the compact object with the specific angular
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ORIGINAL PAGE 13
Figure 7-10  OF POOR QUALITY

When x-radiation from wind accretion is allowed to ionize the wind
material near the X-ray source (under the simple “Stromgren surface"
ionization model of Pringle (1973), applied at each point of the eccentric
orbit}, the resulting modification from the Murdin case in 1 pracicted C2n
roughly match the magnitude and evolutica of t found for the blackhr ly
component in the 0SO observation of Circinus. The match requires & dense
wind and high efficiencies for producing X-radiation and ionization, and an
offset between periastron pascage and the X-ray ephemeris (Kaluzienski and

Holt 1977) phase 0, defined by the sharp cutoff of the Targer outbursts.
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momentum for a Keplerian orbit about the object. 1In an eccentric orbit
through a steady wind, the value so calculated for any point on the orbit
depends strongly on the local relative velocity of the wind to the compact
object, and less strongly on the orbital separation and velocity:

2. 2. 8
Paisk 0 Vorb /Vret 7-9

The various curves in Figure 7-11 track this value with orbit phase
for various wind velocities. The orbit 1s taken to have e = 0.7 and <V,,p°
= 230 km/sec., Without addressing questions of disk dynamics and stability,
the plot is useful for estimating the likelihood of disk formation for
various cases?

For an asymptotically fast wind (1000 km/sec}, with a constant
velocity or a strong acceleration profile (e.g., that of Castor, Abbott,
and Klein 1975} [lower solid curves], the calculated disk radius is no
larger than a neutron star. If a gradual acceleration profile [upper solid
curve] fis assumed, such as that found by Barlow and Cohen (1977) in
infrared observations of OBA supergiants , a disk of ~ 108 cm radius may
form near periastron.

For a wind velocity comparable to the average orbitaf velocity [dotted
curves], a disk of 1010 ¢p may form at orbital phase 0.1-0.2. For an even
slower wind [dashed curves], the radius may be a factor of 10 larger, with
maximum size displaced toward apastron where the orbital velocity is
slawer,

While the disk may be disturbed at other phases of the orbit by
accretion of Tower angular momentum gas, or disrupted near periastron

passage by overflow or other tidal influences, its existence at some Tevel



ORIGINAL PAGE iy

OF POOR QuALITY 223

Figure 7-11

Following the treatment of Shapiro and Lightman (1976), one can
calculate the outer edge of a wind-fed accretion disk by balancing the
angular mementum with respect to the compact object of accreted gas with
the angutar momentum for a Kepbrian orbit about the object. The value so
calculated for any point on the orbit depends strongly on the local
relative velocity of the wind to the compact object, and less strongly on
the orbit separation and velocity: Pdisk © s-2 Vorbzlvrela'

The various curves in the plot track this calculated value with orbit

phase in an eccentric (e=0.7) orbit for various wind velocities (given as

fractions of the mean orbit velocity, where <Vopp> = 230 km/sec).
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at some times seems highly plausible for conditions expected to be found in

the Circinus system.

B. Properties of High and Low State Spectra

By combining the spectral results presented in Chapter VI with other
spectra from Circinus available in the 1iterature, we can search for
systematic spectral behavior with respect to such parameters as source
intensity and binary phase. Figure 7-12 is a compnsite of information from
several different instruments sampling a five year interval from 1975 to
1979, showing the change in spectral character of Circinus X-1 with
changing intensity {References: SAS-3 data, Dower, Bradt, and Morgan 1982;
Ariel-5 data, Chiappetti and Bell-Burnell 1982; 0S0-8, HEAO-1 and HEAO-2
data, this thesis.} In some cases only simple power law fits were
available, so that spectral form was used for cross comparison, even when
the power law fit 1s poor (particuTarly for Goddard data at higher
fluxes}. The spectra are plotted in terms of power law photon index %y and
inferred neutral hydrogen column density Ny, in units of 1022 atoms cm*2,
as a function of 2-10 keV intensity, in cgs units. For an assumed distance
of 10 kpe, & flux of 10-8 erg cm=2 s=1 corresponds to a luminosity of ~ 1.2
x 1038 erg s=1, close to the Eddington 1imit for a one solar mass object.
For most of the data, the one-sigma uncertainties in intensity and fit
parameter are dispiayed, sometimes equal to the size of the alphabetic or
geometric character. The uncertainties in intensity for the SAS-3 data
were not tabulated by Dower et al. (1982). For the HEAO-2 observations, ﬂ
where the best fit 0.5-4 keV SSS sTopes are generally about one unit
flatter than the 2-10 keV MPC slopes, the latter values are used because
they are determined for a bandwidth similar to that of the remaining .
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Figure 7-12

This figure 1s a composite of information from different experiments,
showing the change in spectral character of Circinus X-1 at different
intensities. In some cases only simple power law fits were available, so
that spectral form was used for comparison for Goddard data, even when the
fit is poor. The power law index (part B) gives some measure of spectral
softness. The value of the equivalent hydrogen column density (part A) is
a measure ¢ the low energy turnover,

L References: SAS-3 data, Dower, Bradt and Morgan, 1982; Ariel-5 data,
Chiappetti and Beli-Burnell, 1982; 0S0-8, HEAO-1 and HEAO-2 data, this
thesis.)
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detectors. However, the MPC is fairly insensitive to the low energy cutoff
so that the column density displayed is typically that found from fitting
SSS data with the MPC slope.

In the plot, the power law index (part B) gives a measure of spectral
softness, Particularly at higher fluxes (> 2-3 X 10-9 erg cm=2 5“1), the
Goddard data, as discussed in Chapter VI, show spectra that are frequently
complex, with an optically thick component consistent with a blackbhody of
KT ~ 0.8 -~ 1.0 keV, plus something harder. At Tower fluxes, the spectra
are usually well described by a power law or thin thermal bremsstrahlung
model (sometimes with a strong iron 1ine emission feature), though a
blackbody model cannot always be ruled out.

The value of the equivalent hydrogen column density {part A) is a
measure of the low energy cutoff. At higher fluxes it is typically an
indication oF the intrinsic low energy turnover of the blackbody component
which is being fit with a steep power law. It should be recalled, however,
that the blackbody fits to the onset of the HEAO-1 Scan O outburst showed
column densities > 1023 atoms cm™2 for fluxes < 6 x 10~2 erg cm~2 s=1 (see
Table 6-7).

Because of the power law representation of the data, interpretation of
the plot 1s not transparent, but several important statements can be made.
1}  There are roughly two groups of data reflecting the two spectral types
noted above, with a few odd events at intermediate intensities.

2) The low flux data do not typically show high column densities, so that
the observed low fluxes are not the residual optically thick component
transmitted through a high column density.

3) The Tow flux data do not show a narrow distribution in slope. Nor is

there a c¢lean correlation between intensity and power law index. There may

[ P,
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be a preferred range of values of slope near -2 at moderate intensities,
possibly {ndicating the presence of a hard tail similar to that seen in
Cygnus X~1 (a = -1.6), but, §f that is the case, a steeper component
(usually) dominates as the intensity drops. Thus, the parallel to the
bimodal spectral states of Cygnus X-1 is not overwhelming.

4) There are occasional instances of spectra at intermediate intensities
which are strongly cut off at low energies, The ones plotted co“respond to
the Jow flux spectrum at phase 0.46, on the day prior to a large, early
outburst during Observation 2; and the MPC component during the flaring
episode at phase 0.06 during the first HEAD-2 point (refer to Chapter VI,
Observations 2 and 8). In both cases, if the turnovers are attributed to
absorption and the points are plotted in terms of inferred intrinsic
intensity rather tha: observed intensity, they move into the high flix
regime (as indicated by the dashed 1ines in the figure). Such points
support the presence of high column densities in the system, though they

may be local! and transitory rather than pervasive,

1. The Optically Thick Component

The Goddard data from the first and second observations indicate
that the regular soft outbursts from Circinus are related to the onset of
an optically thick component which 1s not directly correlated with the more
persistent (but sti11 variable) optically thin component. If the outburst
spectra are fit by the blackbody model suggested by the first observation,
the apparent radius for a spherical emitier ai an assumed distance of 10
kpc frequently appears to be roughly 4J km while the blackbody temperature
is typically < 107 K (kT ~ 0.8-1.0 keV). Figure 7-13 shows the blackbody
radius and best fit kT plotted versus 2-10 keV luminosity for several

e e — i ot s =
coemoowl : Y. - - . . e =t
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Figure 7-13
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The figure shows the blackbody radius and best fit kT plotted versus

2-10 keV luminosity for several observations,

parameters during the maximum observed intensity are used.

In each case only the

The 0S0-8 and

HEAO-1 points correspond to the respective maximum intensity values shown

in Figure 6-4,
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observations. In each case only the parameters from the period of maximum
observed intensity are shown. The 050~8 and HEAD-1 points correspond to
the respective maximum intensity values shown in Figure 6-4,

The dvamond corresponds to a rocket observation of Circinus reported
by Margon et al. (1971), where the error on the blackbody temperature was
read from Figure 2 of their paper and the blackbody size 1s determined fron
the quoted flux., The remaining points refer to SAS-3 observations of
Circinus reported by Dower et al. (1982), with KT taken from their Table 2
and blackbody sfzes calculated from the tabuTated blackbody
normalizations. Two of the SAS observations show spectra which are
unusually hard for Circinus outburst peaks. They yfeld the points near (10
kpc distance) Tuminosity ~ 1038 epg s=1 with higher temperatures and
smaller sizes than the others shown in the figure. It 1s not clear whether
these points, determined from spectral fits to only 4~5 pulse height
channels, correspond to source spectra which are not in fact blackbodies,
or whether the blackbody parameters indicate a different regime for the
optically thick component. For Goddard ohservations {5, 9 and 10) of low
flux (~ 10-10 erq em~2 1) spectra near the nominal phase 0 transition,
blackbody fits are statistically as good as power law or thin therma)
bremsstrahlung fits, yielding radii of 2-5 km and kT's slightly greater
than 1 keV. They are not included in Figure 7-13 because there is no
reason to prefer such fits and similarity to other observations in which
the emission is clearly optically thin suggests such models are more
Tikely.

Thus, Circinus observations to date distinguish a typical high
intensity component which to good approximation is a blackbody with a size

approximately 40 km, roughly constant through large variations in

e e e e e e e

it A,
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intensity, although not invariable. It 1s interesting that the source
GX339-4 -~ which has been suggested as a plack hole candidate on the basis
of fast time variations (Samimi et al. 1979) and demonstration of soft-hard
spectrum transitions analogous to those of Cygnus X-1 (Motch et al. 1983;
Ricketts 1983) -- has a soft component spectrum similar to
Circinus. Overlapping HEAO-1 A2 and 0SO-8 cbservations in 1978 found kT =
0.45 keV, HEAO-2 SSS observations in 1980, kT = 0.55 keV (Robinson-Saba et
al. 1983). Ricketts (1983) did not try a blackbody component, but the
Ariel VI spectra are similar. The distance to GX339-4 is not well known,
but the measured blackbody normalization implies an apparent radius of ~ 36
km for a spherical emitter at the distance of 4 kpc suggested by Doxsey et
al. {1979). This value of R, is similar to the typical value for
Circinus. The corresponding Tuminosities were 1037 erg s=1 and 1038 erg
s-1 for the blackbody component for GX339-4 and Circinus, respectively.

The high state spectrum for Cygnus X-1 has been described as a steep
power law, variable in slope (Tananbaum 1972; Boldt 1975). However,
Chiappetti et al. (1983) described Ariel-5 observations of a May 1975
transition in terms of a blackbody with kT = 0.30-0.35 keV and a power law
at energies above 3 keV. 0S0-8 data for a transition from low to high
state in November 1975 can be described equally well by a blackbody of
kT ~ 0.37 keV and apparent radius of 74 km plus a relatively flat power
Taw (aN = 2.3) as it can by two power laws. Thus the apparent power law
character of the high state for Cygnus X-1 may be an artifact of the
detector bandwidths for high state observations. High state soft X-ray (<
1 keV) observations have not yet been reported.

Recently, velocity curves have indicated two additional black hole

candidates: LMC X-3 {Cowley, Crampton, and Hutchings 1982; Cowley et al.
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1983) and LMCX-1 (Hutchings, Crampton, and Cowley 1983). White and
Marshall (1983) have pointed out that the spectra of both these sources are
as "ultrasoft” in comparison to most compact galactic sources as Cyg X-1
and GX339-4 1n its high state. They report thermal bremsstrahlung and
power law fits which, by comparison to the fits of Circinus and GX339-4
data to these models, may alsc give kT < 1 keV for blackbody fits.

Thus a low temperature optically thick componeni in some states of the
system may be characteristic of accretion onto black holes. There are
sources which are probably neutron stars which also exhibit approximately
blackbody spectra. However, the parameters tend to be significantiy
different. The peak temperatures of Type I X-ray bursts are ~ 3 keV,
Measurements of the temperature during their decay are made down to ~ 1
keV, but the apparsnt sizes are ~ 6.5 km (van Paradijs 1978). At least
below 15 keV the spectrum of the Cygnus X-3 high state appears optically
thick (Serlemitsos et al., 1975), with kT ~ 1.2 keV. Again the apparent
radius of 15 km 1s closer to radii expected for a neutron star than the
35-70 km of the blackhole candidates Circinus, GX339-4 and Cygnus X-1. A
good fit to spectra of some galactic bulge sources, including Sco X-1, was
obtained for a mixture of optically thick and thin emission (Serlemitsos,
Swank and Saba 1980). The values of kT and apparent radius given are for
the blackbody components, assuming values of their distances in accordance
with available information. Again the apparent radii ot the black hole
candidates are larger and the temperatures smaller. Some of these galactic
bulge sources have been discovered to be bursters in Hakucho observations
(e.g. Makishima et al. 1983). By extrapolation we therefore expect most of
these sources to be neutron stars.

The recurring values of apparent radius for Circinus (and GX 339-4)
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near 40 km thus distinguish these sources from the bursters and from the
majority of galactic bulg~ sources. 1f we assume the emissivity is

indeed ~ 1 and the deduced size a good representation of the size of the
emission region, interesting conclusions can be drawn., Given the firm
Tower 1imit of 8 kpc to Circinus given by Goss and Mebold {1977), the
blackbody emission is not 1ikely to be occurring at the surface of a
neutron star. The minimum distance corresponds to an apparent radius

of ~ 30 km for a spherical emitter, which lies outside the &llowed range of
neutron star radii even for the stiffest equations of state usually
considered. The hatched area in Figure 7-14 shows the "allowed" region of
surface radfus R versus neutron star mass M which falls between the soft
equation of state which gives the left boundary and a stiff equation of
state on the right (cf. Arnett and Bowers 1977). The parallel solid lines
give curves of fixed R/Ry, where the "gravitational radjus"

Ry = GM/C% = 1.48 (%;) km. The 1ine R = 2 Ry corresponds to the
Schwarzschild radius for mass M. The dashed curves show the variation with
mass of true radius from apparent radius, R,, for several values of R,
outside a spherical mass distribution when a general relativistic
correction 1s made for the effect of gravity. In the range R > 3 Ry for
which Ry 3_3/5 RM , the apparent radius as measured by a distant observer
is relatad to the local radius R by the expression

R Ry _-1/2
2er1-2gt1, 7-10

Using the R(R,, M} curve, we estimate that with the relativistic
correction inciuded, an apparent radius of 40 km corresponds to the

Schwarzschild radius (= 2 Ry} of a black hole of %5 M- A radius of 40 km
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Figure 7-14

The hatched area in the figure shows the "allowed" region of surface
radfus R versus neutron star mass M which falls between the soft equation
of state which gives the left boundary and a stiff equation of state on the
right (cf. Arnett and Bowers 1977). The parallel solid 1ines jive curves
of fixed R/Ry, vhere the "gravitational radius" Ry = [/C% « 1,48 km (Q;).
The dashed curves show the variation with mass of true radius from apparent
radius, R,, for several values of R, outside a spherical mass distribution
when the bending of 1ight rays due to gravitational curvature is taken into

account,
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corresponds to the {nnermost stable orbit (R, = 6 Ry) of ~a 4 M, black
hole. For a maximally rotating Kerr black hole, the radius of the
innermost stable orbit depends on the direction of the orbital rotation
relative to the black hole rotation, with R, = 1 Ry for rotation in the
same sense and R, = 9 Ry for the opposite sense (Bardeen 1970). Thus, an
apparent radius of 40 km corresponds to the radius of the {innermost stable
orbit around a maximal Kerr black hole exceeding 5 My for the former case
and a mass of ~ 2.6 M, for the latter. The appropriate relation R(R;, M)
has not been worked out. It would depend on i and optical depths.
Applying Thorne's (1974) work on black-hole spin up by mass accretion from
a disk, Boldt and Leiter (1981) deduce an expression for the spinup time

] 8 ;-1 -1 R
AT = 4 % 10° g(l-¢) (L/LEdd) yr, 7-11

with ¢ a measure of the avurage radiation efficiency. Taking e ~ 1, we
estimate that the time it would take for a black hole in the Circinus .
system to spin up to the maximal Kerr value from regular episodes of
accretion near the Eddington 1imit is > 108 years, much longer than the
estimated age (10% - 10° years) of the eccentric binary system. Therefore,
if the compact object is a black hole, unless it was formed with maximal
angular momentum, it is probably not rotating rapidly.

If the ¢~ission region corresponds to the brightest annulus of a
standard accretion disk near 13.5 Ry (Shakura and Sunyaey 1973) we need to
replace the cross-sectional area of a sphere, nRz, with the cross-section
of the disk annulus perpendicular to the 1ine of sight to determine the

appropriate apparent radius:
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= 1R_% -
2nraAra cos 1 "Ra , 7-12
where v, is the apparent radius in the disk, ar, is the fidth of the
emitting annulus and i 1s the in¢lination of the disk to the line of
sight. Choosing Ara ~ s this yields
r,? = R.2/(2 cos 1). 7-13
For 1 > 60° the radius of the annulus is larger than the radius of the

sphere. Assuming the disk 11es in the plane of the binary orbit, we can
pick 1 = 759 in keeping with the orbital inclination suggested by Murdin et

al. (1980} to obtain ry = 1.4 R, ~ 56 km, consistent with a central object

mass of ~ 3 M. For an affective emitting radius R = 13.5 Ry, the
relativistic correction to the apparent radius is less important than the
uncertainty in distance or source geometry, so that a more careful
relativistic treatment of the effective size of the emitting region is not
warranted.

From Equation 3..: it appears that an apparent radius of 40-60 km is
much too small to be the boundary of the inner region of the disk for a
compact object with My > 1 My and a mass accretion rate > 10l7 g 5“1 as
required by the observed Tuninosity. If the inner region was unstable as
suggested by Lightman (see d'scussion in $I11I. B.3), the expanded inner
disk should be optically thio. tilgziiman's model was developed with Cyg X-1
in mind. The lTow energy ssectrin of Cyg X-1 ic a steep power law and the
model recommended ftself as b+l .1 &: .0 produce this spectrum with a
large Tow energy flux, possic®™ o 2w {prar optically thick disk or from

cyclotron emission of electrons a4 wor' “lont wana t¥¢ v :i43 in the



237 €
a.cretion disk. The spectra observed from Circinus and GX 339-4 suggest "
that either the instability did not occur or that it jed to a solution in

which the disk {is optically thick rather than thin.

2. Low Flux Component(s)

The Goddard observations of Circinus presented in Chapters V and
VI provide evidence for one or more components distinct from the optically
thick outburst component. Away from times of outburst, the low Tevel
residual flux {Observations 1,3,4), which may be present throughout the
outburst (Observation 1), has a spectrum best characterized by a thin
thermal bremsstrahlung or power law fit. At times there is good evidence
that this flux includes strong iron line emission {Observations 1,3).
Apart from flaring (Observations 1,3,8) sometimes observed around the time
of ephemeris phase 0 (marking the end of the larger outbursts), this
component shows a fairly steady flux and spectral shape on the timescale of
a few days (Observation 1), though these are not invariable from cycle to
cycle. Long term coverage of the source has not been adequate to
characterize the appropriate timescales and condi{ions for variations in
this component. The Ariel-5 A1l Sky Monitor is not sensitive to the
residual flux Tevels and records no information on the spectral shape.
More sensitive instruments with moderate spectral resolution have not
monitored the source for several contiguous cycl:s. The available
snapshots of the source do not show a tight correlation of spectral slope
or lTow energy turnover for this low flux component with either source
intensity (refer to Figure 7-11 for Ip_ g & 10%9 erg cm-2s-1) or binary
phase. Figure 7-15 shows a plot versus binary phase of the photon index

and equivalent column density for power law fits to Tow state spectra V
|



238

Figure 7-15

Power law fit parameters for low state spectra are plotted versus
binary phase for observations of Circinus by Goddard instruments and the
Ariel-5 spectrometer. The two points (near phases 0 and 0.45) which show
high column densities are those noted for Figure 7-12, corresponding to a

flaring episode and a pre-outburst peried.
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covered by the Goddard instruments (Table 6~6a) and the Ariel-5
spectrometer (Chiappetti and Bell-Burnell 1982). (Only power law fit
parameters were published for the latter sample. For the Goddard data,
reference to Table 6-6 shows that the power law model frequently gives
somewhat better fits than a thin thermal bremsstrahlung model though
sometimes neither model is acceptable, even with the inclusion of a narrow
iron 1ine feature near 7 keV, which sometimes improves the fits
significantly.) The two points in the figure (after phase G and near phase
0.45) which show high column densities are those noted above in the
discussion of Figure 7-12, corresponding to a flaring episode (Observation
8) and a period just prior to the onset of a large outburst {Observation
2). It may be more natural to assocfate the latter case with the outburst
component: the flux level is a factor of ~ 3 higher than that for the two
days preceding, the column density is a factor of > 4 higher, and the
inferred intrinsic Tuminosity is comparabie to that seen during the
outburst that follows.

It also seems natural to suppose that the post-transition flares
(Observations 1,3, and 8) may involve a component different from that of
the adjacent low level flux: the flux enhancements are large, involving an
abrupt spectral change, on timescales short compared to other observed
changes in the post-outburst flux. As discussed in Chapter VI, the flare
events in Observations 1 and 8 can be described in terms of the transient
presence of an additional component which is flatter and more absorbed than

the adjacent lower flux component. The spectral change in the ~ 5 minute

AT . QR

flare in Observation 3 is not inconsistent with this picture. Apart from
these special cases which may represent emission from different regions,

the cotumn densities associated with the Tow flux component are usually ?;
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rather Tow compared to the maximum values associated with the optically
thick component. This sample of data shows no clear trend of photon index
or column density with phase for the Tow flux spectra. There is in fact
some evidence that the low flux spectrum and intensity, aside from flares,
may be roughly steady on a time scale of days. Data from the 0S0-8 A
detector pointed observation (Observation 1) combined with an Ariel-5
spectrum at the end of the same cycle (Chiappetti and Bell-Burnell 1982)
show a ~ 2-20 keV continuum spectrum which can be described by a power Taw
of photon index ~ 2.2, with a source strength which varies by no more than
about a factor of e 1n 15 days. The 0S0O data are consistent with the
presence of this component at comparable strength and column density
throughout the outburst of the optically thick component with its strong
optical depth evolution.

tomparison of the Goddard spectroscopic observatfons with the long
term A1l Sky Monitor Tightcurve do not show an obvious correlation of the
strength or shape of the low flux component with the strength, duty-cycle,
or spectrum of the previous outburst, though there may be some tendency for
a softer, weaker residual component during times of generally low
outbursts. As suggested most clearly by Observation 2, for outbursts which
end early compared to the ephemeris for transitions, there may be a period
before phase 0 where the flux level is low compared to the peak intensity
but higher than the residual after phase 0. If the extra flux represents a
component associated with the outburst rather than the steadier source, its
presence could complicate a search for systematic changes of the latter.

While further study is required to pin down the propertizs of this low
Tevel, optically thin component, its existence constrains models of the

optically thick component in terms of system-wide optical depth effects.
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Khile short-term flares with timescales of some minutes to hours may have
high associated column densities, and there has been at least one
observation of a highly absorbed pre-outburst spectrum at Tow flux, there
appears to be a quiescent component associated with Circinus for which the
absorbing column density 1s generally low and not obviously correlated with
binary phase. Long term variability of the strength and spectral shape of
this component, combined with the agreement of the S$S and MPC detections
in overlapping energy bands despite their different fields of view argue
that its source is truly Circinus. (Any contaminating source would have to

be as bright as ~ 20 U.F.U., highly variable and within 3' of Circinus.)

@ Possible Interpretations of the Optically Thin Component

Interpretations of the optically thin component from Circinus can
be roughly divided into two classes, based essentially on size. The
emission region could be fairly compact, e.g. < 1010 cm or possibly even <
108 cm, though presumably larger than the ~ 4 x 106 cm of the blackbody
component which shows Jarge modulation and large column density effects.
In this case the column density of neutral hydrogen across the orbit must
be relatively unimportant for modulating low energy X-rays, and the picture
of stellar wind optical depth effects presented by Murdin et al. has to be
severaly modified. A natural emission region to consider in a compact
interpretation is an accretion disk., If the emission region is not
compact, interpretations can be subclassed on the basis of whether the

emission mechanism is thermal or nonthermal.

i. Synchrotron Radiation

1t 1s natural to ask whether the quiescent X-ray component could
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be related to the quiescent radio component. The latter shows a nonthermal
spectrum {Haynes et al, 1978} and has been interpreted as synchrotron
emission by an electron population with number distribution « E*2 from weak
magnetic fields n the stellar wind (Haynes et al. 1980). Recent
observations (Preston et al. 1983) imply that the quiescent radio emitting
region is very large (> 3 x 1016 ¢m) compared to the size of the semi-major
axis of the orbit (~ 7 1012 cm). The extrapolation of the 1977 May
quiescent radio spectrum, S(v) = 0.3 (g_éﬂf)-o.St0.0s Jy, into the X-ray
regime is somewhat less than a factor of 2 higher than the quiescent X-ray
flux level at ~ 3 keV during Observations 1 and 3. The later X-ray
measurements show a weaker residual, but there is also evidence that the
general level of the quiescent radio component fell during the three years
succeeding 1977 (Preston et al. 1983). The X-ray quiescent spectra are
steeper %<han the radio spectra (energy spectral slopes in the range -1 to
-2) implying a break in the radiation spectrum, possibly due to a break in
the electron spectrum from radiative losses., The radfation spectrum from

electrons of energy E peaks at a frequency (Pacholczyk 1970}

2
] o 3e E -

z
gauss '

- 3.0 10° B

The lifetime of an electron of Lorentz factor y to energy loss by

synchrotron radiation in a magnetic field B is given by
sec 7-15

where Ug = BZ/8n, the magnetic field energy density. Requiring v ~ 1018
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Hz, we can use the above equation to eliminate the magnetic field strength,

and write t(y) as

Teync * 6:8 1077 43 sec, 7-16
For Observation 1, where the quiescent component of the residual flux is
steady for > 5 days, a synchrotron interpretation requires vy > 1.8 107 and
B < 10~2 gauss, in the absence of continuous replenishment of the high
energy electron population.

For the electrons of factor y to be responsible for synchrotron
radfation, they must not have decayed by Compton cooling in scattering off

of the stellar photons. Compton cooling proceeds with a timescale

1. w3 X 107 sec 7-17
I ¥ Uphoton

where Upyovon = L/4mrec = 00265 L3g/Ris2, with rig = r/101% cm and Ly =
L/10%8 erg cm~? s=1. That 1s,

) 1.1 % 109 r142 sac

For y ~ 2 X 107, the observed constraint T > 5 days requires

r142/L38 > 8 103, Taking L3g = 0.1 as an estimate of the optical
Tuminosity of the companion gives ri4 2 28. That is, Compton cooling will
be as important as sy7.¥-otron radiation unless the emission region has a
scale Tength v >> 3 X 1015 cm.  The quiescent radio emission region size of

r>3x 1016 cm deduced by Preston et al. (1983) meets this criterion.

o e L e
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jt. Inverse Compton Scattering

Another possible source for the X-ray quiescent flux is inverse
Compton scattering of the radio photons off of the electron poputlation
producing the quiescent radio synchrotron spectrum. This process 1is
sometimes called synchrotron-self-Compton scattering {(SSC). Since the
scattered frequency Ve 1s related to the initial frequency

by (for 'fhv1 < mcz)

3 2 -
Ve * YV 7-19

v, ~ 1018 Kz fmplies v ~ 10% for v, ~ 1010, relaxing the Tower 1imit on
emission region size required for y ~ 107 electrons. From Equations 3-28,
3.29, and 3-30, the ratio of the expected inverse Compton scattered flux,
Fse» to the extrapolation of the radio synchrotron spectrum into the X-ray

regimes, Fp,, is given by

2.77 x 1073 {1 *+ ag) 1g100ap=1/2) (4 3py=lap-1/2)

2 7-20
AL U SIS S T 3
Ty ‘e v, M

r

Rx

with ac the spectral index of the synchrotron spectrum, FR(ul) the radio
flux 1in Janskys at some frequency Vi djg the distance to the X-ray source
in units of 10 kpc, and ¥y and Ty the upper and lower 1imits on

the electron Lorentz factors for scattering into the X-ray regime. The

ratio 1s fairly insensitive to the exact values of the limits.
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(For 72/71 ranging from 10 to 104, zn(yajyl) varies only from 2.3 to
9.2.) Taking the observed radio index ap = 0.5, Fp (10 GHz) ~ 0.3,
and 2£n (72/71) ~ § gives

F -(1+aE)
-4 B
?52_ * 4% 107" Eepen 7-21
Rx r12

for d;g = 1. If the quiescent emitting region is as large as 3 x 1016 ¢m
as reported by Preston et al. (1983), the SSC process should not contribute
much to the observed quiescent X-ray fiux unless the B field is quite

Tow {~ 10~8 gauss).

Since the quiescent infrared spectrum (Glass 19792) during the same
general time period was more than a decade abuve the extrapolation of the
radio flux into the infrared regime (“IR ~ 1014 Hz), inverse Compton
scattering of IR photons by lower energy electrons (y ~ 102) could be more
important than SSL if the electron distribution producing <ne radio
synchrotron spectrum extends down to this range. The ratio of X-ray flux
from SSC scattering by Yoo ™ 104 electrons to inverse Compton scattering of

IR photons by Yie ™ 102 electrons is

Fse n(y=101) co Yscz Up

‘F;E n(Y=102) co chz £ Urp

' 7-22

i
l

¥

where Up 1s the radio energy density, Uy is the IR energy density, y
and £ is a geometrical factor <1 to allow for effective dilution of the ;
|

flux from the compact IR source in the large volume of electrons. For an

{
e
electron energy spectrum « Y-r and I = 2 as suggested by the quiescent 3
|
I
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radio spectral index ap = 0.5, we take

Y o
niy) ~ [ (y*)72 gy ~%r-. “ 723
Y
This gives
Fso  Ysc 'R TR
., ; 7-24

I &Y *r "R

If we take g ~ rIRZ/rRz {1.e. assume the dilution factor approximately
offsets the inverse square increase in energy density for a compact photon
source), and estimate quiescent radio and infrared lTuminosities n ~ 1033
and £IR ~ 1037, we get

Fse  ..=2

FTE'N 107°, 7-25
that is, the contribution to the X-ray flux from inverse Compton scattering
{of the IR photons off of y ~ 102 electrons) may be of order 100 times
greater than the contribution from SSC (scattering of the radin synchrotron
spectrum off of y ~ 104 alectrons), provided the vy ~ 102 and y ~ 104
electrons come from the same distribution and € is not too small. The
steepness of the X-ray quiescent component relative to the radio slope
might be accounted for by the apparent rollover in the infrared spectrum.
However, as discussed below, the high equivalent widths for iron 1ine
emission sometimes associated with the quiescent X-ray component suggests

that part of the quiescent flux comes from soft thermal emission which
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would also steepen the spectrum compared tn the radio slope. If inverse

Compton scattering of either the quiescent radio or infrared flux makes an
important contribution to the quiescent X-ray flux, long term simultancous
radio and X-ray coverage of Circinus at sufficient sensitivity should show

corraelated varfations of flux.

iif. Fe Line Emission

The more intense quiescent fluxes show strong evidence of iron
1ine emission. The equivalent widths (E.W.) are high, frequently > 500 e.,
which is greater than typical non-pulsating X-ray binary systems though
Tess than the observed E.W. {> 1 keV) for Cyg X-3 during the Tow state and
for 4U1822-37 which has been l1ikened to Cyg X-3 (White and Holt 1982).
58433 and some of the X-ray pulsars show values similar to those of
Circinus. While the observed E.W. for Circinus is frequently less than
that expected for thermal emissfon from a piasma in collisional equilibrium
(Raymond and Smith 1977) at the best fit temperature {refer to Table 6-6),
the values are high compared to those determined for standard fluorescence
calculations from available targets in a binary system (discussed in
§IIT.C.2) unless the wind is quite dense or one sums up contributions of
fluorescence from the wind, the companioh surface, an accretion disk and
perhaps a disk corona.

For the typical spectra observed for Circinus, the largest
contribution to fluorescence :omes from the wind. Following the treatment
of Hatchett and McCray (1977) and Basko (1978) in §111.C.., we can estimate
the Tine equivalenth width from fluorescence of solar abundance iron in the

wind of the companion to be

T
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(EsynolE )N
EW. = 0.49 Nyy Dy ""gN thresh . kev 7-26

where Nyj i3 the number density at the X-ray source in units of 10!l em-3,
Dy is the separation of stellar centers in units of 1012 cm, and a, is the
power law photon index of the X-ray continuum. For cool material, the line
center, Eyipes 15 ~ 6.4 keV and the threshold energy, E¢hprosh? for
fluorescence can be set equal to /.1 keV. Taking as model parameters for
the Circinus systema = 7 1012, e = 0.7, Rp = 20 Ry, and using the fast,
dense wind parameters used for matching the 0S0 1ightcurve (Figure 7-9)
(=2 1075 My yr1, Vyq,q = 1000 km 571, Ny Dyp ~ 5.6 at perfastron
passage), yields an E.W., ~ 600 eV, comparable to the values cbserved.
However, fluorescence of the wind materfal by X-rays from the compact
object should show a strong mcdulation with binary phase. At apastron, the
value of Nyq Dip, and the resulting Tine E.W. will be nearly a factor of 10
lower., The observed equivalent widths do not appear to show such a
dependence on phase. In particular, *he two strongest detections of
equivalent widths 1n excess of 500 eV occurred near phases 0 and 0.4.

For aptically thick fluorescence off of a surface such as the star or
an accretion disk, the line equivalent width is proportional to the solid

angle. From Equation 3-44, we estimate

E aN
EM. ~ 0.5 (§o) (e~ L

. 7-27
Ethresh -1

Fluorescence of the stellar '&r¥:2e by the compact object should also show
a dinary phase dependence, « the change with phase in solid angle of
the surface subtended at the X-ray source. At periastron, with Rp/a ~ 0.2,

e = 0.7, the Tine equivalent width is only ~ 60 eV. For a standard



3|

250

accretion disk model, a similar amount can be achieved (Basko 1978). In
the absence of eclipse, a steady disk would not show any particular binary
phase dependence for 1ine fluorescence. If the accretion disk has a
substantial corona, the 1ine E.W. could be more significant (Basko 1978;
Bai 1980). Following Basko (refer,to Chapter I1l. C), we have (cf. Eq.
3-43) "

I';ﬁ' Q’.N
a2 (0.9) .

where T is the optical depth in the disk to Thompson scattering.

For AQ ~ 4n and oy ~ 2, this gives E-Hecorona ~ 0+9 Ty keV. As Tr 1,
this is more than sufficient to explain the observed equivalent width,
However, a high optical depth to scattering would also be expected to smear
the 1ine. White and Holt {1982} interpret the Fe Tines in Cyg X-3 and
4U1822-37 as produced by fiuorescence off the disk by continuum X-rays
backscattered onto it from a thick corona. The features in those 2 sources
appear broadened. Such broadening is not required for the observed 1ine
from Circinus although the upper 1imit ¢f ~ 0.75 keV and the 1ine energy
would not be fnconsistent with scattering in a corona with cprical depth of
a few.

It has been suggested {(Basko 1980) that the high 1ine equivalent
widths observed for pulsating X-ray sources come from fluorescence off the
AlfvEn shell, which provides a fluorescing target with solid
angle AR ~ 4n. Values of To required to produce equivalent widths > 500 eV
which are sometimes seen would again be expected to distort the 1ine and
continuum if the shell is homogeneous. However, White, Swank and Holt

{1983) have suggested that the shell coul” se patchy, with thick regions
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providing fluorescent material while the spectrum then emerges through the .

holes. Even if such a scenario can explain the X-ray pulsar Tines, 1t is

not ciear whether it could also apply to Circinus. The ~ 40 km radius

deduced for the optically thick component probably implies that the

magnetic field strength is no more than ~ 2 x 109 Gauss). During quiescent

times, when the source luminosity is < 1037 erg s“l, the Alfvén radius

should sti11 be less than ~ 100 km (see Equation 3-17). We have argued

above that the quiescent continuum probabily comes from a region Targe

compared to that of the optically thick component. Thus, if the

fluorescing photons originate interior to the shell, they must not

contribute significantly to the observed quiescent continuum. It is not

clear whether a reasonabie model can be derived which allows the Tine to be

fluoresced by suck an unseen continuum, which is heavily absorbed up to

some high energy (> 7 keV}. '
While high 1ine equivalent widths are hard to achieve with

fluorescence, they are readily produced by thermal emission at a few keV.

In fact, if all of the observed quiescent flux from Circinus is assumed to

be thermal, the observed equivalent widths are typically ~ a factor of 2

less than that predicted for collisional equilibrium from plasma with solar

abundances (Raymond and Smith 1977). 1t seems likely that hot material is

present in the system -- even nonthermal processes probably involved in the

flares should produce hot gas via shocks. Since it seems reasonable to :!

suppose that there could also be nonthermal flux, a natural explanation for

the observed line equivalent widths might be the presence of a thermal ?

component which contributes all or most of the 1ine photons but only part

of the continuum. With such a model it is not necessary to invoke an

underabundance of iron or a lack of collisional equilibrium to explain the

line in terms of thermal emission. ,é
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ive Thermal Interpretation of Quiescent Component

The longest continuous observation of the quiescent component of
Circinus with Goddard detectors, during the 0SO point (Observation 1),
showed no evidence for spectral change over the course of a week {apart
from the brief hard flare at phase 0.01). If we assume that the flux was
due to thermal emission at the fit temperature of ~ 108 K (KT = 8.4 keV),
from a source which was not continuously heated, we can use the observed
1imits on its decay to estimate the minimum cooling rate (from thermal
bremsstrahlung emission) and thus put a lower 1imit on the size of the
emitting region. The thermal bremsstrahlung cooling time is given by
Tucker (1975) as:

) 3 Ne kT

11
o 1.8 x 10 T1/2 cec

L Ne

7-29

T1B

where L is the luminosity radiated, N, is the electron number and T is the
electron temperature of the plasma.
For optically thin thermal emission from a plasma with cosmic

abundances, Tucker writes the luminosity as

L~ f av (2.8 x 10727 7172y 2) erg sec™l. 7-30
For a uniform emitting region, the integral yields the integrand times the
volume. Thus, substituting for Ny in terms of the temperature and the

cooling time, we have

- 29 -3/2 2
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where L3y 1s the thermal bremsstrahlung Tuminosity in units of 1037 erg s~
and Tg 15 the plasma temperature in units of 108 K. If we require Trg > 1
week, and take L3y ~ 0.5 and T = 8.4 keV/k, this yields a radius for a
spherically emitting volume of ~ 1.8 1013 cm, somewhat larger than the
estimated major axis of the binary system. That is, {f the quiescent
component is due to thermal emission from a plasma which is not
continuously heated, the emitting region is larger than the binary system.

For a region that large, the Compton cooling of the thermal gas due to
scattering of the companion starlight should be less important than
radiative cooling by bremsstrahlung. The rate of Compton cooling per cm3
for an electron density n, = No/V is given by

P = (ny oc) - k;ez ( L; ) erg e 571, 7-32

meC dnr-ec

»'mare the first factor is the number of scatterings per second, the second
is the average fractional energy loss per scattering (cf. §II1.C.3), and
the third is the energy density of starlight. The Compton cooling time is
Just the thermal energy density in the gas divided by this cooling rate:

3 n kT 3n r2 m c2 9 105 r 2 sec

- e e _ e 12
T —3 = ~ ’ 7"33
cC P L*OT L*37

where Lxg7 7s the Tuminosity of the companion in units of 1037 erg s~1 and
rio 1s the radius of the emission region in units of 1012 cm.  For

ryp ~ 18, this gives e ™ 2.9 108 L*37'1. It the companion were an early
type supergiant with Lixg; ~ 102, Compton cooling would be comparable to

bremsstrahlung cooling for a thermal emitting region of that size.

. n



254

However, such a companion is probably ruled out for Circinus (refer to
§11.B and Figure 7-2) and Lx37 1s piobably < 10. We can compare the
bremsstrahlung and Compton cooling rates for the general case:

T
1B -3 -1/2 . 3/4 -1/2

cC
with L37 the bremsstrahlung lTuminosity in units of 1037 erg s71 as
before. For any set of values of Lx3y, L37 and Tg, beyond some minimum
size of the emission region, the above ratio is less than unity, i.e. the
lifetime against Compton cooling is Tonger than the thermal bremsstrahlung

Tifetime, or thermal bremsstrahlung radiation dominates.

b. X-Ray Flaring Component

There appear to be brief episodes of flaring from Circinus which
are not directly associated with outbursts of the optically thick soft
componant. These events (cf. Observations 1,3,8) seem to occur
preferentially after the soft flux transition to low levels, though that
could be an observational selection effect based on their greater
visibility during periods of low flux. The flaring generally involves
spectral hardening, sometimes with an increased column density to
absorption apparent. The flares may well involve an absorbed, hard
variable component superposed on the lower level, unabsorbed quiescent
component. At Teast for the Observation 1 flare, a power law model is
significantly preferred over a thin thermal bremsstrahlung fit

2's were ~ 1.0 and ~ 1.6, respectively, for 53 degrees of

{reduced x
freedom); further, the observed 1ine E.W. of ~ 500 eV was much higher than

that expected for thermal 1ine emission for the fit kT = 53 + 25 keV.
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While the observed timescales are different, the X-ray flaring may be
related to the radio flares observeu after the decline of the soft X-ray
outbursts. Most of the quasi-simultaneous coverage during flaring has not
had good overlap or spectral information in both wave bands at once. The
pictures built up from the accumulated X-ray and radio data suggest that
the timescales for the radio events are longer, with rise times of order
half a day and decay times of some days (Haynes et al. 1978; Whelan et al.
1977), though multiply peaked structure is observed on the timescale of
hours (Thomas et al. 1978). The X-ray flaring episode reported here for
Observation 1 (see Figure 5-3), showed a rise time < an hour, a decay

of ~ 3 hours and structure, including a large bursting "core" with a
characteristic time of ~ 5 minutes (see Figure 6-15), on a timescale of
minutes or less. We point out, however, that simultaneous radio and X-ray
coverage of a post transition flare reported by Murdin et al. (1980) for
1-5 February 1978 showed similar slow temporal behavior at 5 GHz and in the
3-6 keV band. The X-ray measurement was made with the Ariel-5 A1l Sky
Monitor and thus contained no spectral information, so 1t is not clear
whether the X-ray fiux had a spectrum more similar to the soft X-ray
outbursts or to the hard X-ray flaring noted above. Overlapping radio and
X-ray coverage of a post-transition flare during 23-28 April 1980 again
showed a broad 3-10 keV X-ray envelope (Hayakawa 1982), roughly similar to
that seen at 2.3 GHz (Preston et al. 1983)., The X-ray lightcurve and
hardness ratio reported from Hakucho data showed that the post transition !
flare had a {6-10 keV)/(3-6 keV) hardness ratio about a factor of 3.5 times
as large as the soft pre-transition outburst.

Based primarily on good muitiple frequency coverage of a radio flare

observed in May 1977 (Haynes et al. 1978), the radio flares have been
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interpreted in terms of the van der Laan (1966) model of an adiabatically
expanding synchrotron plasma, used previously to explain the giant radio
outbursts of Cygnus X-3 {Gregory and Seaquist 1974). Such a model accounts
for tha observed decrease in peak intensity at lower frequencies and
explains the delay in occurience of the peak at lower frequencies in terms
of an evolving optical depth during the expansion. This picture is further
supported by the slope of the steep rising part of the radio spectrum

below ~ 4 GHz: the slope is consistent with the value of 2.5 expected Tor
an optically thick synchrotron source with & power law energy spectrum, but
not with the value of 2.0 expected for an optically thick free-free
emitting source (Haynes et al. 1978).

Haynes, Lerche and Murdin (1980) suggest that the Eadfo flares result
from supercritical accretion onto the compact object near periastron
passage. They estimate that the infalling material initially forms an
accretion column ~ 1012 ¢m high (~ the stellar separation at periastron)
with densities at the bottom of the column ~ 1018-19 cm'3. and a density
distribution « R'3/2. measured from the compact object. Then, they argue,
rapid buildup of radiation pressure sends a blast wave outward into an

essentialily stationary medium, with the radius of the shock given by
R w3 x 10° 47 ¢n 7-35
shock !

with 7 in seconds. After ~ a minute, Rshock ~ 3 X 1010 cm; after a day,
Rshock ~ 2 x 1012 cm, of order the binary separation, at which point the
density at the blast front is ~ 4 x 1011 em=3, comparable to the particle
density at the stellar surface. The authors argue that the radio spectrum

is due to synchrotron radiation from accelerated electrons in the ambient
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magnetic fields of the accreted material, with a plausible set of
parameters y ~ 103 - 105 and B ~ 10~* - 10°8 gauss. The observed evolution
of the low energy turnover with time in their picture 1s then a result of
changing synchrotron self-absorption, with the turnover frequency dropping
as the shock expands and becomes optically thin to reabsorption at lower
and Tower frequencies.

Transparency to synchrotron self absorption at frequency v requires
that the emitting volume be Targer than a critical size given by (cf.
Tucker 1975)

> 5.5 101% 5, (172 gl/%, -8/ en 7-36

Rsa 3y q

with Fyy (v) in Jy, v in GHz and djy the distance in units of 10 kpc. For
Fay = 2 at Vg " 5, and djg = 1 this requires

R > 1014 B1/4 cp, 7-37
For B = 104 gauss, the emitting region must be > 1013 cm. In the picture
of Haynes, Lerche and Murain, the flare would not be seen at 5 GHz unti}
after ~ 10° seconds when the shock had expanded to a dimension of order the
stellar separation.

However, we note that their suggested parameters imply a regime where
the Razin effect on propagation of the synchrotron radiation through the
p1a£ma should dominate the low energy turnover. This effect is important
for frequencies such that (Tucker 1975)

v < v = vpzlvB « 20 n, g1 7-38

Thus, for n, ~ 3 10" cm‘3, B < 1074 gauss, the frequencias below 6 X 1016
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Hz are affected (1.e., far UY photons). This indicates that either the
electron density must be considerably smaller or the B field larger for

radio frequencies to be observed. From Equations 3-27 through 3-29, we

have
Y2 _2 -
ne~ ko [ ¥ty ~ kg v, 7-39
Y1
with
{ae=1/2) “(ae=1/2) ={ag+l) d?
ke = 1.77 x 10%10 & (0,95 x 200 F g B A0 749
e R
12
for an observed flare flux of 2 Jy at & GHz.
Putting ap = 1/2 and v = 104 Y4 this becomes
5 15 Y6 1
ne ~ 1,77 x 10° B ™° Ta T4 ' 7-41
V-
This allows us to write the Razin turnover frequency as
d2
vg = 3.5 x 10° 3725 20 74'1 . 742
> RIZ

To make vp < 5 x 109 Hz for B = 10~4 gauss (for which Ty ™ 1 makes GHz
radio flux) requires an emitting volume with Ry, > 200 for d = 10 kpc.

If the radius of the radio emitting region % as small as 1012 cm (and
the B field is < 10-4 gauss),we might expect changes in the radio flux on
timescales of order minutes. Changes due to the proposed shock expansion
should be rather slow, of order a day, since the shock velocity

y & gf-(B X 10g 14/7) « 2 X 10° 7'3/7 cm s'l, 7-43

shock
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is ~ 100 km s~1 at 105 seconds, implying a characteristic timescale for

changes of order

R
~ oShock 145
shock

Tshock seconds., 7-44
However, the Tight travel time across tha volume 1s only 38 seconds and
the cooling time for the synchrotron-producing electrons due to inverse
Compton scattering of the IR and optical photons from the companion is
quite small for B £ 10-4 (requiring vy 2 104 to produce gigahertz
synchrotron radiation}:

e ¥ 10 r%z 74'1 L3-7"1 sec 7-45

(cf. Equatfon 7-18). Large changes in the radfo flux are not seen on
timescales this short, suggesting that toe emitting region or the B field
(or both) should be considerably larges. For a region as small as 1012 cm,
electrons of y ~ 10% should produce copious X-rays from inverse Compton
radiation of the radio synchrotron phetons. Ag~nin using Equation 7-19 to
relate the ratio of synchrotron self-Compton radiation to the extrapolation

of the radio flare synchrotron into the X-ray regime, we have for ap = 0.5

F Frnlvy) v 0.5 dya 2 Y
SC_ -3 p~1.5 /R'"]1 1 10 2
o 27T X0 BT by e ) A T4

Taking the observed value FR (5 GHz) = 2 Jy, assuming dig = 1, and
Y
estimating 4n §f-~ 5 gives:

F
e 4 1.5 | -2
2— = 6107 (B, ry 7-47

Rx
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with B.j the magnetic field in units of 1074 gauss. This ratfo predicts an
X-ray flaring flux » 102 times that observed.

If we apply to the IR flares the argument used above to estimate
1nverse Compton scattering of the IR quiescent flux by y ~ 102 ejectrons,
taking the ratio of Tuminosity in the IR flare to be ~ 104 times the radio
flare Tuminosity, we again expect that inverse Compton scattering of IR
photons will give ~ 102 times more X-ray flux than the value calculated for
SSC, provided the electrons in both cases beleng to the same
distribution. With this proviso, we again conclude that either the B field
{s stronger than 10-4 gauss {so that the observed radio specirum does not
require such a high density of electrons which then contribute to inverse
Compton scattering) or the radic emitting region is much larger than 'IOI2
¢m or both. It may be quite reasonable for the magnetic field close to the
compact object to be considerably higher than 10~4 gauss, e.g., due to
enhancement in an accretion disk or to the presence of a weak magnetosphere
around a neutron star. For B ~ 10~2 gauss, the predicted X~ray flux could
be brought to a reasonable level by taking a radio emitting region of
size > 1013 cm. This combination of B and R would also be compatible with
the criterfon that v ~ 5 GHz be above the Razin turnover before v ~ 105
seconds (measured from periastron passage).

The X-ray flares are observed to show faster changes than the radio.
The smaller, shorter-lived flares may occur preferentially before or in the
early part of the radio flares. If the X-rays are due to inverse Compton
of the IR, they could be coming from a region small compared to the radio

emitting region, either because they are generated before the cioud has
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expanded to the pofnt where it {s transparent to radio frequencies, or
because the IR source is compact (e.g., coming from the outer part of an
accretion disk).

Whether or not the X-rays are produced by inverse Compton radiation,
if there are electrons with vy ~ 102 in the vicinity of the X-ray source
of ~ 1037 erg g1 Tuminosity, inverse Compton scattering should produce
cemparable y-ray luminosity at ~ 100 MeV. Averaged over the 16.6 day
binary period, the averag: y-ray flux expected is about the same as the
upper 1imit estimated from COS B observations of ~2 X 106 photons em™2
s (Bignami 1982). (This value corresponds to the > 100 MeV intensity
measured for the closest source in the region of the galactic plane near
Circinus.)

Similar considerations havit been applied by Seaquisi et al. (1982) to
the source 55433, which shows correlated flare behavior at X-ray and radio
frequencies. With more information about the magnetic field in the core of
the system, the nature of the optica’ companion, and details of the
radio/X-ray correlations, those authors dwapce B v 10”2, a 7lare emission
region > 1014 cm from the stellar object and a quiescent source region of

radius > 1016 cp,

c. Accretion Disk Interpretation of Low Flux Component

As discussed in Chapter II, infrared and optical observations of
Cirsinus -~ the approximately constant infrared colors with changing
intensity, the double-peaked Ha profiles and the large correlated drop in
IR and optical magnitudes -- are most readiiy interpreted in terms of an
accretion disk {Nfcolson, Feast and Glass 1980). The expected accretion

conditions -- tidal lobe overflow near periastron passage or accretion from
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a wind slow enongh to produce > 1038 erg sec™! tuminosities -- 21so argue "
oy the 1ikely presence of at least a small disk (~ 1010 ¢cm) at 1east some
3r the time {cf. Figures 7-2 and 7-11), An accretion disk provides a

... 4ural mechanism for providing a low level ~ steady flux. From Equation
3-2) we see that the characteristic radial flow timescale for a 1010 cnm
disk arsund a 1-2 M, compact object with an average accretion rat. of 10~9
Mo yr~1 (carresponding to an accretion luminosity of < 1037 erg s71) s 2-3
times the binary period for a value of the viscosity parameter « = 0.1. It
Is not obvious whether the observed quiescent X-ray spectrum (consistent
with a power law of photon index ay ~ 2-3 or thin thermal bremsstrahlung of
kT ~ 4-8 keV} could be produced in a region of the disk outside the ~ 40 km
radius apparently associated with the highly variable optically thick
component, as it probably must be to avoid sharing the heavy absorption of
that comporient. Normally it 1s assumed that X-rays with energies greater
than a few keV are produced in the inner part of the disk.

In any case, if the region emitting the quiescent component is less
than or order of the size of the binary system, the Tack of observed
absorption for it jmplies that there are no system-wide large optical
depths. Thus the observed column densities for tk~ optically thick
compunent and the flares would be transient and local to the regions
producing these components.

There is no evidence that this low flux component shows the sub-second

PO B

chaotic fluctuations of Cygnus X-1 in the lTow state. While short-term
fluctvations do occur for Circinus, they seem to be associated with the
softer, optically thick component. Flare events do occur in the absence of

the optically thick component, but they appear to be characterized by

=

timaescales of minutes or longer.
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The spectral slope of the residual “hard" component for Circinus is
steeper {ay > 2} than that of the Yow state hard spectrum of either Cycnus
K-l or 6X339-4 {a ~ 1.5). It is also steeper than the hard
tail (aN ~ 1.7) of the high state spectrum of Cygnus X-1, though the high
energy tail of GX339-4 may also be quite steep. Goddard "S0-8 A detector
observations of GX339-4 and overlapping HEAD A-2 scanning observations in
Fall 1978 indicate that the tail at that time had a power law photon
ndex ay 2 3.

The quiescent component of Circinus has a 2-10 keV luminosity € a
tenth of the total luminosity of the outburst component. If it hides a
high energy tail during the outburst, such a tail has a smaller fraction of
the total luminosity than does the high energy tail of Cygnus X-1 during
the high state. From the spectral fits in Figure 2 of Tananbaum gt al.
(1972), we find that the 2-10 keV flux in the harder component du. jng the
high state gives more than 20% of the Tuminosity; the hard spectrum flux
during the low state is slightly higher, giving a comparable fraction of
the combined high state flux in the 2-10 keY band. However, the Goddard
0S0 and HEAQO A-2 observations of GX339-4 show that the hard component
during the high state gives less than 10% <7 the 2-10 keV flux, while the
hard spectrum during the Tow state gives nearly half of the combined high
state flux din the 2-10 keV band.

Circinus X-1 briefly reaches Tuminosities (> 2 1038 erg s'l) an order
of magnitude larger than those inferred for GX 339-4 and Cygnus X-1
(assuming respective distances 10, 4, and 2.5 kpc). The accretion
conditions for "ircinus mzy be sufficiently extreme or sufficiently
transitory that the configurations achieved in Cygnus X-1 and GX 339-4 are

never reached.
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C. Fluctuations in the Optically Thick Component

As ve have shown above, the optically thick outburst component
seen from Circinus probably comes from a small region, perhaps the maximum
emission region (= 13.5 GMx/cz) in the {nner part of an accretion disk.
However the corresponding fluctuation timescales found for Observations 1
and 2 are of the order of seconds, orders of magnitude larger than the
Kepler rotation time, ~ 4 (;§J-1/2 msec at a radius of 40 km, or the
various other timescales generally associated with the inner part of a
disk, such as the 1ight-crossing time or the electron thermal time.

Various instabilities in the inner region are thought to scale

as {a mk)'l «7 1074 o7t (;50 "2 secods at 40 km o, in some cases,
(A/Ho)2 times as large wherg A 1s the wavelength of the instability and H,
is the disk equilibrium half-thickness (see §III.B}. Since A << R is
required to preserve the disk structure, even the last of these will give a
timescale << seconds in the inner disk unless a is quite small. One Jonger

timescale associated with the inner disk is the vadial drift time; from
Equation 3-20 we find

R M 1/4 ] "0 -3 u-4/5

X

sec 7-48

at a radius of 40 km. It is not clear, however, why this timescale would
be associated with the observed fluctuations. Instead, we might expect
these fluctuations to be associated with a characteristic timescale from
further out in the disk. The Kepler timescale at R = 108 cm s increased
to ~ 0.5 (MXIMO)'I/Z seconds. Shakura and Sunyaev (1976) suggested that
matter flow could be regulated into Puaches at the outer boundary (Rg ~ 108

s
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"
cm) of the radiation pressure dominated region by slowly growing

instabilities of long wavelength (see SIII.B). This mechanism provides a

natural way to obtain fluctuations on timescales of seconds for radiation

emitted in the interior of the disk. In their picture, the formation time

of the bunches would be reflected 1n quasiperiodic intensity changes with

timescale
-6/7 [ l.2 2
Tgatch ~ 011 « (mla) (RB/Ho) sec. 7-49

With Rg/Hy ~ 10, « ~ 1, and 618 ~ 7, this yields timescales of order 10
seconds. While the predicted timescale depends on the inverse square of
the refative disk thickness at the boundary radius, and roughiy lineariy
on a’l and the accretion rate, the explicit dependence on the mass of the
compact object has dropped out. Thus, sources showing quasiperiodic
behavior at simjlar Tuminosities could have different characteristic
timescales, depending roughly on the inverse of their masses. However, for
a given object. the timescale should increcse almost Yinearly with the
luminosity, assuming constant a and rough proportionality of luminosity
with m (i.e., that the effects of radiation pressure are negligible.)
Neither of these assumptions may be viable for near-critical accretion
rates.

If the various episodes of quasiperiodiz behavior seen from Circinus
are due to this mechanism, it appeais that the breakdown of at least one of
these two assumptions has to be invoked, Margon et al. (1971) reported an

L
1
{
8-second pulse train showing a period of ~ 0.7 second during a 1969 rocket !E
flight when the source Tuminosity was ~ 80% of the peak Tuminosity seen in !

Observation 2 reported here (HEAQ A2 Scan 0). During the latter

R -




266

observation we find quasi-oscillations of ~ 3-4.5 seconds during four
20.second scans across the source (see Figure 5-6) near the beginning of
the outburst. For observations during the same days, the HEAD Al group
reports a period of ~ 2.5 seconds (Sadeh et al. 1979). The exact cimes of
the Al scans were not available for comparison, and there was no discussion
of possible changes in period with intensity. From the histogram given in
Figure 3 of Sadeh et al. (1979}, we estimate that roughly half of the ~ 250
reported A{ burst intervals fall in the range 2-3 seconds, while ~ 25% fall
in the range 3-4.5 seconds. The longest trains of Al data were accumulated
with a detector module on the opposite side of the satellite from the A2
detectors which scanned the source 180° out of phase. The source intensity
for two scans in the published figures of the Al observation appears
comparable to the lowest of the four A2 scans referred to above. It is not
clear whether the shorter periods were observed preferentially at lower
intensities or simply at ditfferent times. Within the set of four AZ scans,
the period may track roughly with intensity for the three highest intensity
scans, but the lowest scan of the four clearly does not have the shortest
timescale. The A2 spectral data during this observation (see Chapter VI.A)
suggest that the intrinsic luminosity may be roughly constant during the
outburst, with changes in intensity largely due to changes in the column
density of absorbing material., Further, if Circinus does not have a mass
significantly larger than 1 M,, the observed guasiperiodic behavior may be
taking place during a peried of critical or near-critical accretion. Thus,
the observed changes in intensity may not reflect proportional changes in
accretion rate.

Different periods for short data trains is reminiscent of the eariy

results for Cygnus X-1 and suggests that a shot noise model might apply to
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Circinus X-1 as weli. Dower, Bradt and Morgan (1982) and Weisskopf and
Sutherland (1980) have also analyzed Cir X-1 data 1n terms of a shot noise
model. In view of the complexity of the system it is not surprising that a
variety of parameters are obtained in different observations. For both
Uhurut and SAS-3 data in post transition observations, correlation was small
for lag times » 0,3 s. In pre-transition soft spectrum high state data the
correlation times were similar to those observed in the HEAO 1 Scan O

data. The shot rates and shot fractions differed from each other and from
those in our observations. Dower et al. concluded that the picture was not
appropriate because of instability of results with respect to bin size
which they did not see in data from Cygnus X-1 and because the third moment
was freqguently negative. It 1s not clear yet whether during times when
other changes are not occurring that the shot noise model is not
appropriate. Both CygnusX-| and GX339-4 do show fluctuations in the soft
state: (1) Sutherland, Weisskopf and Kahn {1978) found 1ittle difference
between high and Tow state Cygnus X-1 data from Uhuru and (3) an 0S0-8 A
Detector observation of Cygnus during a moderately high state showed
intensity fluctuations in the 2-12 keV band on the 10-second spin period
similar to those found for Circinus at peak intensity during

Observation 1. 0S0-8 B Detector observations of GX 339-4 showed apparently
independent variability of the soft and hard components during a high state
on timescales of some tens of seconds (Robinson-Saba et al. 1983).

Circinus does not appear to have a rapidly fluctuating hard spectral
state or a hard tail during its soft state similar to those of Cygnus and
GX 339-4. If the fiuctuating soft component of Circinus is produced in a
region and manner analogous to the fluctuating hard components of the

Tatter, the spectral differences may reflect different accretion regimes.
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The peak luminosities of Circinus are > 1038 erg 51, several times the

inferred peak values for Cygnus and GX 339-4. While the mass for Circinus ’
1s unknown, the apparent radius of 40 km for the luminous optically thick

component 1mplies 1t 1s not greater than that of Cygnus., Thus, the mass

accretfon rate is probably considerably higher. Further, the disk in

Circinus may never be able to reach a steady state because of the large

orbital changes in accretion rate,

e e

i bial
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VIII. SUMMARY AND CONCLUSIONS

The observations of Circinus X-1 discussed in this thesis provide
samples of a range of spectral and temporal behavior whose variety is
thought to reflect a broad continuum of accretion conditions 1n an
eccentric binary system. While these samnles do not give a complete
picture of this system, they provide details which clarify aspects of
earlier images of the system and suggest specific areas of inquiry for
future observaiions to address. In this chapter we recapitulate our basic
results and the implications of these results for models of the system.
Then we review what is now understood about the Circinus system when these
results are considered 1n the context of previous observations. We
conclude with a discussion of aspects of this picture which need to be

verified or explored further.

A. Summary of Spectral and Temporal Results

Here we outiine the spectral and temporal characteristics found for
three X-ray components from Circinus identified by the abservations. We
discuss briefly possible interpretations, inciuding 1ikely emission
regions.

1. The Qutburst Component:

a. Varfations in neutral column density:

The outburst component comes and goes with the outbursts of
soft flux, showing heavy absorption at onset and disappearance (Ny > 1023
atoms cm=2); at times {t clearly shows moduiation which is not attributable
to changes in the absorbing neutral column density.

b. Apparent Bl Size:
(1) One of the more significant aspects of the outburst
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component 1s the fact that sometimes 1t cannot be fit with any simple
optically thin spectral form such as a power law or thin thermal
bremsstrahlung continuum. This 1s contrary to most earlier deductions
based on spectral data with lower resolution.

{14) During Observation 1, when 1t 1s clearly inconsistent
with being optically thin,; the sractrum is well described by a blackbody
with KT ~ 0.8 keV and an apparent radius at peak fntensity near 40 km (for
an assumed spherical emitter at 10 kpc distance). At other times 1t is
consistent with being a blackbody of about the same size, with the
temperature dependent on the observed intensity. Hereinafter this
component will be referred tn as the optically thick component for
definiteness, though such a generalization needs to be confirmed by future
observations.

¢. Interpretation of blackbody size:

(1) If the emissivity of the optically thick component is ~ 1,
so that a blackbody model applies, the apparent radius of 40 km implies an
emission region large compared to a neutron star surface. An apparent
blackbody size of 40 km is consistent with the maximum emission region of a
Shakura-Sunyaev accretion disk about a ~ 3 M, compact object. This size 1s
small compared to the boundary radius of the inner region of a disk (~ 108
cm for the inferred mass accretion rate) or the Alfvén surface around a
magnetic neutron star with a typical surface field of 1012 gauss (again,

R ~ 108 cm for the inferred accretion rate). Requiring the Alfvén surface
to be inside this radius implies that the surface magnetic field strength
must be < 5 x 109 gauss.

(11) An apparent blackbody radius of 40 km is larger than that

associated with most other galactic sources which sometimes exhibit a
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blackbody component (such as the bursters and the galactic tulge

sources). The blackbody temperatures shown by Circinus are also cooler
than these others. On the other hand, Goddard observations of GX339-4 and
Cygnus X-1 show that both of these sources may have blackbody componente of
roughly similar size to tha% of Circinus, with s1ightly cooiier temperatures
consistent with lower inferred luminosities.

d. Rapid Variability:

(1) The optically thick component shows large changes in
intensity on timescales of seconds or less, i{ncluding occasional quasi-
perfodicities. During Observation 2, these large amplitude quasiperiodic
fluctuations could be described in terms of shot noise, with roughly square
shots of luminosity > 1037 ergs, occurring at a frequency of 1-2 per
second, with a correlation time of 1-2 seconds. In some sense this
component may be analogous to the fluctuating hard components observed
during the spectral hard states of Cygnus X-1 and GX339-4. It does not
appear to have an associated hard tail comparable to those of Cygnus and
GX339-4 during their soft states.

(11) The observed fluctuation timescales of seconds are not
usually associated with the natural timescales in the inner region of &n
accretion disk. If the emission region is indeed the inner part of a disk,
the fluctuations probably originate further out in the disk, arising from
instabilities near the boundary of the inner region or perhaps even further

out.

(111) If this interpretation of the origin of the fluctuating

optically thick component of Circinus 1s viable, it is a phenomenon not

expected from current theories. It remains to be seen whether Cygnus X-1

and GX339-4 have similarly-behaved optically thick components. The rough

Rt LS. | NN, SN
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agreement in sizes for blackbody fits to soft components during the high
states of the two sources noted above suggests this possiblity should be

further explored,

2. The Low Flux Component:

Goddard observations of Circinus show there fs at ieast one
component distinct from the optically thick outburst component. Away from
the ocutburst there i1s low level residual flux which may be present
throughout the outburst. It generally has a spectrum better characterized
by a thin thermal bremsstrahlung or power law fit than by an optically
thick model such as a blackbody, and sometimes shows strong {ron Yine
emission, The Tow flux spectra typ’~ally show low column densities (< 1023
atoms cm"2), so that the residual #lux 1s not the residual optically thick
component transmitted through a high column density, as has been suggested
by most previous workers.

a. Associated timescale:

Apart from flaring sometimes observed around ephemeris phase
0 (marking the end of the larger outbursts) which may be due to an
additional component, this component shows a fairly steady flux and
spectral shape on tha timescale of a few days, though these are not
invariable from cycle to cycle.

b. Spectral shape:

The low flux spectra do not show a narrow distribution in
slope, nor is there a clear correlation between power 1aw index and
intensity such as a two-temperature disk model would predict. This
component 1s steeper (aN > 2) than the Tow state hard spectra of Cygnus X-1
and GX339-4 (aN ~ 1.,5). It is usually steeper than the hard tail (aN ~ 2}
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for the high states of Cygnus X~1 (though the high energy tail of GX339-4
may 21so be quite steep). While the presence of this component could mask
a hard tail similar to that seen in Cygnus X-1, such a tail would have a
luminosity at least an order of magnitude less than the cutburst component,
contrary to the case for Cygnus X-1.

¢. Low energy turpnover:

There is no clear correlation of the low energy turnover with
intensity of the component, or of efther the turnover or slope with binary
phase, consistent with the suggested steadiness on a timescale of days.
Observation 1 {s consistent with the presence of this component at
comparable strength and column density throughout the outburst of the
optically thick component with its strong optical depth evolution,
suggesting the residual component comes from a larger region.

d. Interpretation as compact source:

(1) If the region emitting the quiescent component is less
than or on the order of the size of the binary system, the lack of high
observed absorption for it implies that there are no system wide large
optical depth effects. Then the observed column densities for the
optically thick component and fiares would ba local to the regions
producing them.

(11) An accretion disk interpretation '3 consistent with the
lack of observed change on timescales of days, sin.  ‘he spiral-in time
could easily be longer than the binary period. The component would have to
be produced outside the ~ 40 km radfus apparently associated with the
optically thick component to aveid sharing its heavy absorption. It is not
clear whether X-rays greater than a few keV could be produced further out,

or whether the quiescent component could remain steady during large changes
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in the optically thick component. There {s no evidence that the quiescent
component shows any of the second or.subsecond variations shown by the
Tatter.,

e. Interpretation as extended source:

If the quiescent component 15 not continupusly fed, as in an
accretion disk, its relative steadiness on the timescale of days constrains
the maximum cooling rates from various processes, putting a lower bound on
the size of the emission region.

(4) Constraint on sfze for thermal interpretation:
If the quiescent flux in Observation 1 1s due to thermal
bremsstrahlung emissjon, the 1imit on bremsstrahlung cooling requires a
minimum size of radius > 1013 cm, somewhat larger than the binary system
size. Compton cooling of such a thermal gas from scattering by the
companion e*»rlight will be less important than radiative cocling provided
the comziion 15 Tess Tuminous than ~ 1039 erg s~1,  (While an early type
supergfant would have a luminosity this high, the large drop in quiescent
optical and infrared fiux over several years indicates a later type, Tess
Tuminous star,)
(11) Constraint on size for synchrotron interpretation:
The quiescent X-ray flux level is < half the value of the
quiescent radio flux Tevel extranolated into the X-ray regime and shows a
steeper spectrum by at least half a unit than the radio component.
Assuming that the gquicscent X-ray spectrum 1s an extension of the quiescent
radio synchrotron spectrum requires the presence of electrons
with Lorentz  factor vy > 1.8 x 107 and a magnetic field strength < 1072
gauss, in the absence of continuous replenishment of the high energy

electron population.

P
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Lack of Cempton cooling of these electrons from

scattering of stellar photons requires an emission region of radjus > 3
1018 {Ly37)1/2 cm, with Lagy the Tuminosity of the stellar photons in units
of 1037 erg s-1, Unless the emission region 15 considerably larger than
this, Compton scattering will compete with synchrotian radiation as a 1¢1s
mechanism. [The quiescent radio emission region size > 3 x 1016 cm deduced
by Preston et al. {1983) meets this criterion.]

({11} Difficulties of synchrotron-self-Compton
interpretation:

Inverse Compton scattering by the electron population
producing the quiescent radio synchrotron spectrum of those radio photons
(SSC) probabiy does not make an {important contribution to the quiescent
X-ray flux. If the radio emicsion region is as large as 3 x 1016 cm, the B
field would have to be quite Tow {~ 10-8 gauss) to aliow the electron
density to be large enough to matter, While the average quiescent B field
might be that Tow 1n such a large volume, the corresponding density of vy =
10% electrons impiies more y-ray flux from inverse Compton scattering off
of the high observed fiux of IR photons than the current upper limits
allow. Turther, if the synchrotror groducing electron distribution extends
down to y ~ 102. the expected X-ray flux from inverse Compton scattering

of the IR photons by these electrons should be a factor of 10-100
Targer than the contribution from SSC.
{iv) Inverse Compton scattering interpretation:
Inverse Compton scattering of the IR photons by v ~ 102
electrons could in fact contribute substantially to the quiescent X-ray
flux. The steepness of the X-ray quiescent component relative to the radio

siope might then be at least partly accounted for by the apparent rollover

g
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in the fnfrared spectrum. However, the high equivalent widths for iron
1ine emission sometimes associated with the quiescent X-ray emission
suggests that part of the quiescent flux comes from soft thermal emission,
which would also steepen the X-ray spectrum compared to the radiv slope.

f. Evidence for thermal gas:

The existence during quiescence of high equivalent width fron
1ine emission which does not show & strong correlation with binary phase
argues for the presence of hot gas in the system., The observed 1ine
equivalent widths are typically a facter of ~ 2 less than those predicted
for equilibrium thermal emission, 1f the quiescent flux is interpreted as
coming from thermal em?ssion from a plasma witi solar abundances. Thus
nonthermal flux is alse 1ikely to be present, in keeping with the
11kelihood of inverse Compton scattering noted above. Identification of
any 1ine component due to fluorescence of the wind, the companion surface,
an accretion disk or corona or an A fvén shell awaits systematic studies of
the 1ine emission with high sensitivity and energy resolution, ax a function
of binary phase, and quiescent and flare intensity and spectrum. The
largest such contributions are expected from wind fluorescence, which would ‘o
show a binary phase dependence, and an optically thick corona or Alfvén
shell, which would probably produce an absorption edge as well. Even a
relatively small contribution from fluoresence might be separable with good
energy resolution bhecause of the lower 1ine energy expected for cold matter

fluorescence relative to hot thermal emission.

3., The Flare Component:

There appear to be brief episodes of flaring from Circinus which

are not directly associated with outbursts of the optically thick
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component. We suggest that they are also dif¥ferent from the component we
have fdentified as quiescent. The flaring generally involves spectral

hardening with a2 higher low energy cutoff.

a&. Possible association of X-ray flares with radio and infrared

flares:

These flares have been observed after the transitfons of the
optically thi!ck component, suggesting a possible association with radio and
infrared flares. The flires reported here lasted a few minutes to a few
hours (the Tatter with structure timescales < minutes), timescales shorter
than those seen 1n the radio and infrared. However there have also been
two observations of post-transition X-ray flaring vith temporal behavior
matching the longer radio flares. One of these longer X-ray flares,
observed by Hakucho, was clearly harder than the soft pre-transition
outburst, in keeping with the spectral hardening of the shorter flares.

b. Constraints on radio flare interpretation from X-ray data:

Interpretation of the radio flares as synchrotron radiation
from an expanding plasma with y ~ 104, B < 10-4 and an emission region
radius ¢ 1012 ¢ (Haynes et al. 1980) predicts an X-ray flare flux from the
synchrotron-self-Compton process > 103 times the observed value. If the
electron distribution continues down to vy ~ 102, the resultant X-ray flux
from inverse Compton scattering off the IR flare flux is estimated to be
more than ten times greater yet. This implies R > 1012 em or B >> 1072
gauss or both. A magnetic field strength B » 10-4 is plausible in an
accretion disk or near a weakly magnetic neutron star. For B ~ 10-2 gauss,
the predicted X-ray flux could be brought to a res  -ble Tevel by taking a

radio emitting region size > 1013 cn.  This constrain. is consistent with
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the radio flare size estimated by Freston et al. (1983} of 2-20 x 1014 ¢m
{{f their angular size measurement is not affected by scattering in the
interstellar medium).

c. Size of X-ray flare region:

The variability of the short X-ray flares implies they come
from a region << 1013 em. I the X-rays are due to inverse Compton
scattering of the IR flare flux by synchrotron-producing electrons, they
could come from a region this small because they are generated before the
synchrotron emitting plasma has expanded to the point where it is
transparent to radio fr<quencies, or because the IR source is compact
{e.g., coming from the outer part of an accretion disk).

d. Possibility of y-ray bursts:

Whether or not the flare and quiescent X-rays are produced by
inverse Compton radiation, electrons with y ~ 102 in the vicinity of the
X-ray source should produce comparable y-ray luminosity from inverse
Compton radiation near 100 MeV. Averaged over the binary period,
the y-ray flux expected approaches the limit estimated from non-detection
by the COS B experiment. Gamma-ray observations with better sensitivites
should either locate such a source or provide more information about the
electron population and magnetic field strength responsible for the radio
flares.

e, Similarities to 55433 flares:

The X-ray and radio flare éomponents show some similarities to
those of SS433, whose correlated flare behavior at X-ray and radio
frequencies is better documented. With more information about the magnetic
field in the core of the system, the nature of the optical companion, and

details of the radio/X-ray correlation, Seaquist et al. (1962) have deduced
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B ~ 1072, a flare emission region > 1014 ¢m from the stellar object and a
quiescent source region of radius > 1016 ¢cm. Whether the Circinus flares
closely paralle) those of S$5433 must be decided by future long term

broadband observations.

B. Implications of Observations for Lightcurve Models

Here we outline the evidence showing that the accretion picture for
Circinus fs complex, involving a combination of absorption and fonizatfon
effects with variable wind accretion or episodic Roche Lobe overflow,

moderated by an accretion disk.

1. Difficulties of modeling lightcurve as simple absorption effe:t:

The periodic modulation of the soft X-ray flux seen from Circinus
cannot be explained entirely in terms of system-wide optical depth effects

due to an eccentric orbit through a uniform wind, The evidence is varied:

a. The optical depths of cold material required to produce the
observed modulation for the appropriate orbit orientations
(1) are Jarger than those observed;
(i1) imply a strong correlation of peak intensity and
duty-cycle with precession epoch which is not observed.
b. The changes in intensity and column density predicted by the
model are more gradual than those observed. They cannot match
(i) the frequently sharp cutoffs of soft fiux at phase 0, or
{11) the rapid decrease followed by an increase in column
density of cold matter seen in Observation 1.

¢. The observed spectra are not consistent with such a picture:
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(1) The outburst spectrum is not simply a low eneray
extension of an absorbed non-outburst spectrum;

(11} The non-outburst spectrum does not typically show heavy
absorption.

d. The spectral evolution found in Observation 1 demonstrates
that the observed modulation cannot always be accounted for by changes in
the observed optical depth of cold material; i.e., the modulation cannot be
entirely explainzd 1n terms of optical depths of cold material in any size

region, whether the absorption is local or system-wide.

2. Partial improvement of absorption model by inclusion of

ionization:
A simple modification to the absorption model which takes into
account ionization effects removes some but not all of the difficulties ;

noted above for an optical depth model.
a. On the positive side,

(1)  the peak efficiencies predicted are more nearly the same

from epoch to epoch,
(11) the predicted cutoffs are sharper; and {,
(i11) changes in optical depth to.cold material such as those

{
found in Observation 1 can be matched. E?

b. However, while the lightcurve assigned to the 0SO/HEAO epoch
matches the 0S0 data of Observation 1, 1t has a much smaller duty cycle
than that inferred for the HEAO 1 Scan 0 curve found in Observation 2 or
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the very {ntense cycle following covered by SAS-3.

¢, The difficulty still holds that not all of the moduTlation can
be due to optical depth effects of a uniform {though now Jocally {onized)
wind. The total column densities of neutral plus jonized material equal
the column density of neutral material in the cold wind case., They change
too slowly to explain the modulation found in Observation 1 by changes in
the column density of fonized material which would not show up in the Ny

determination.

3. Importance of intrinsic changes in source; inclusion of variable

wind accretion in model:

Intrinsic changes in the source intensity over a binary orbit
compete with or dominate optical depth effects, even though matter

densities in the system may be large.

a. This result seems a necessary conclusion from combined
evidence of modulation not attributable to system-wide optical depth
effects and the observation of Tow column densities when the source
intensity is low. Taken together these imply a change in the local source
environment on scales small compared to the binary size and crbit time.
This change may involve an enhanced accretion rate, clumps of intervening
matter or both.

b. Expected changes in wind accretion over the binary orbit
could expiain most of the observations if {onization effects are
substantial and the wind density and velocity are assumed to vary from
cycle to cycle to account for the different peak lTuminosities and

duty-cycles.

i
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(1) A principal difficulty with the wind accretion picture
is achieving luminosities > 1038 erg =1, The narrow peak of the smaliwr
outbursts might be consistent with a fast wind (~ 103 km s~1} 1f {onization
can offset the absorption implied by the high wind density needed. If this
explanation {s valid, the unabsorbed residual component must come frem 2
region larger than the binary system.

(11) The larger outbursts with their high Tuminosities and
Tong duty-cycles require accretion from a slower wind. Decraasing the wind
velocity by a factor of 2 or more increases the 1ikelihood of formatior of
a wind-fed disk as large as 1010 cm away from periastron. It is not clear
whether such a disk could survive the tidal effects of a close encounter
with the companion near periastron passage, or accretion of lower angular

momentum material in other parts of the orbit.

4, Evidence for the presence of an accretion disk:

It seems plausible that an accretion disk occurs in the Circinus
system at least as a transient phenomenon. It has been previously pointed
out that a variable disk would provide a natural explanation for infrared
flares at roughly constant colors relative to the quiescent values, for
double-peaked Ha 1ine profiles, and for the observed drop in intensity of

quiescent optical and infrared fluxes over several years (see §11.B.1). i

Several pieces of X-ray evidence discussed in this thesis support

this suggestion:

]

a. Tne high observed X-ray luminosities imply slow wind

accretion or tidal overflow, either of which is Tikely to cause disk

e o b

formation. ]

b. A variable flow rate in a disk might explain abrupt turnons
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and turnoffs in the X-ray flux.

€. A recurrent apparent radius near 40 km for the optically
thick component in Circinus suggests the emission comes from a region which
is reproducibly the same size. The sfze in question is about right for the
maximum emissfon annulus in an accretion disk around a ~ 3 M, compact
object.

d. The quasiperiodic intensity fluctuations sometimes observed
in Circinus appear consistent with behavior expected from the onset of

instabilities at or outside the boundary of the inner disk region.

C. Review of Our Current Understanding of Circinus X-1

The binary X-ray source Circinus X-1, believed to be powered by
accretion of material from a mass-giving companion onto a compact object,
shows a rich variety of behavior, including large X-ray outbursts, which
exhibit a complex, evolving spectrum, and associated radio and infrared
flaring. The source shows large amplitude intensity changes on many
timescales, from subsecond chaotic fluctuations reminiscent of the black
hole candidate Cygnus X-1 to irregular modulation on a timescale of months,
evoking the vehavior of long-term X-ray transients. The short duty-cycle, |
highly asymmetric 16.6-day lightcurve envelope, characterized by a large
ratio (10-100) of maximum to minimum Tuminosity, is interpreted as coming

from binary motion in a highly eccentric {e > 0.7) orbit. The distance

estimate (8-16 kpc) from HI absorption measurements yields peak

Tuminosities during the outbursts greater than the Eddington 1imit for a 1

e e e

Mo object, implying that the accretion takes place in a critical regime or

onto a masive object or both.
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1. Effects of the Binary Environment

The inferred orbital eccentricity implies a continuum of accretion

conditions. The varfation with orbital phase of stellar separation,
gravitational potential, relative velocity, local density, and
1ine~of-sight column density lead to corresponding changes in wind
accretion or Roche-lobe overflow (or both), a variable wind- or Roche-fed
disk, and varying ionization and optical depth effects. Each of the
previous models proposed for Circinus in the Titerature has invoked the
dominance of a single effect in producing the soft X-ray tightcurve:
variation in optical depth through a uniform wind to an intrinsically
steady source, fonization structure in the wind of an 0B supergiant. or
cyclic variation in wind accretion in an orbit of eccentricity e = 0.5.
The samples of behavior reported in this thesis show that the true picture
1s more complex and probably involves a combination of absorption and
fonization effects with variable wind accretion or episodic Roche-Tobe
overflow, modulated by long-term changes in outflow from the companion.
The infrared and optical observations suggest the presence of an accretion
disk which evolves with time.

2. Modeling the Irregular clock Mechanism(s)

The cyclic soft X-ray outburst and its typically abrupt cessation
are 1ikely to be related to periastron passage, though the mechanisms for
producing them are not clear. The 16.6-day outburst cycle has never been
an exact clock. Even the rapid turnoff of the larger outbursts, the most
periodic feature of the cycle, shows a large amount of phase jitter;
smaller outbursts end preferentially earlier (by about half a day compared
to the mean phase of the larger outbursts) and more gradually (on a

timescale of hours rather than a fraction of an hour).
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From the infrared and optical data it is now krown that the
mass~giving star {is not an early-type supergiant, as was assumed in some
models of Circinus; however, the data are consistent with a B-type main
sequence star or later-type more evolved star, which might have a
substantial outflowing wind or episodes of Roche lobe overflow near
periastron passage of the compact objsct. While an accretion disk is
generally assocfated with Roche-lobe overflow, a small wind-fed disk could
also result for wind parameters consistent with the observed X-ray outburst
Tuminostities. If a Targe accretion disk {s sometimes present, as suggested
by the infrared and optical data, 1t is probably fed primarily by Roche-
Tobe overflow.

Cycle-to-cycle changes in the wind or overflow parameters, or in
disk conditions, could account for observed changes 1n the soft X-ray
lightcurve shape, duration, and intensity, The small, narrow outbursts
could result from accretion of a fast wind, for which the accretion
efficiency 1s low and the modulation wiith phase is sharp. The large, broad
outbursts could come from accretion from a slower wind, accompanied by
formation of a disk with radius of up to 1010 cm, if a larger Roche-fed
disk is not already present. Even fast wind accretion could Tead to a
small disk, of radius ~ 108 ¢m -- not big enough to retard accretion for
more than about an hour, but sufficient to &llow those phenomena (such as
the apparent size and the temporal oscillations of the outburst component,
which we find for a small outburst as well as a larger one) that we
interpret as coming from the inner part of the disk. Significant Roche-
Tobe overflow might occur in some cycles but not in others if the companion
pulsates or otherwise undergoes intrinsic changes on timescales different

from that of the cyclic tidal perturbation by the compact object. A given
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outburst could reflect outflow conditions during the current orbit, or
interception by the compact object of materia’ accumulated in the disk or
in the vicinity of the companfon from previous passes. Long-term
systematic changes in the outflow might explain the apparent long-term
evolution of the average envelope of the binary 1ightcurve, obviating the
need for a model 1nvoking rapid precession and the dominance of wind
absorption effects, which we find implausioie on other grounds (see
§VII.A).

3. The Beginnings and Ends of the X-ray Outbursts

It 1s possible that several competing factors determine the nature
of the turnons and cutoffs of the outburst., The sometimes sudden turnons
at a range of binary phases might be explained by the sudden onset of disk
dumping due to a change 1n viscosity or angular momentum of accreting
material; alternately, tidal disturbances of the disk near perfastron could
be important. More gradual turnons could reflect normal disk processing or
near-radial infall of wind-accreted material. The prototypical precipitous
turnoffs (defining ephemeris phase 0} could be due to occultation of the
inner part of the accretion disk by the outer disk or by the companion.
The early, abrupt decline of large outbursts could be due to the onset of
an instability during critical accretion; the early, gradual decline of the
small outbursts could reflect an exhaustion of fuel or motion of the
compact object into a region too dense t¢ be fonized effectively by the
weaker source.

While the onsets and declines of the outburst component are at least 3\

sometimes asso¢iated with large changes in absorption, the outburst cannot |
be modeled simply in terms of variable system-wide obscuration of a

constant intensity X-ray source by a uniform cold wind. The predicted .
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changes in optical depth and intensity are coo gradual to match those -
observed, and the measured column densities cannot account for all of the
observed modulation. Inclusion of {onfzation of the surrounding wizid by
the X-ray source accounts for the magnitude of the measured column
densities, but some form of intrinsic source modulation must still be
Tnvoked. Prompt wind accretion describes some Tightcurves well, but cannot
by 1tself provide the sharp turnons and cutoffs seen for the larger
outbursts. Roche-~lobe overflow, instabilities during critical accretion,
and perturbation of the acr ~tion disk could all play important roles in
determining the properties of the outburst,

4. Multiple Emission Regions

The observations analyzed in this thesis support an {identification
or three or more X-ray spectral components from Circinus, probably
associfated with distinct emission regions 1n the system:

a. A luminous (~ 1038 erg s=1) optically thick component,
assocfated with the outburst, has a spectrum which 1s to good approximation
a blackbody of kT ~ 0.8 ~ 1.0 keV, with an apparent radius of ~ 40 km {for
an assumed spherical emitter at a distance of 10 kpc). This component
sometimes exhibits large-amplitude quasiperiodic fluctuations on a
timescale of seconds. The luminosity, size,and variabi1ity suggest this
component originates in the inner regior of an optically thick accretion
disk around a compact object of 2 3 M,. |

b. A Tow Tevel component (< 1037 erg s~1) which remains after the P
outburst decline has an optically thin spectrum which shows 1ittle |
absorption and strong iron 1ine emission. The line equivalent width is
sometimes quite large for & fluorescence origin, suggesting the presence of

!
thermal gas. The existence of an extended quiescent radi¢ source implies iﬂ
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the presence of nonthermal electrons which, unless their spectrum is
peculiar, should lead to significant X-ray flux from fnverse Compton
scattering of the observed quiescent infrared flux. The quiescent X-ray
flux fs thus 1ikely to be partly thermal, partly inverse Compton
radiation. The observed Yack of variability on a timescale of days
requires an X-ray emission region of large extent, > 10}3 ¢m (the estimated
size of the binary system), {f the source is not continuously replenished.

c. A post-outburst X-ray flare component, possibly correlated
with the radio and infrared flares from Circinus, shows a flat, absorbed
spectrum. Variability on a timescale of minutes restricts the size of the
X-ray emission region to << 1013 cm, considerably smaller than the X-ray
quiescent regfon we infer and the reported size of the radio fiare
region. A 1ikely origin of the X-ray flares is inverse Compton scattering
of infrared flux by a low vy extension of the nonthermal electrons producing
the radio flares.

d. There is some evidence for an absorbed pre-outburst component,
though 1ts nature is not well understood. The apparent Tuminosity is
Tow {~ 1037 erg 5"1), but 1ts high inferreu column density implies that the
fntrinsic luminosity could be comparable to that during outburst. This
cowponent could be a manifestation of the outburst during onset.

5. Circumstantfal evidence for a black hole in Circinus

While the observations cannot be used to make a definitive
statement about the nature of the compact object fn the Circinus system,
they appear to be more readily interpretable in terms of a black hole
rather than a neutron star accretor.

a. The subsecond chaotic fluctuations observed for Circinus,

similar to those reported for the black hole candidates Cygnus X-1 uma



289

GX339-4, are not currently thought to be expected X-ray behavior for
neutron stars, (Short-term {rregular modulation of radio emission from the
fastest radio pulsars, however, suggests that possible analogous behavior
for X-ray pulsars should be investigated further.)

b. White the observations reported here cannct strongly 1imit the
existence of regular X-ray pulsations because of the data sampling modes
used, previous observations have done so (see, e.g. Dower, Bradt, and
Morgan 1982). In a magnetic neutron star interpretation, the absence of
observed stable pulsations requires that the magnetic axis 1s parailel to
the rotational axis, or that the system has a special orientation so that
any beamed radiation never crosses the 1ine of sight. For a black hole
accretor, on the other hand, no stable pulsations are expected,

c. The quasiperiodic‘pu1se trains shown by Circinus, similar in
some ways to those shown by Cygnus X-1 and GX339-4, suggest variations in '
the inner part of an accretion disk {with the timescale set by
fnstabilities further out in the disk). For a neutron star with a typical
magnetic field strength, the inner disk region would not exist.

d. The soft, complex spectrum shown by Circinus during outburst,
fs quite different from the spectra (usually quite hard) associated with
magnetic neutron stars. It is rather similar to the high state spectra of
several black hole candidates, 1ncluding Cygnus X-1 and GX339-4, }?

e. The 40-km apparent radius of the blackbody component for
Circinus at peak intensity, similar to the {high state) sizes for Cygnus
X-1 and GX339-4, 1s naturally explained in terms of emission from the inner
part of an optically thick accretion disk around a compact object with é

M > 4. Wkile the size alone could be consistent with the Alfvén shell for

a weakly magnetic neutron star, it is not clear why peak Tuminositiez at or

S
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above the Eddington Iimig should be associated with emission from that
surface rather than a smaller region'c1oser to the neutronw star surface,
There are no known solutions that allow stable neutron star configurations
with a surface radius as large as 40 km. Such a size 1s not observed in
known neutron star sources. If Circinus and sources such as Cygnus X-1 and
GX339-4, with blackbedy kT < 1 keV and radii of 40-70 km are neutron stars,
they form a separate class whose properties are not predicted hy any

current model of accretion onto neutron stars.

D. Prospectus For Future Investigations

We have argued that Circinus X-1 constitutes an astrophysical
laboratory for studying the accretion phenomenon: cyclic changes due to an
eccentric orkit, moduTated by changes in mass outflow from the companiuii,
provide a wide range of accretfon conditions, A fundamental understanding
of the system requires an unravelling of the contributions from a pumber of
competing factors which operate concurrently. The task 1s nontrivial but
tractable with Tong-term broadband coverage and occasional intensive
studies with high spectral and temporal resolution. This thesis has
identified a number of spectral and temporal clues to the nature of
Circinys, whose generality and further implications should be checked.

Some similarities in behavior are found in other black hole candidates,
notably Cygnus X-1 and GX339-4. The extent of correspondence needs to be
further explored. Here we sketch several areas of investigation where more
work is clearly warranted.

1. _MWhat is the nature of the long-term changes seen in

Circinus? Is the soft X-ray lightcurve changing systematicaliy with

time? If so, are the changes due to orbit precession, or do they reflect
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systematic changes in outflow from the companion?

These questions can be answered in part by continuing coverage
with an X-ray detector similar to the Ariel-5 Al1 Sky Monitor, but with
greater sensitivity. Some spectral {nformation 1s also needed to tell
whether the flux seen after ephemeris phase zero is related to the
prototypfcal soft outburst component or whether it 1s in fact harder as
some observations suggest. It 1s particularly important to have routine
mon{ toring in other wavebands as well, for cross comparisons and to sort
out cycle-~to-cycle changes fn various bands from longer term effects. For
example:

a. Systemat[c stucies of Ha flux and Doppler velocity {which
probably reflect current outflow as well as disk properties) as functions
of binary phase, compared with the behavior of flux in other bands, may
allew the disk and wind dependencies to be sorted out, and help pin down
the orbit orientation.

b. The quiescent infrared flux Tevel, probably a measure of
the mass of the accretion disk, may be correlated with the Ha disk
component, or the magnitude and shape of the X-ray outburst {presumably
related to the fnner disk or its absence).

2. What 1s the nature of the clock mechanism{s) in Circinus?

What role is played by the accretion disk?

A definitive answer to these questions requires broadband
coverage of a moderate sample of outbursts, including turnons and cutoffs,
with sensitivity sufficient to measure changés on timescales of minutes or
less. The X-ray coverage should routinely provide spectiral intormation
sufficfent to distinguish between changes in column density and

temperature, and between optically thin and nptically thick spectra. Finer

~ . A
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X-ray temporal resolution with at least moderate spectral information is .
needed to exploit the use of short-term fluctuations as a probe of the
1nner disk conditions.

a. With broadband coverage we can learn whether the magnftude
of the outburst or the sharpness of {ts turnon or butoff are correlated
with the level of quiescent infrared or optical flux, or with the
parameters (size, shape, duration, delay) of subsequent radio, {nfrared,
optical, X-ray, or gamma-ray flaring. (The size of the X-ray outburst, for
example, could depend on the total mass 1n the disk, which the fnfrared and
optical flux mignt refiect. If a sharp turnon is due to disk perturbatinn,
we might expect to see the infrared flux tracking associated upheavals 1in
the outer disk. If the outburst is quenched during supercritical
accretion, flaring afterwards might be more (or, again, less) probable.)
While 1t has been reported that high energy X-ray flux "broadly correlates”
with soft X-ray flux, we do not know the details of such a correlation. 1In
particular, we do not know to what energy 1t extends, over what timescales
it occurs, whether there 1s a phase shift, or how the spectra are related.

b. High resolution spectral and temporal information during
the outburst will tell us more about the accretion conditions near the
compact object. It would allcw us to determine the character of the
possible pre-outburst absorbed component, which may be a signature of the
onset of accretion. It would show whether the systematic decrease,
followed by an increase, in column density (a feature noted during a small
outburst) applies generally. The decrease 11kely denotes the infall and :‘ﬁ
subsequent ionization of material near the compact object. The {ncrease ‘
may reflect the failure of the X-ray source to keep the surrounding matter !

jonized as the local fuel source s exhausted. Te date, coverage of the
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decline of large outbursts has {nvolved spectral or temporal resolution too
coarse to follow the detalls of the evolution of a complex spectrum.

¢. The observations reported here suggest that the outburst
component is a blackbody with a radius of roughly 40 km, consistent with an
orfgin in an optically thick inner disk. It appears that several other
black hole candidates show a similar blackbody component of comparable size
and temperature. These results need to be verified. If the outburst
component from Circinus fs always a blackbody, a roughly constant size with
changing Tuminosity would support origin in a characteristic emission
region such as the fnner disk. We need to know whether a hard tail, such
as that found for Cygnus X-1, 1s ever present and, if so, 1ts properties
(magnitude, slope, cutoff, varfability) and how they correlate with the
soft component.

d. The short-term aperiodic variability of Circinus has not
been well delineated. A simple shot noise model may frequently not apply,
yet results from this thesis sugyest that quasi-oscillatory behavior
sometimes seen may in fact be a manifestation of high Tuminoesity, roughly
square shots whose parameters evolve with luminosity or time. It is not
currently known how the presence, magnitude, timescale, and spectrum of the
fluctuations correlate with luminosity or other conditions. Such knowledge
is crucial to understanding accretion in the inner disk.

3. Hhat is the nature of the residual X-ray component? How s it

related to the quiescent radio and infrared components?

This work has identified a quiescent X-ray component which
sometimes shows strong fron 1ine emission. We have suggested that the
emissfon is due partly to thermal gas in an extended region and partly to

inverse Compton scattering of quiescent infrared photons by the same

T L.
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electron population which produces the quiescent radio flux. The
properties of this X-ray component -- the flux level, spectral slope, low
energy cutoff, and 1ine parameters -- should be studied as a function of
binary phase. In particular, if the Tine comes from diffuse thermal
emission, it should not show a strong phase dependence; on the other hand,
{i there is a significant fluorescent wind component, high resolution
studies of the 1ine should show its phase dependence and shift in ennergy,
and any related absorption features. Any contribution of nonthermal Tlux
to the continuum might show a correlation with the radic or {infrared
quiescent components. Some longer-term correlation of the entire continuum
with adjacent outbursts and flares seems 1ikely.

4. Mhat is the nature of the post-outburst X-ray flares? How are

they related to the radio and infrared flares? Are there gamma-ray flares?

This thesis has given several examples of hard X-ray flaring
after the disappearance of the soft flux outbursts. While it seems natural
to associate these flares with the radio and infrared flares observed from
Circinus, s*mul_taneous extended bandwidth coverage is required to check
relative occurrence, phasing, and magnitude. If the X-ray fiux comes from
inverse Compton scattering of infrared fiux as seems plausible, comparable
Tuminosity should appear in gamma-ray flares.

The X-ray observations should be sensitive to fast temporal
changes in spectrum and intensity to look for short-term behavior such as
quasi-oscillations or subsecond bursting which would suggest an inner disk

origin.
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APPENDIX A

Assuming the stellar wind density profile follows an inverse-square

Taw
2
n(r) = n.(R,/r)",

we can write the column density along the line of sight to the X-ray source

as

® ® 2 d
n{r) dg = n, R
£ r fo * P ;}f

ds

2
-'-n*R*fzz
O [4°+ D% - 2D sing sin 1]

where D is the fnstantaneous separation of stellar centers and % 1s the
distance from the X-ray source along the line of sight (see Figure 7-1).
Except when the denominator of the integral vanishes (corresponding to one

star being directly behind the other),

2 .
o n*R* 1

n ul S | sing sin i ‘
fo n(r) de = — ———172 {'2"" tan™t [—210¢ - 1/2.!(
(1 - sin“¢ sin“1) (1 - sin“¢ sin® 1) -

Writing ¢ = gf*ep+e, where 6. 1s the periastron angle, which gives the

P
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orfentation of the major axis, and o is the "true anomaly® or bipary orbit "
angle measured from periastron, and defining s = D/a where a 1s the

semi-major axis, and x = s cos (a+ep) sin 1, we can write

o R2

[ nlr)de = n, - 1 177 {;-- tan™! [—x—m]} .
0 - R (s2-xP)

The optical depth t along the line of sight to the X-ray source can then be
written in terms of the optical depth 7, to the surface of the primary

star, as

For the special case where the X-ray source 1s directly in front of the
Ry
primary, the integral of %z-gives 1/0, 1mplying * = 1, D—-for a+ep = 0,

For the case where the X-ray source is directly behind the primary (i.e.,
the X-ray source 1s eclipsed by the center of the primary), we
take t = = {or, more precisely, set e”* = 0 in calculations of the

Tuminosity). Otherwise we do not take eclipses explicitly into account.
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