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ABSTRACT

Intermediate polars form a small (~ 12 members) subclass of the cataclysmic vari-
ables. The latter comprise a red dwarf secondary and a more massive accreting white
dwarf, but in intermediate polars the white dwarf is deduced to have a magnetic
field of strength 2 1 MG, from the pulsed emission which these stars exhibit. These
systems are a relatively new discovery (less than two decades old), and therefore
provide an active domain for current research.

The present work concerns the accretion geometry in intermediate polars, an area
of considerable debate. After an introduction to the field (chapfer 1), I present, in
chapter 2, an analysis of the X-ray orbital modulations seen in EXOSAT timeseries
from intermediate polars. These data have substantial implications for the accretion
geometry in these systems.

The bulk of this thesis, however, is concerned with the systems BG Canis Mi-
noris and GK Persei. Chapter 3 presents optical CCD photometry of BG CMi,
and I refine the 913 s pulsational ephemeris using timings both new and previously
published. In chapters 4 and 5, I present spin phase-resolved optical spectroscopy
on these respective systems. A similar analysis of other systems has shown that this
is a powerful method for probing the geometry and optical emission properties of
the accretion flow in the vicinity of the white dwarf. This is of particular interest
in BG CMi, where both the presence of an accretion disc and the spin period of the
white dwarf are currently debated. In GK Per the existence of a disc is essentially
incontestable, so the data presented in chapter 5 offer an excellent opportunity to
investigate the curtain model which has been proposed to explain the spin modula-

tion in intermediate polars. Finally, I detail, in an appendix, the various techniques
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8 ABSTRACT

which I have employed for the reduction and analysis of the data contained in the

previous chapters.
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1. INTERMEDIATE POLARS:
AN INTRODUCTORY REVIEW

It seems a bit daft to ask me to write an introduction to this book, because
basically it needs no introduction. So, let us go onto something else. It’s a
nice day today except that I hit my knee against the corner of a flower pot,
which caused a slight abrasion to the skin, about, I would say, a quarter of
an inch from the Patella.

Spike Milligan
The Goon Show Scripts (1972)

1.1 INTRODUCTION: THE CATACLYSMIC VARIABLES

In 1954, Walker discovered an optical eclipse in the classical nova DQ Her (Nova
Her 1934), a star which we now know belongs to a subclass of the objects collec-
tively referred to as cataclysmic variables. The term ‘cataclysmic variable’ derives
from the eruptive behaviour of these objects—the so-called ‘outbursts’ which are
observed from time to time. Walker’s comment that all novae might be binary
systems was extremely precocious, for now it is probably correct to say that all
cataclysmic variables are indeed binary in nature, and that binarity is a necessary
requirement for the outburst phenomenon.

By definition, a classical (or old) nova such as DQ Her is one which has shown
only one outburst, with an amplitude of up to ~20mag. Further categorisation
of cataclysmic variables has been introduced over the years, and there now exist

four additional major subclasses: the recurrent novae, which exhibit irregular but

21



22 CHAPTER 1

O\
repeated outbursts with an amplitude of ~4-9 mag and [recurrence timescale on the

order of decades; the dwarf novae, which also display recurrent outbursts, but with
an outburst amplitude that is less than in the former systems (~ 5mag) and with
a smaller recurrence timescale (~ weeks or months); nova-like objects, which have
-the spectral signatures of novae, but for which no actual outbursts have ever been.
recorded; and the magnetic systems (i.e., where the primary star has a magnetic
field & 1 MG), which are a relatively new discovery (less than two decades old).
The magnetic systems are further subdivided into two categories: the polars and
the intermediate polars!. The latter systems are the subject of this thesis.

In this introduction, I give an overview of the magnetic cataclysmic variables,
primarily intermediate polars. I concentrate on their history, their observational
characteristics, and the physical interpretations thereof. I will also discuss briefly
the polars (see §1.3), mainly to emphasise the physical differences between these
two types of system. Prior to the discussion of the magnetic subclasses, however, I
give a brief account of what has come to be recognised as the standard picture of

a general cataclysmic variable (reviewed by Livio 1993, and Cérdova 1993).

" 1.1.1 THE STANDARD MODEL OF A CATACLYSMIC VARIABLE

The original model for cataclysmic variables was proposed by Crawford & Kraft
(1956), prompted by the discovery (Joy 1954) that AE Agr was a binary system.
Their overall picture still remains essentially valid. The systems are now known to
comprise a white dwarf (the primary) and a late-type star usually near the Main
Sequence (the secondary). The white dwarf is generally the more massive com-
ponent. Owing to the proximity of the two stars (on the order of a Solar radius,
deduced from orbital periods on the timescale of hours), the secondary is tidally
distorted (refer to figure 1.1). Consider a coordinate system originating at the cen-

ter of mass of the pair of stars and rotating with the binary motion. In this frame,

1Some authors argue that intermediate polars are distinct from the DQ Her stars (see §1.4.1),
with the AM Her stars making three magnetic subclasses in total. For reasons which I discuss in
§1.4.2, I treat intermediate polars and DQ Her stars as being indistinct in this thesis.
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24 CHAPTER 1

secondary to maintain Roche lobe contact and continue to drive the mass transfer,
one of two criteria must therefore be satisfied: eitherl-‘itsl must expand on an evolu-
tionary timescale as its mass is depleted, or the Roche lobe itself must contract. It
is now well established that the secondaries in many, if not all, cataclysmic vari-
~ ables with orbital periods less than ~ 9hr (i.e., most systems) are not in a state of
evolutionary expansion (e.g., Patterson 1984). Therefore, it follows from the above
argument that the Roche lobe radii of such stars must be decreasing and that some
process must be responsible for extracting orbital angular momentum from these

systems.

The angular momentum-loss mechanisms which have been suggested are the
emission of gravitational radiation for systems with periods less than ~ 3hr, and
magnetic stellar-wind braking for the longer period systems (see Lamb & Melia
1987). In the latter scenario, the secondary is assumed to possess a sizeable stellar
wind and magnetic field (300-1000 G, Lamb & Melia 1987). Material is carried
outwards in the stellar wind along magnetic field lines, braking the rotation of the
secondary and therefore, because of tidal coupling between the secondary’s rotation
and the binary orbit, reducing the orbital period. The separation of the two stars,
and thus the radii of the Roche lobes, also reduces. This has the effect of ‘peeling’

the secondary star, and leads to a sustained ejection of material at L.

In a non-magnetic system (i.e., where the white dwarf does not possess a strong
magnetic field), once the accretion stream from L, enters the primary Roche lobe
an accretion disc is formed. The formation of the disc is essentially promoted
because the material leaving L; has such a large angular momentum that it is
unable to accrete directly onto the surface of the degenerate primary. Inside the

-primary Roche lobe (initially containing only the white dwarf) the overflowing
gas is expected to form a stream which orbits the compact star elliptically before
interacting with itself. In this interaction kinetic energy is dissipated by the gas
with the result that the orbit of the gas becomes smaller, more circular, and an

accretion ring is formed. This ring will tend to form at a Kepler radius (R.) such
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that its specific angular momentum is similar to that of the gas at L;. Continued
dissipation in the ring via processes such as collisions and viscous interactions leads
to radiative losses, accompanied by a redistribution of angular momentum. The
orbiting material spirals inwards, and angular momentum is transferred to the
outer regions of the ring causing them to expand outwards, forming a fully fledged
disc. The outer dimension of the disc is determined by tidal interaction with the
secondary and/or by the influence of the impacting accretion stream.

Where the accretion stream from L, is incident on the disc, a region of enhanced
emission (‘bright-spot’) is believed to exist. The varying aspect of this region may
manifest itself in photometry as a quasi-sinusoidal modulation;, or in spectroscopy
as an ‘S-wave’ in trailed spectra (see §1.5.4.3).

If the white dwarf does possess a strong magnetic field, or at least has a mag-
netosphere which has a radius larger than R,., the magnetosphere presents an
obstacle to the stream leaving L, and inhibits the formation of an accretion disc. -

Such conditions are thought to exist in some magnetic systems (see §1.3 and §1.5.3).

1.2 MAGNETIC CATACLYSMIC VARIABLES DISCOVERED

A clue that some cataclysmic variables might contain ﬁagnetic white dwarfs has
been available since at least 1956, when Walker discovered a 71s modulation of
émplitudé 0.05mag in optical photometry of DQ Her. It was finally suggested,
* two decades after Walker’s discovery, that these pulses Imght be attributed to a
magnetic ‘oblique rotator’ in the system (Lamb 1974; Herbst, Hesser & Ostriker
1974; Bath, Evans & Pringle 1974). In this model, thé white dwarf is assumed to
possess a strong (dipole) magﬁetic field which is inclined with respect to its spin
axis. Material accreted by the primary is channelled along field lines and strikes
the star at the magnetic poles, producing ‘bright-spots’ where the kinetic energy
of thevinfalling gas is liberated. The varying asﬁect of t.h'ese regions of enhanced
brightness as the star spins produces the observed lightcurve modulation.

The oblique rotator model acquired swift recognition when spin-modulated cir-
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cular and linear polarisation was discovered at optical wavelengths in DQ Her
(Swedlund, Kemp & Wolstencroft 1974; Kemp, Swedlund & Wolstencroft 1974).
The peak-to-peak amplitudes of the polarisations were recorded as 0.2% (linear)
and 0.6% (circular), and Swedlund, Kemp & Wolstencroft attributed the ‘broad-
‘band circular polarisation. .. to a magnetic field with a longitudinal component of.
at least ~10° G’. This was the first suggestion of a magnetic field in a cataclysmic
variable.

Then, c. 1976-1977, attention began to centre around the nova-like variable

AM Her when it was suggested that this system was the optical counterpart of
the high-galactic latitude X-ray source 3U1809+50 (Berg & Duthie 1977; see also
Hearn, Richardson & Clark 1976). A deluge of optical spectroscopic and photomet- -
ric observations of this system followed (e.g., Szkody & Brownlee 1977, Priedhorsky
1977, and Cowley & Crampton 1977), culminating in the discovery of periodic lin-
ear and circular optical polarisation at peak-to-peak levels of ~6% and ~13%
respectively (Tapia 1977; Stockman et al. 1977). Such a high degree of polarisation
in astrophysical objects was unheard of at the time, a.nd was attributed to cyclotron -
radiation from material being funnelled along field lines onto the pole(s) of a white
dwarf.. The strength of the polarisation implied that the surface magnetic field
. of the primary in AM Her was ~10% G, but this was an overestimate (see §1.3).
. Nowadays, it is recognised that some 20% of cataclysmic binaries are magnetic to
some degree (Ritter 1990).

The discovery of a white dwarf magnetic field in AM Her and, possibly, DQ Her
implied that a new subclass was needed for the cataclysmic variables. However,
. these two stars are not quite the same kind of system. In fact, with further discov-
eries of magnetic cataclysmic variables, AM Her and DQ Her became established
as the prototypes of two subclasses of cataclysmic variable—called polars and in-
termediate polars respectively—each with substantially different physical and ob-

servational characteristics.
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1.3 POLARS: AM HERCULIS STARS

Further systems showing characteristics similar to those of AM Her were discov-
ered shortly after the prototype was revealed. Krzeminski & Serkowski (1977) re-
ported strong optical circular polarisation (—9% to —35%) in the nova-like variable
AN UMa, and they suggested, based on this distinct signature, that these objects
be known thereafter as ‘polars’—a name which has persisted (see also Krzeminski
1977 and references therein).

The original model for AM Her was put forward by Stockman et al. (1977) and
remains accepted for all polars to this day. It is understood that the white dwarf’s
magnetic field in these systems is so strong (tens of MG) that, combined with a
short orbital period (usually less than 2hr), it is able to lock the primary into
synchronous rotation. In other words, the white dwarf’s spin period is equal to the
binary period, so the system effectively rotates as a rigid body. No accretion disc
is able to form because the primary’s magnetosphere is so large that gas leaving
the L, point interacts with it before it is able to circularise as discussed in §1.1.1.

The strong phase-depehdent circular and linear optical polarisation and cy-
clotron emission in polars is one of the main features that distinguishes them from
intermediate polars (see §1.4). The other main difference between these two types
of system—owing to synchronous rotation in polars—is that AM Her stars do
- not show pulsations, such as those exhibited by DQ Her. Polars are further distin-
guished from intermediate polars in having an ultra-soft X-ray spectral component,
and a stronger HelI A 4686 emission line. A fully comprehensive review on polars

is given by Cropper (1990).

1.4 INTERMEDIATE POLARS AND DQ HERCULIS STARS

1.4.1 THE EARLY SYSTEMS: DQ HERCULIS STARS

After 25 years of fruitless searching by various investigators for stars having char-

acteristics similar to those of DQ Her, such a star was finally discovered. Pat-
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had been fully established by this time). It was also realised that the disc would
be disrupted at some distance from the degenerate dwarf which depended critically
on its magnetospheric radius and the mass accretion rate. Surface fields in the
range 10°-10® G were predicted, for example, from the lack of circular polarisation
in the optical continuum (AE Aqr, Patterson 1979b). However, although rotation
of the white dwarf had been established as the basic clock which produced the
pulsations in these systems, what had not been settled was the actual mechanism
which was responsible for the observed modulation. For example, Lamb (1974)
suggested that the modulation was generated by the varying aspect of a bright-
spot on the surface of the white dwarf (as in Bath, Evans & Pringle 1974), but
the oscillations in AE Aqr were attributed to reprocessing of radiation from the
white dwarf at the inner edge of the accretion disc. More recent models for the

pulsational modulations will be discussed in §1.5.4.1 and §1.5.4.2.

1.4.2 LONG-PERIOD SYSTEMS: INTERMEDIATE POLARS

With the advent of better X-ray observatories, more X-ray-emitting systems with
possibly asynchronously rotating magnetic white dwarfs began to emerge. The
first was H2252—035, identified as the X-ray counterpart to the 13th magnitude
cataclysmic variable AO Psc (Ariel V, Griffiths et al. 1980). Further X-ray ob-
servations of AO Psc (Patterson & Garcia 1980; White & Marshall 1980, 1981)
revealed the presence of a pulsation at a period of 805.2s. Optical observations
of this star (e.g., five colour photometry—Motch & Pakull 1981; spectroscopy and
photometry—Patterson & Price 1981, and Warzer, O’Donoghue & Fairall 1981)
showed this period also, but in addition contained a stronger variation at a period
of 858.6s. Later X-ray observations of AO Psc using the EXOSAT medium-energy
(ME) experiment confirmed the presence of the 805.2s period (Pietsch et al. 1984,
1987). These periods are an order of magnitude longer than in DQ Her, V533 Her,
and AE Aqr. Furthermore, EXOSAT ME observations of TV Col, another X-ray
emitting cataclysmic variable (Ariel V, Charles et al. 1979; HEAO-1, Schwarz et
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al. 1979; Watts et al. 1982), revealed the presence of a 1943 s period (Schrijver et
al. 1985), which was later refined to 1911s (Schrijver, Brinkman & van der Woerd
1987). Again, these pulsation periods are an order of magnitude longer than in the

earlier discovered systems.

~ With further discoveries of pulsating X-ray sources (4U 1849—-31 = V1223 Sgr
[Steiner et al. 1981]; 3A 0729+103 =BG CMi [McHardy et al. 1982, 1984]; H2215
—086 = FO Aqr [Patterson & Steiner 1983]) it was becoming apparent by 1983 that
these new pulsating stars might actually belong to a subclass of magnetic objects
distinct from the DQ Her stars, making three magnetic subclasses in total. The
reasons for this are at least threefold: (a) the spin periods in the asynchronously
- rotating magnetic systems DQ Her, V533 Her, and AE Aqr (short-period systems)
are an order of magnitude shorter than in more recently discovered objects such as
TV Col and AO Psc (long-period systems); (b) only one of the short-period sys-
tems discovered showed X-ray emission (AE Aqr), whereas all long-period systems
were seen in X-rays (indeed, they were often discovered by virtue of their X-ray
emissions); (c) the long-period X-ray pulsars frequently contained more than the

one pulsation seen in the shorter period DQ Her stars (see §1.5.4).

The new long-period systems were named ‘intermediate polars’ (Warner 1983).
- However, this has always been somewhat of a misnomer because none of the long-
period systems known at the time had been reported to show polarisation. Even
today, only two do: BG CMi (e.g., Penning, Schmidt & Liebert 1986, West, Berri-
man & Schmidt 1987) and RE07514+14 (Rosen, Mittaz & Hakala 1993).

The question of whether the DQ Her stars and intermediate polars are distinct
remains subjective, but a few points concerning the above reasons (a) and (b) for:
believing in this distinction are worthy of note. Firstly, reason (a) is less important
now with the discovery of the eclipsing intermediate polar H0253+193 (Kamata,
Tawara & Koyama 1991), which shows a strong X-ray period of 206 s, more compa-
rable to the short-period systems than are the periods of other intermediate polars.

Secondly, reason (b) can no longer be considered important because, with the pos-





















































































































































































































































































































































































































































































































