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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF SCIENCE 
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Doctor of Philosophy 

PROBING THE SYSTEM PARAMETERS OF CATACLYSMIC VARIABLE 
STARS 

by Rachel Caroline North 

Cataclysmic Variables (CVs) are close binary stars in which a low mass star is 
losing material onto its companion, a white dwarf, via an accretion disc. This thesis 
presents an analysis of the optical spectra of these objects. 

New orbital parameters are presented for a particular system, EM Cygni, which 
was previously thought to contain a white dwarf accreting material from a more 
massive companion, a dynamically unstable configuration which should not have 
existed according to theory. The new parameters remove the instability, which was 
due to spectral contamination from a third star, but introduce a further dilemma; 
is this third star physically associated with the CV? 

Accurate centre-of-mass velocities are calculated for four CVs as an initial step 
towards completing a full statistical analysis of this parameter for the CV popula-
tion. These are to be used as a direct test of the magnetic braking mechanism, an 
essential part of the present theory describing CV evolution. 

Measurements of the outer velocities of the accretion discs in Dwarf Novae (DN, 
a subclass of CVs) and in a related group of interacting binary stars the Soft X-ray 
Transients (SXTs), are analysed to compare with the theoretical predictions. This 
tests whether observations of SXTs support the irradiation model created to ex-
plain the outbursts in these systems. Initial results suggest the observations present 
difficulties for the irradiation model, as no discs are seen close to the theoretical 
circularisation limit as is predicted from this theory. 

Finally, the technique of Doppler tomography is applied to the Baimer Ha emis-
sion from long-period quiescent DN to discern its origins and to obtain accretion disc 
parameters. None of the resulting Doppler maps appear as predicted, reasons for 
this are discussed. 
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Chapter 1 

Introduction 

S u m m a r y 

Cataclysmic Variable stars are interacting binary stars in which one of the stellar 

components (a late spectral-type staj, hereafter maas donor) is losing mass onto its 

companion (a white dwarf). The mass transfer occurs through the inner Lagrangian 

point of the potential field, but due to the high angular momentum of the gas leaving 

the mass donor, the material cannot fall directly onto the white dwarf and instead 

forms an accretion disc around it. The presence of the accretion disc causes many 

of the visible characteristics of these objects which are used to classify them. In 

this thesis I will be exploring the general parameters of a pafticular subset of these 

objects, dwarf novae (DN), and using this information to determine the level of 

support the observations give to the theories. 

In this chapter Cataclysmic Variable stars are introduced and the effects that each 

component of the system has on their behaviour and appearance are discussed. I 

will then go on to introduce the content of the subsequent five chapters, and present 

background information and theory relevant to their content. Methods which are 

used throughout this thesis to determine physical parameters, such as stellar masses 
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and outer-disc velocities, are described here. 

Chapter 2 discusses the observations which were obtained and describes the 

various data sets, giving reasons why certain procedures were followed. It also 

provides aa insight into the data reduction methods, and problems which were 

overcome. 

The scientific results start in Chapter 3 with the presentation of data which 

solve the mystery surrounding the enigmatic dwarf nova, EM Cygni. From previous 

radial-velocity measurements, the conclusion was drawn that the white dwarf was 

less massive than the mass losing star, a situation which according to the theory 

should have been dynamically unstable. The better resolution of this data revealed 

the presence of a contaminating spectrum due to another late-type star, and once 

this was removed, so was the dynamical instability (calculated from the radial ve-

locities). This work has been published in the journal Monthly Notices of the Royal 

Chapter 4 presents the results of an initial project to try and accurately deter-

mine the centre-of-mass velocities for a selection of long-period dwarf novae. The 

motivation behind this project is to attempt to test directly the disrupted magnetic 

braking mechanism (currently assumed to be the explanation for the existence of the 

period gap in the orbital-period distribution of Cataclysmic Variable stars) using a 

method which is independent of the observational selection effects which plague com-

parisons between observations and theory in the CV regime. Current theory (Kolb 

and Stehle, 1996) predicts that the objects below the period gap (Porb < 2hr) are 

older than those above it (Porb ^ 3hr). 

In Chapter 5 a compilation of parameters from the current literature is analysed 

to determine whether the irradiated disc model of King & Ritter (King and Ritter, 

1998) is supported by observations. Many of the results used have been deduced 

from observations described in this thesis, and are described. A prediction of the 
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expected observations given the current theory is presented, and then a plot of the 

actual results follows with a discussion of the implications for the theory. 

Chapter 6 concentrates on analysing the Ha emission from the objects studied 

in Chapters 3 and 4. Doppler tomography is used as a method to map the emission, 

and deduce its origins. Measurements of the outer velocity of the accretion discs are 

at tempted, however these lead to apparently sub-Keplerian motions. The unusual 

Doppler images which result are discussed and potential mechanisms which could 

explain their appearance are presented. 

Finally, Chapter 7 reviews each chapter of results and presents potential future 

work. 

1.1 Catac lysmic var iable s tars 

Cataclysmic Variable stars (hereafter CVs) are short period 

(78min < 5 days) interacting binary stars. Figure 1.1 indicates 

the standard components which are assumed to constitute the binary star (Robin-

son, 1976). Due to the fact that the mass donor (indicated on Fig. 1.1 as 'cool star') 

is overfilling its Roche lobe, matter is being lost to the white dwarf out through the 

inner Lagrangian point of the potential field. 

The mass donor is co-rotating with the binary star, and at the point where the 

stream of gas thrown out by the mass donor hits the accretion disc, a shock-heated 

region of emission is created at the disc edge, usually referred to as the bright spot, 

or hot spot. The white dwarfs in CVs typically have masses of ~ 0.5 — 1 M@ (Warner, 

1995), although they tend to be dependent on the orbital period of the system. Their 

radii are around one hundredth of the solar radius. The radii of the mass donors 

(assuming they are main-sequence stars) should range from ~ 0.3 — 0.9 i?©, with 

corresponding masses 0.2 — 0.8 M© (Allen, 1973). The binary separation, a, defined 
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Cool star 

^ % s \ White Dwarf 
Mas stream 

^ Accretion dix 

\ 
Figure 1.1: A schematic of a standard CV. From Robinson (1976) 

as the distance between the centres-of-mass of the two stars is of the order of a 

few solar radii in CVs. Equation 1.1 gives a (in solar radii) as a function of the 

white dwarf mass, Mi, the orbital period, Porb, and the mass ratio, g, which is 

defined here as, and used hereafter in this thesis to mean q = Mg /Mi . 

Equation 1.1 is derived from Kepler's third law, which states that the cube of the 

orbital separation is proportional to the square of the orbital period. 

1.2 Classif icat ion of CVs 

Semi-detached interacting binary stars, where the accretion is onto a white dwarf, 

fall naturally into four subclasses of object which are classified on the observed 

behaviour of the light curves, and spectroscopic characteristics. Figure 1.2 shows the 

subclasses of non-magnetic CVs. Starting from the extreme left of Fig. 1.2, the first 

subgroup of CVs are dwarf novae. This group consists of systems which experience 

a temporary increase in brightness of amplitude typically 2-5 visual magnitudes. 

This luminosity increase is connected to the behaviour of the accretion disc. In this 

high state (outburst) the disc is large and hot. These outbursts are thought to be 

initiated by a disc instability (see section 1.7.2). In between successive outbursts 
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CVs 

Dwarf Novae Classical Novcie Recurrent Novae Nova-Likes 

Figure 1.2: The subclasses of 'non-magnetic ' CVs 

they experience cool disc states (referred to as quiescence). Each object has a specific 

time scale on which the disc outbursts recur. Typical recurrence times for outbursts 

are of the order tens of days to tens of years. The duration of each outburst is 

of the order two to twenty days, and is correlated with the recurrence time. The 

light curves of dwarf novae in outburst were used to further subdivide the group, 

although the patterns which emerged can be attributed to the effects of different 

physical parameters which tend to control the behaviour of each subgroup. The 

groups are: 

SU U M a types: These objects occasionally undergo superoutbursts during which 

the star achieves a brighter magnitude than in a 'normal' outburst (by about 0.7 

magnitudes). They remain in superoutburst for approximately five times as long 

as the duration of a normal outburst. The SU UMa stars are short-period {Porb < 

2 hours) systems. 

Z Cam types: Z Cam subtypes experience longer periods of time when the system 
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appears to be stuck in a semi-high state (approximately 0.7 magnitudes lower than 

outburst levels) for a period of perhaps tens of days to years. During this time no 

outbursts are seen. All of the known Z Cam examples have orbital periods longer 

than three hours. 

U G e m types: This category encompasses every other dwarf nova. 

Classical novae (CN) are those systems which have only had one observed 

eruption. The change in brightness observed in the object from before identification 

to at maximum light ranges from six to about nineteen magnitudes. The mechanism 

of energy release in classical novae is also different to that in dwarf novae. In 

classical novae, the more explosive outburst is caused by a thermonuclear runaway 

due to the deposition of hydrogen-rich material onto the white dwarf. 

Recurrent Novae (RN) are just those objects which having been classified as 

classical novae, were then observed undergoing another outburst. The difference 

between RN and DN is made spectroscopically: RN show signs of shell-loss. 

Nova-l ike variables (NL) include all the non-eruptive CVs. In other words, all 

the pre-novae, post novae and even Z Cam-type DN. For these variables our baseline 

of observations (typically in the region of 50-100 years, maximum) is perhaps too 

short to reveal any cataclysmic events. This group can be further subdivided into 

three classes of object (Warner, 1995). The first is the UX UMa subgroup, which 

have persistent broad Baimer absorption spectra. Those nova-likes which do not 

show this absorption, and whose spectra consist of Baimer emission lines (which 

may have sharp absorption cores to them) are denoted the RW Tri subset. The 

SW Sex stars were introduced as a subclass by Thorstensen et al. (1991). These 

are highly inclined NL which show large phase lags in the emission lines compared 

to photometric conjunction. The emission lines themselves are only single-peaked, 

which is unusual for eclipsing systems. The strength of the Hen A4686 emission line 

is also comparable to that of H/?. They show transient absorption events at phases 

when the side of the mass donor facing the white dwarf is visible. Recently, LS 
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Pegasi (Martinez-Pals et al., 1999; Taylor et al., 1999) and V795 Herculis (C as ares 

et al., 1996; Dickenson et al., 1997) have been cited as possible examples of low 

inclination SW Sex objects. 

In addition to the non-magnetic CVs illustrated in Fig. 1.2, there are examples of 

this type of interacting binary in which the magnetic field on the white dwarf plays 

an important role in the constitution and development of the system. Magnet ic 

CVs are usually (rather dubiously) included in the nova-like category. They can be 

split into two definite subclasses; the polars and intermediate polars. The presence 

of a strong magnetic field on the white dwarf interferes with the disc-forming process 

and so either no disc is formed (for the case of polars) and the material accretes 

directly down the magnetic field lines onto the poles of the white dwarf, or the disc 

is truncated at its inner edge (in the case of intermediate polars) where the magnetic 

field of the white dwarf begins to dominate. 

This thesis concentrates on optical spectroscopy of dwarf novae. Chapter 3 focuses 

upon an enigmatic example, EM Cygni, which was previously assumed to be in a 

state of unstable mass transfer. Chapters 4 & 6 concentrate on analysing data from 

dwarf novae with longer orbital periods, whilst Chapter 5 uses data collected for 

dwarf novae with a wide range of orbital periods to compare with data from another 

class of interacting binary stars, the Soft X-ray Transients, similar to Dwarf Novae 

in every respect bar the accretor: a black hole (see Section 5.1). 

1.3 Roche lobe overflow 

So, why are CVs described as interacting binary stars? Stellar evolution dictates that 

as stars pass through their life cycle their physical parameters, such as maases and 

radii, will change. Binary stars are not immune to this behaviour. Both components 

of the binary system will be independently evolving, a fact which can affect the 
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Figure 1.3: Roche equipotentials in the orbital plane for a system with a mass ratio of 0.2. From 
Prank, King & Raine (1985) 

binary system as a whole. Once the binary has developed to the point where one 

star has evolved to a white dwarf - whilst the other one is still on or near the main-

sequence - then other forces come into play which affect the subsequent evolution 

of the system. The stars in the binary system are orbiting each other so closely 

that one is affecting the outer material of the other, and then Roche lobe overflow 

may occur. This situation is seen in CVs. There are many parallels in astronomy, 

and indeed the pioneer of this work, Edouard Roche, used it to test the longevity 

of planetary satellites. The Roche approach considers the orbit of a test particle in 

the combined gravitational field of two mutually orbiting bodies. The assumption 

is made that the mass of the test particle is negligible compared to either of the 

other two bodies. In addition, the orbits are assumed to be circular. This is a good 

approximation for CVs since the proximity of the two stars means that tidal forces 

eliminate any orbital eccentricity. 

Figure 1.3 shows a slice through the gravitational potential field in the orbital 
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plane of the binary system. The lines shown aje those of constant potential ($a)-

The centre-of-mass of the binary star is marked with a cross, and the points marked 

Li to _Ls are the Lagrange points of the potential field. The inner Lagrangian 

saddle point behaves as a spout between the Roche lobes surrounding each star, 

enabling material to flow from one to the other. L2 is the outer Lagrangian point, 

another point where = 0. It lies on the largest closed equipotential for a 

contact binary system. 2̂ 4 and are local maxima of the potential fleld (the so-

called Trojan asteroid points, which are only stable for extreme mass ratios). The 

equipotentials are labelled 1 to 4 in order of increasing potential. The position of 

the inner Lagrangian point on the line joining the two stars can be calculated from 

the aspect of the white dwarf using the relation (Silber, 1992) 

= (1.0015 + 0.04 < g < 1. (1.2) 

Equation (1.2) is accurate to closer than one per cent. 

Gas flow between the two stars is governed by the Euler equation (1.3). 

(9v 
/9—+ pv. Vv = — VP + f (1.3) 

For the case of a CV, it is convenient to write this in a form which accounts for the 

rotation of the binary star; rewriting it in a frame of reference which is itself rotating 

with the CV. This simply introduces terms into equation (1.3) which account for 

the Coriolis and centrifugal forces present in the rotating frame. 

(9v 1 
— + (v .V)v = - V $ R - 2 n A V - - V P (1.4) 

The second term on the right-hand side (RHS) of equation (1.4) is the Coriolis force 

per unit mass. The gravitational and centrifugal forces are both included in the first 
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term on the RHS of equation (1.4). 0 ^ is the Roche potential and is described by 

= - 1 ^ ^ - A r)" (1.5) 
|r - r i | |r - r2| 2 

where r i and rg are the position vectors of the centres of the two stars. The shape 

of the equipotentials is ruled purely by the mass ratio, q. For material at a large 

distance from the binary (r )$> a) the equipotentials are just those of a point mass 

viewed in a rotating frame. For material orbiting closely to either or r2, the 

controlling gravitational field is that of the star which it is closest to. Hence, a deep 

potential well exists around each star, influencing material located there. The heavy 

line drawn in Fig. 1.3 is the figure-of-eight equipotential which connects the potential 

wells of each star. The part of this line surrounding each star is called its Roche 

Lobe. The point where one lobe meets the other is called the inner Lagrangian point, 

Li, which is a saddle point of Basically, this means that if material is located 

near .Li then it will find it easier to pass through into the other Roche lobe than to 

escape the 'critical surface' altogether. In CVs, one of the stellar components has 

reached its critical Roche surface, and so material is spilling through into the Roche 

lobe of its companion and accreting on to it. There are three scenarios in which 

Roche lobe overflow (RLOF) can occur. Case A RLOF involves a star which is still 

burning hydrogen on the main-sequence at the time it comes into contact with its 

Roche lobe. This is the case for CVs, and for all the objects discussed in this thesis. 

Alternatively there are Case B Roche lobe overflow (where the star filling it's Roche 

lobe has ceased to burn hydrogen in its core, but has not yet ignited core-helium 

burning) and Case C overflow, which covers those stars which are burning helium in 

their cores at the point when they come into contact with their Roche lobes. Late 

Case-C overflow is used to describe stars which have already started shell helium 

burning when they come into contact with their Roche lobe. 

Calculations of the size of the Roche lobes around each star can only be solved 

numerically, due to the form of equation (1.5). However, approximations have been 

developed; see equations (1.2) and (1.8), for example. The size of the Roche lobe 
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around the mass donor can be determined as follows. Due to the transfer of mass 

and the proximity of the two stars, the shape of the mass donor is distorted from 

purely spherical. Its shape is affected by two factors, its rotation (which flattens it 

along its rotation axis) and the tidal force which stretches it towards its companion 

along the line joining the two stars. A good estimate of the radius of the mass donor 

can be found from the volume radius of the Roche lobe. Calculations of the volume 

radius of the Roche lobe can be made using the formulae of Paczynski (Paczynski, 

1971) which state that 

= 0.38 + 0.20 log g 0.3 < g < 20 (1.6) 

and 

== 0.462 ] 0 <: g <: 0.3 (1.7) 
o \ i + g / 

Eggleton (1983) deduced that the volume radius of the Roche lobe of the mass donor 

can be approximated using 

^ = 0 . 6 < , ^ / " l n ( l ' + ,V3) ' f o r O < , < ^ . (1.8) 

Equation (1.8) is accurate to better than one per cent over the full range of mass ra-

tios and it allows an estimate of the mean density of the mass donor to be calculated 

u&^g 

- (1.9) 
4 j r f ly2) -

This can be useful for determining whether the main-sequence assumption made for 

the mass donors of many CVs is a valid one. For those systems with 1 < Porb < 10 

hours, equations (1.8) and (1.9) show that stars with densities typical of those on 

main-sequence can indeed fill their Roche lobes. Those systems with Porb > 10 hi 

must contain an evolved mass donor. 
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1.4 S p e c t r a f r om cataclysmic variables 

Many physical parameters can be deduced from spectroscopic observations. In this 

thesis, optical spectroscopy (see Chapter 2 for full details) is used to determine 

accurate system parameters for a selection of Cataclysmic Variable stars. Chap-

ter 3 uses spectroscopy of EM Cygni to investigate its potential triple-system na-

ture. Chapter 4 uses spectra to at tempt to directly test the disrupted magnetic 

braking hypothesis which is used to explain the existence of the period gap in the 

orbital-period distribution of CVs (see Section 1.6). Chapter 5 uses spectroscopic 

parameters collected from the literature (and observations) to see whether optical 

observations support particular models for Soft X-ray Transient outbursts. Finally, 

the parameters determined from the spectra are used in Chapter 6 to construct 

Doppler images of the accretion discs in the observed systems. 

Spectra of CVs are composite in nature. Different components of the CV domi-

na,te in different objects. The white dwarf contributes a broad Baimer absorption-

line spectrum, and manifests itself more obviously at shorter wavelengths whilst the 

mass donor prefers longer wavelengths and appears as a narrower absorption line 

spectrum, molecular bands, and sometimes chromospheric emission lines. The ac-

cretion discs dominate the optical light from CVs, and to the spectra they provide 

wide double-peaked emission lines (see Section 1.4.1) in quiescence, whilst in out-

burst they contribute broad absorption (see Figs. 1.4 & 1.5). The disc also provides 

the blue continuum. The impact region between the gas stream and the disc-edge 

manifests itself within the Baimer (and calcium) lines as a narrow emission com-

ponent. Other parts of the binary star contribute most to the spectrum at other 

wavelengths. The optical region of the spectrum can be used to target information 

about the accretion disc and mass donor. Figure 1.4 shows the resultant spectrum 

from the dwarf nova SS Cyg at optical wavelengths whilst the system was in a 

quiescent state. Figure 1.5 shows a spectrum of SS Cyg whilst at outburst maxi-

mum (Morales-Rueda, 2001). The differences between the two spectra are obvious, 
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SS Cyg (quiescence SS Cyg (outburst) 
Baimer series 
double-peaked 

absorption 

3 8 0 0 3 9 0 0 4 0 0 0 4 1 0 0 

Wavelength (A) 

4 2 0 0 4 4 0 0 4 6 0 0 4 8 0 0 

Wavelength (A) 

Figure 1.4: Example spectrmn of a CV in qui- Figure 1.5: Example spectrum of a CV in out-
escence. SS Cyg in the range - 3730 - 4340A burst. SS Cyg in the range - 4100 -4800A. The 
showing higher members of the Balmer series and Baimer series are now in absorption, as is He i. 
Can H and K in emission, and absorption lines Spectrum provided by Morales-Rueda (2001) 
from the mass donor 

and are due to the physical conditions which prevail in each state. In Fig. 1.4 the 

Balmer lines are in emission, and double-peaked. In the outburst spectrum H'y has 

turned into an absorption line (with an emission core), and now Hen emission is seen 

(which is apparently single-peaked: possibly due to a wind component). The in-

creasing continuum quenches the emission lines, and absorption cores develop which 

have widths similar to the quiescent emission. 

1.4.1 Emission line spectra in cataclysmic variables 

If the vertical optical thickness in the continuum is less than one, but the thickness 

in the lines is significant, then an emission line spectrum occurs. Due to the low 

temperatures in the outer disc regions (T < 7000 K) hydrogen is mainly in its neu-

tral state, which means that the continuum opacity from free-free and bound-free 

processes is low. The Balmer lines are assumed to be produced in local thermo-

dynamic equilibrium (LTE) by an outer disc which is transparent in the Paschen 

continuum but opaque in the lines. The emission lines are superimposed onto a flat 

continuum, and are mainly from low ionization species, for example Hi, Hei, Hen 

and C a n . The excitation of the lines tends to increase with the mass transfer rate. 

These lines are thought to form in different regions of the disc, dependent on the 

physical conditions there. For example the He i emission in U Gem comes mainly 
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from the bright spot region (Honeycutt et al., 1987), and the Can emission in most 

CVs originates in the outermost, cooler parts of the disc (Persson, 1988). These 

emission lines are assumed to have an origin in the accretion disc for the following 

reasons. Firstly, their line widths, which are typically several thousand kilometres 

per second support a disc origin, and secondly, the double-peaked line profiles are 

characteristic of Doppler shifted flux from a rotating disc (Smak, 1981; Home and 

Marsh, 1986). Line formation in accretion discs falls into two regimes which control 

the appearance of the line profile. The first is the local radiative transfer problem, 

which determines the spectral and angular distribution of emergent radiation from 

the disc surface. The global line profile is then created by summing these contribu-

tions whilst accounting for the Doppler shifts which appear due to the rotation of 

the disc as seen at the observer, and which have largest magnitude at the extremities 

of the disc. Orbital velocities in the disc are generally much greater than the speed 

of sound in the medium, and so this global Doppler broadening dominates over any 

local thermal broadening in the line profile. This has allowed an explanation for 

the double-peaked line emission seen in accretion discs without considering in depth 

the local radiative transfer problem. The double peaks are just symptomatic of a 

rotating disc (see Fig. 5.3 and section 5.4). Eclipsing CVs are useful for determining 

the location of emission-line producing regions. If the emission line being analysed 

shows an eclipse, then the place of emission can be constrained to lie near the or-

bital plane of the binary, somewhere which disappears behind the disc around phase 

zero (see Chapter 3). 

1.4.1.1 Information about accretion discs from line profiles 

Spectral line profiles are important in that many physical parameters can be deduced 

both from their appearance and their kinematic behaviour. Measurements of the 

peak separations in the emission lines from accretion discs give an indication of the 
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outer disc velocity 

sin z = (0.95 ± 0.05)%f(/mar) (1 10) 

where is the velocity at the outer edge of a disc, with radius r^. Vd{Imax) 

is the velocity of the points of maximum intensity in the double-peaked profile. 

Knowing that q — M2/M1 = KijK2 then 

Ml = , (M, + M,) 
A 2 4- Ai 

Substituting this into equation (1.23) [%(r) = (GMi/r)^/^] gives 

= i (/i-. + A ' . y , j 

From Kepler's third law, (Mi + Mg) = fl'^a^/G, so 

Mr.) 

Therefore, since fla = (Ki +K2)/sin ?, provided measurements of the radial velocity 

amplitude from both absorption and emission lines are available, then the predicted 

projected Keplerian velocity of the outer edge of the disc can be calculated using 

1 
O \ 2 

VK — y K2 {K2 + ^1) ( — ) • (1-11) 
^ /"j / 

Accretion disc spectra also vary according to the optical properties of the gas 

which makes up the disc. Figure 1.6 (Home and Marsh, 1986) shows synthetic 

emission line profiles calculated for a) optically thin emission lines at various incli-

nation angles, and b) optically thick emission lines at the same inclination angles. 

The Keplerian velocities at the inner and outer edges of the disc are 2200 km s"^ 

and 700 km s"^ respectively. The profiles have been convolved with a Gaussian to 

simulate an instrumental profile (of magnitude 150kms~^). The main difference 

between the two sets of line profiles is the shape of the valley between the double 
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peaks. In the optically thin case, the valley is U-shaped, whereas for the optically 

thick case that valley is V-shaped (Home and Marsh, 1986). In quiescence, the inner 

part of the accretion disc (r < 1 x 10^° cm) in dwarf novae is generally optically 

thin (Warner, 1995) whilst the rest of the disc is optically thick. At sufficiently high 

OPnCMlY THIN OPTICALLY THICK 

'2000 -!000 1000 2000 -2Q00 -1000 
VWACity (kmisi 

lOOO 2000 

Figure 1.6: Synthetic line profiles from optically thin and optically thick emission lines. From 
Home & Marsh (1986) 

inclinations, however, the accretion disc is optically thick in the continuum and so 

the emission lines are expected to be weak. This is not observed to be the case, so 

optically thin emission is not enough to account for the lines in low M{d) binaries. 

1.4.2 Absorption line spectra 

Mass donors in Cataclysmic Variables can be studied through an absorption line 

spectrum, and/or chromospheric emission lines. The absorption line spectrum is 

similar to that from single K- or M-dwarf stars. However, the absorption lines from 

the mass donor in CVs are usually rotationally broadened (to a value somewhere in 

the region of 100 km s"^, because the rotation of the star is tidally locked to that of 

the binary system) whilst those lines from field stars are usually quite narrow, and 
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Figure 1.7: Absorption lines from low mass stars. The top spectrum (V426 Oph) illustrates how 
the absorption lines from the mass donor in CVs are more broad than those in a field K-dwarf 
(GL 820A, bot tom spectrum) 

only broadened to 5 or 10 kms~^ (Fig. 1.7). The absorption lines seen in Fig. 1.7 are 

mainly from low ionization metal species, like Cai and Fei. The feature at ~ 6495A 

is a blend of lines from the two species, which require a higher resolution than that 

used here to separate them into individual lines. In CVs, the radial velocities of 

these lines change over time scales of minutes to hours following the orbital motion 

of the mass donor over a complete revolution. The difficulty with late spectral-type 

stars is that the spectral lines all crowd together, and may even disguise the true 

continuum because of their blending. This problem worsens with lower spectral re-

solving power. So accurate equivalent widths may not be attainable from absorption 

line spectra. In this thesis, the observations of single stars (standards) have been 

artificially broadened, in order to determine the amount of rotational broadening 

in the mass donors of the CVs. Across a spectral line profile the absorption coef-

ficient changes, being larger towards the centre of the line. The place where the 

source function and the surface flux are equal (r^ = t i ) is true higher up in the 

atmosphere for frequencies nearer the line centre, and holds for progressively deeper 

layers for frequencies far into the wing. So the centre of the line comes from higher 

stellar layers than the wings. If the source function decreases outward through the 

stellar photosphere then an absorption line is formed. Photospheric velocity fields 
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can produce Doppler shifts which alter the depth at which the source function and 

surface flux are equal. Small scale motions can affect radiation transfer. Large scale 

motions and rotation produce line broadening mechanisms, altering the line profiles. 

In CVs, rotation is the dominant line-broadening mechanism in the absorption lines 

too. 

1.5 Rad ia l velocity curves and subsequent mass 

de t e rmina t ions 

In Chapters 3 & 4 radial velocity variations are widely used as a tool for determining 

system parameters. This section will describe the variations expected to be seen in 

CV spectra, and detail the particular methods chosen for this thesis to determine 

variations. Plotting spectra in a two-dimensional fashion, with wavelength on the 

z-axis and time on the y-axis and representing the intensity variations as a greyscale 

allows the sinusoidal wavelength variations of the spectral lines to be seen (hereafter 

called trailed spectra). Time-resolved spectroscopy of CVs allows measurements of 

the variations in radial velocity of the spectral lines to be made. A trace of the 

orbital motion of the CV component being observed is then compiled, which reflects 

the variation from negative to positive velocities as the star moves around the binary 

star's centre-of-mass. Due to the relatively short orbital periods of these objects a 

whole revolution can be observed in one night. 

The radial velocity amplitude can be expressed via the foUowing two equations: 

Ki and K2 correspond to the radial velocity amplitudes of the white dwarf and 
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mass donor respectively. K2 can be measured by observing the absorption lines 

from the mass donor over an entire orbital period. However, not all CVs are double-

lined spectroscopic binaries (Ritter and Kolb, 1998), and so measurements can only 

be made with those objects in which contributions to the spectra are made by 

the mass donor too (see Appendix A). The radial velocities measured from the 

absorption lines due to the mass donor vary sinusoidally over the course of an orbital 

revolution, and in the case of CVs, can be fit assuming a circular orbit solution 

= 7 + ATsin Zo) (1.14) 

By doing this, a precise orbital period for the system cain be deduced and therefore 

accurate phasing applied. Accurate phasing is useful when Doppler tomography (see 

Chapter 6) is to be used to image accretion discs in CVs, as it enables an accurate 

picture of the disc parameters to be extracted. Deducing K2 can also lead to a 

determination of the mass of the compact object in the binary star. This is done 

using the mass function for the compact object, / ( M i ) 

K2 and Porb are measured, and then values for the inclination, i, and mass ratio, q 

used to determine Mi. A similar relationship exists to calculate the mass function 

of the mass donor from observations of the emission lines, 

( ' " I 

An estimate for Ki can be made using the emission lines which originate at the 

accretion disc (see Section 1.4.1.1). The accretion disc is assumed accurately to 

reflect the white dwarf motion. However, asymmetries in the emission lines can 

disturb measurements made using this method, and so inaccurate Ki values result. 

For systems with a dominant bright spot, a narrow emission component which is 

not phased with the white dwarf can interfere hugely with measurements (Stover 
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et al., 1980). Schneider & Young (1980) developed a way of measuring the radial 

velocities of emission lines to account for this problem using a double Gaussian 

technique. The algorithm compares the emission line flux in two Gaussian band-

passes separated by a velocity interval S. The Gaussian bandpasses are described 

by their FWHM measurement, a. The resulting radial velocities can then be fit 

in the normal way with a sinusoid to represent the orbital motion. Plotting the 

resulting variables, namely A K i / K i , (j)Q and 7, as a function of the separation used 

(known as a diagnostic diagram) allows selection of the value of S which obtains 

the closest value of K to the actual Ki. An alternative method is to use a light 

centre diagram, proposed by Marsh (1988). If the emission lines are distorted by 

the S-wave from the bright spot, then asymmetries will be introduced. If the disc 

is discussed in terms of velocity space (see Chapter 6), then an undistorted accre-

tion disc will sit symmetrically around the {0,Ki) point, the white dwarf velocity. 

Any bright spot interference will pull the light centre of the accretion disc towards 

the position of the bright spot. Using a larger Gaussian separation will reduce the 

contribution from the bright spot and so the light centre of the disc will be closer to 

the actual Ki value, however the statistical noise increases appreciably here. The 

radial velocity curve —Kx cos0 + Ky sin0 corresponds to a light centre Ky), so 

the fit parameters K and (j)o are plotted as (—/iTsin^o, —-S^cosc^o)- A line joining 

the measured points can then be extrapolated to the Ky axis to deduce a value for 

the radial velocity amplitude of the white dwarf. 

1.5.1 Determining mass donor radial velocities using cross-

correlation 

Chapters 3, 4 aad 5 all make use of radial velocity curves determined using observa-

tions of absorption lines in CVs. The procedure chosen for this thesis is one based on 

the method used by Tonry & Davis (1979) to determine galaxy redshifts. To start 

with, reasons which could affect the quality of the results obtained are presented. 
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GL820A -> lOOkms (radial velocity of SS Cyg B) 
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Figure 1.8: The radial velocity standard, GL 820A (bottom spectrum), artificially broadened to 
lOOkms"^ (middle spectrum). The average SS Cyg spectrum is shown (top spectrum) to show a) 
the broadness of the lines from the mass donor, and b) the shift of the absorption lines relative to 
those of the standard, due to the orbital motion of the mass donor. 

and then the method chosen is described. The errors in the determination of K2 are 

of a lesser magnitude than those in Ki estimates, however certain processes do af-

fect the fits obtained. For the radial velocity amplitudes of the mass donors, checks 

must be made to look for indications that the radial velocities are being affected 

by heating from the accretion disc/boundary-layer/white dwarf region. This effect, 

so-called 'irradiation', is much stronger in the soft X-ray transients discussed in 

Chapter 5 than in dwarf novae. However the panel which shows the radial velocity 

curve of V426 Ophiuchi in Fig. 4.7 betrays the presence of this effect, because of 

the departure of the data from the fit around phases 0.25-0.75. This effect can be 

diminished by cutting out the radial velocity measurements between these phases. 

With multiple orbit coverage, a good fit to the data points can still be obtained for 

the remaining phases. 

The method used in this thesis to determine radial velocities for the mass donors 

uses the absorption lines which originate at the late-type star to obtain a measure-

ment of their shift with respect to a radial-velocity standard star taken using the 

same instrument configuration. Figure 1.8 shows an example of a radial velocity 

standard (bottom), and a broadened version of itself (middle), compared with a CV 
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absorption line spectrum (top). The difference in radial velocity of the absorption 

lines between the standard and CV is indicated on the plot. The radial velocities 

can then be corrected for the radial velocity of the standard star and the Earth's 

orbital motion, in order to put them onto a heliocentric scale. Figure 1.9 shows the 

4 9 9 4 4 9 9 6 4 9 9 8 6 0 0 0 5 0 0 2 5 0 0 4 5 0 0 6 

Wavelength (A) 

Figure 1.9: The cross-correlation functions plotted with time as the y-axis, to illustrate the radial 
velocity variations in SS Cyg 

result of the cross-correlation procedure plotted with time on the y-axis, and shows 

clearly the sinusoidal motion of the mass donor, which is represented by a shift in 

position of the peaks of the cross-correlation functions. The top panel of Fig. 1.9 

shows the cross-correlation functions resulting with a raw radial velocity standard. 

The bottom panel in Fig. 1.9 shows the resulting functions when the radial velocity 

standard is artificially broadened to match the rotationally broadened lines from the 

mass donor in SS Cyg (~ 100 km s"^). Figure 1.10 shows three out of the sixty-four 

cross-correlation functions used to produce Fig. 1.9, plotted in the form of spectra, 

with radial velocity on the z-axis and the correlation value on the y-axis. As is illus-

trated in Fig. 1.9, the measured radial velocities go from around zero at spectrum 

number one, out to around 200 km s"^ at spectrum twenty then back down to ap-

proximately -150kms~^ at spectrum number 64. These three spectra are shown in 

Fig. 1.10 to show the shape of the correlation peaks, and their variation in position. 

This technique has the advantage that it can locate the spectrum of the mass donor 

even when it is not obvious to the eye. This is the case for the observations of AH Her 

in this thesis (Chapter 4), where the mass donor is not obvious in the spectrum until 
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Figure 1.10: Three of the sixty-four cross-correlation functions plotted to illustrate the radial 
velocity variations in SS Cyg, and to show the correlation peaks 

the individual exposures are Doppler-corrected for its motion, and then averaged. 

1.6 T h e d i s t r ibu t ion of CVs wi th orb i ta l per iod 

In Chapter 4 I shall be examining a particular sample of dwarf novae, those with 

orbital periods above Porb = 6 hours to at tempt to directly test CV evolution theory. 

In this section, I shall introduce the natural orbital-period arrangement of CVs, and 

comment upon the existence of various features within this distribution. 

Non-magnetic CVs are clustered into two groups according to their distribution 

with orbital period, Porb- One of these has ~ 1 < Porb ^ 2 hours and the other 

has Porb > 3 hours (as can be seen in the top panel of Fig. 1.11). Orbital periods 

with lengths between two and three hours are sparsely populated, and those objects 

which do lie there tend to possess larger magnetic fields on their white dwarfs. The 

region where this dearth of objects appears is referred to as the period gap (King, 

1988). The distributions shown in Fig. 1.11 are to some extent biassed by selection 

effects which operate on observations of CVs. Only one of these effects operates 

on the distribution within a given subgroup - the relative ease of detecting orbital 

brightness modulations in systems with Porb < 6 hours as compared to those with 
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Figure 1.11: The orbital period distribution of CVs. From Warner (1995) 

longer orbital periods. Other effects are related to the ease of detection of objects, for 

example, CN and DN can be easily classified due to their brightness variations whilst 

NL systems have to be discovered using survey techniques. In addition, researchers 

contribute to these selection effects by studying systems which are currently topical, 

for example most magnetic CVs are well studied. 

The top panel in Fig. 1.11, which shows the distribution of dwarf novae with or-

bital period has a sharp lower cut-off at around 75 minutes. This can be understood 

from the response of a very low-mass mass donor to mass transfer (Rappaport et al.. 
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Figure 1.12; Evolution of a CV around the period minimum. From Ritter (1986) 

1982). For mass donors with M2 0.08M@ the star becomes fully degenerate and no 

longer burns hydrogen. It is effectively a very low mass hydrogen-rich white dwarf, 

and as such should obey the mass-radius relationship (Chandrasekhar, 1939) which 

states that 

/Z(2) % 8.96 X 10^(1 + cm (1.17) 

where X is the hydrogen fraction of the gas. Thus, any decrease of mass thus leads 

to an increase in the radius of the mass donor. Substituting equation (1.1) into 

equation (1.7) to replace the binary separation, a and then substituting R{2) from 

equation (1.17) into the result gives 

f:,rb(hr) % 1.29 X 10-^(1 + (1.18) 

From equation (1.18) it can be seen that mass transfer results in an increase in orbital 

period. Obviously, this implies the existence of an orbital period minimum, see 

Fig. 1.12. 

Several explanations have been invoked for the existence of the period gap, but the 

hypothesis currently favoured is the disrupted magnetic braking model (Spruit and 
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Ritter, 1983; Verbunt, 1984). Robinson et. al (1981) initiated this train of thought 

by noting that the period gap corresponded to the range of masses over which the 

mass donor changes from a star with a deeply convective envelope to a one with 

a fully convective one. Contraction of the mass donor to its thermal equilibrium 

radius, due to internal restructuring will then allow a cessation of mass-transfer until 

sufficient angular momentum has been lost to shrink the orbit and cause contact 

again at the lower edge of the period gap. Current models of disrupted braking are 

based on these ideas. 

The top panel of Fig. 1.11 illustrates other properties of dwarf novae as we observe 

them. Practically all of the SU UMa systems are below the period gap. Most of 

the U Gem types are above the period gap, and all of the Z Cam systems are also 

above the period gap. The second panel down shows that most of the nova-likes 

are clustered around the Porb ~ 3 — 4 hours region. The bottom panel exhibits the 

distribution of the magnetic CVs with orbital period. It shows that most of the 

polar CVs are gathered around the 1-2 hour orbital period, just below the period 

gap. 

1.7 Accre t ion theo ry 

In Chapters 5 and 6, the emphasis is on investigating the accretion discs in dwarf no-

vae. Consequentially, in this Section I will introduce 'standard' accretion theory, and 

describe the various natural disc time-scales that emerge from it, which are fortu-

nately of a convenient duration to be recorded by a human observer. 

Accretion is one of the most efficient mechanisms for liberating gravitational po-

tential energy from an astrophysical system. The energy released by a mass, m, 

falling onto a central mass, M, from infinity to a distance, i?, by accretion is equal 

to GMm/R. It is also one of the most common processes in the Universe, yet it is 
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still not adequately understood. CVs provide a laboratory for ground-based investi-

gations into this phenomenon. Examples of steady discs, non-equilibrium discs and 

discs of varying optical thicknesses can all be found in CVs. In addition, the way 

the accretion discs are affected by changes in white dwarf mass or mass donor size 

cem be observed. The majority of the visible light coming from a CV is from the ac-

cretion disc, especially in the outburst phase, when the disc completely overwhelms 

any contributions from the bright spot, white dwarf or mass donor. Obtaining phys-

ical parameters for these discs is important to help cohere the different hypotheses 

proposed to explain the observed behaviour of these objects. 

A consequence of Roche lobe overflow is that the gas being lost from the mass donor 

has a high specific aagular momentum. This prevents it from falling directly onto 

the white dwarf. At the inner Lagrangian point (i^i), gas is flowing out of the Roche 

lobe of the mass donor and into the gravitational hold of the white dwarf. The flow 

here behaves like gas escaping from the nozzle of a pipe into a vacuum, the quantity 

which controls the velocity of this flow is the thermal velocity of the atoms in the 

gas. Lubow & Shu (1975) discuss the behaviour of gas particles which flow in the 

vicinity of the Li point. The rate at which mass is lost from the mass donor is 

controlled by the equation 

where Q is the effective cross-section of the stream, is the density at the inner 

Lagrangian point, and c, is the isothermal sound velocity in the gas, which is given 

by the equation 

Co = 

1/2 
(1.20) 

where fXm is the molecular mass of the atom and mjy is the mass of a hydrogen 

atom. As the stream leaves the inner Lagrangian point, it is assumed to have a 

Gaussian density distribution, i.e. a dense core falling off to the outer edge of 

the flow. As this stream of gas flows away from the mass donor, and into the 

gravitational pull of the white dwarf, it makes an angle 0s to the line joining the 
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Figure 1.13: The particle trajectories in the orbital plane, originating with low velocities at the 
Li point for a binary with mass ratio q = 0.67. From Flannery (1975). Note fi is defined as 
Ml = fi{Mi + Mg) 

centres of the two stars, which depends only upon the mass ratio, g, of the binary 

star (Lubow and Shu, 1975). Once the gas stream is falling towards the white dwarf, 

the flow velocities become highly supersonic. Integrating the equations of motion 

for particles rotating in the frame of the binary system allows a determination of 

the stream trajectory (Flannery, 1975). It is governed by the equation 

1 
-P + = constant. (1.21) 

The ballistic trajectory of the gas stream carries it toward a closest approach point 

with the white dwarf. This stream has a closest approach distance which can be 

approximated by the formula 

0.0488g -0.464 0.05 < g < 1 (1.22) 

which is accurate to one per cent (Warner, 1995). After leaving the closest approach 

point, the stream travels asymmetrically onwards. However because the stream 

obeys equation (1.21) and it was injected into the white dwarf Roche lobe at low 



1.7. Accretion theory -29-

ol initial gas 
sireom 

b) formation of 
ring 

cl ring spreads 

d! disc is formed 

d1 side view 

Figure 1.14: Illustration of the initial formation of a ring and it's evolution into a disc (Verbunt, 
1982) 

velocity, r = 0, then it does not have suScient energy to cross the Roche surface 

at any other point. So the stream trajectory stays within the Roche lobe of the 

white dwarf and material approaching it does so with u —)• 0. The stream then 

returns to impact with itself.Figure 1.13 illustrates particle trajectories from the 

point of injection into the Roche lobe of the white dwarf at the Li point with 

ballistic trajectories. The solid line depicts the Roche lobe of the white dwarf. At 

impact with itself, the kinetic energy of the stream is radiated away by shock-heated 

gas. The angular momentum of the material is conserved, and so the gas tends to 

redistribute itself into a ring (see Fig. 1.14). The arrangement of particles which 

has the least energy for a given orbit is a circular one, and so the material re-aligns 

itself naturally into this configuration. An estimate of the radius of this ring can be 

made assuming that the angular momentum of the gas as it leaves the Li point is 
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conserved. For a particle in a circular orbit, 

: W = ( T ) (1.23) % 

Particles which obey equation (1.23) obviously have different velocities at different 

distances from the white dwarf. A ring like this will therefore rotate differentially, 

causing a shearing force to develop. This means that viscous processes will heat 

up the gas and energy is then radiated away, forcing particles to move deeper into 

the potential well of the white dwarf. This is balanced by some particles moving 

outwards in order to conserve angular momentum. The outer ring gains angular 

momentum in this process, which forces the gas at that point to move outwards. 

The original ring of gas will therefore spread to both smaller and larger radii, into 

an accretion disc. 

Conservation of angular momentum for a particle orbiting at radius requires 

that 
Oyr 

frf^K^fr) ~ (1-24) 
^orb 

Replacing vxir r ) from equation (1.23) into equation (1.24), then using Kepler's third 

law to replace 27r/Porb and finally dividing each side by a (the binary separation) 

gives 

— = 1 (i + g)- (125) 
o \ o / 

RLI/o. can be calculated using equation (1.2). A more accurate value of TR/a can 

be determined by calculating single particle trajectories which allow for angular-

momentum loss to the mass donor, resulting in 

^ = 0.0859g-° '̂ ^̂  0.05 < g < 1 (1.26) 

which is accurate to one per cent (Hessman and Hopp, 1990). From equation (1.22) 

and equation (1.26) it can be seen that ~ 1.76rmin- Equation (1.26) gives the 

circularisation radius for a binary system with mass ratio, q. This is the initial 



1.7. Accretion theory -31-

radius at which the ring of gas will form. It gives the minimum size an accretion disc 

can reach if it is formed due to Roche lobe overflow (an alternative mechanism to 

initiate disc formation would be via a stellar wind, for example; this leads to a 

different circularisation radius). If radiation losses are neglected then accretion 

takes place on the dynamical time scale, see equation (1.31). 

1.7.1 Viscosity and its role in accretion discs 

Assume cylindrical polar coordinates (R, z) and that the disc material lies in the 

orbital plane (z = 0). The matter moves in circular orbits with angular velocity, f2, 

around the white dwarf (which has a mass Mi and radius Ri). Also assume that 

the material obeys a Keplerian relation regarding its velocity (equation (1.23)). In 

addition to its circular (orbital) Kepler velocity, the gas has a small radial drift 

velocity, Vrad which is negative near the white dwarf as gas is being accreted. This 

velocity is a function of both the its position in the disc, i?, and the time, t. The 

surface density, E(i?, t) characterizes the disc, and is the mass per unit surface area, 

which is given by integrating the gas density p in the vertical direction, z. 

S = 2 ^ /)dz (1.27) 

These parameters can now be used to write conservation equations for mass and 

angular-momentum transport in the accretion disc due to the radial drift motions. 

Consider an annulus of material between radii R and R + A_R, which has a total 

mass 2TTRAR'E and total angular momentum 2 T T R A R T , R ' ^ Q . The rate of change 

of both of these is given by the net flow from neighbouring annul!. In the limit 

AR — 0 the mass reveals 

+ ^^(AZUraj) = 0 (1.28) 
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Figure 1.15: Viscous angular momentum transport in a shearing medium 

which is the equation for the conservation of mass. For angular momentum consid-

erations the transport due to the net eEects of viscous torques have to be 

included, and carrying this through to the limit where AR -4- 0 gives 

r) f ) 1 r)(^ 
(1.29) 

which is the conservation of angular-momentum equation. Equations (1.28) and 

(1.29) along with the torque, G(R,t) define the radial disc structure. 

Disc structure may vary on different time scales. This viscosity has the effect of 

spreading in radius the original ring of gas on a typical time scale 

^/^rad- (1.30) 

Tyisc is called the viscous time scale, and it gives an indication of the time it takes 

for gas particles to drift a radial distance, r in the disc due to viscous torques. In 

addition, the disc has a dynamical time scale (rdyn), which is the shortest of the 

characteristic disc time-scales and describes the duration over which orbital changes 

occur, 

^ (1.31) 

Deviations from hydrostatic equilibrium in the z-direction are smoothed out on a 
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time scale 

Tz = —• (1.32) 

This can also be written as rjM.Cs = r jvK ~ Tdyn, (vW is the Mach number in 

the disc [equation (1.35)], so Tdyn also reveals the length of time taken to achieve 

hydrostatic equilibrium in the vertical direction of the disc. Finally, the thermal 

time scale can be introduced, which describes the time taken to establish thermal 

equilibrium in the disc, 

Ttherm ~ D[R) (1-33) 

where D{R) = l/2z/S(i?0')^ is the dissipation rate per unit disc area, u being the 

disc viscosity. Provided rt{R) changes slowly over the length scale of the chaotic 

motions, So Tt/ierm can also be expressed aa 

Defining the Mach number, A4 as 

M. = —^ (1.35) 

then the thermal time scale can be expressed in terms of the viscous time scale (equa-

tion 1.30) as 
1 

Ttherm — Tm'sc (1.36) 

Using the a parameter of Shakura & Sunyaev (1973) (which parametrizes u as 

1/ = the viscous time scale, 7-^,0 can be expressed in terms of the dynamical 

time scale, as 

Tvisc ~ ~ —77— ~ Tdyn (1-3/j 

In general, 

Tyisc ^ T f / i e rm ^ Tdyn ^ Tz • 

The time scale on which gas can redistribute its angular momentum (of the order 
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days to weeks for typical CV parameters) is longer than both the thermal-adjustment 

time scale and the dynamical time scale, which are of the order minutes. 

1.7.2 Theories of dwarf nova outbursts 

In Chapter 5 I will be investigating quiescent accretion disc radii in dwarf novae and 

soft X-ray transients, in order to differentiate between models created to describe 

their outbursts. As an introduction to this work I describe the competing theories 

which were created to explain the outbursts of dwarf novae. 

Two main theories emerged to explain the reasons why periods of time exist 

when dwarf novae increase to a maximum brightness level. Just what initiates this 

increase in luminosity was a moot point for many years. All of the objects discussed 

in this thesis were intended to be observed in a quiescent state (at minimum light). 

This way, the contribution to the light of the system from the accretion disc is at 

lower levels and so the spectral lines from the mass donor have a better chance 

of being observed. However, particularly in Z Cam dwarf novae which frequently 

outburst, it can be difficult to find systems completely in quiescence and there is a 

high probability that a particular object may be on its way up to or down from an 

outburst (see Chapter 5 for examples). 

1.7,2.1 Mass transfer instabil i ty 

It was pointed out by Paczynski (1965) that if a star has a convective envelope it 

will increase it 's radius with decreasing mass. So a convective star losing mass onto 

a companion (as in CVs) could be potentially unstable. Bath (1969) investigated 

the stability to a loss of mass on dynamical time scales, and found that instabilities 

gave rise to two characteristic classes. The first class was unstable down to the 

He I zone, and apparently described the behaviour of U Gem types well, whilst the 
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other class was unstable down to the Hen zone, and the total emission was more 

equivalent to the output of novae. Osaki (Osaki, 1970) criticised this work, and 

proposed that the outbursts of U Gem stars were due to an enhancement of energy 

transport from shear-flow turbulence on the surface of the mass donor as it overfilled 

its Roche lobe, and obtained cycle lengths of ~ 15 days with amplitudes of 1.5 

magnitudes. Following up this research, Bath (1972) studied the time-dependence 

of the dynamical instability on the mass donor, and concluded that the the properties 

of the adiabatic instability were consistent with U Gem star observations, but not 

with novae as he had deduced previously. At this time, it was not known definitively 

which of the two stars in the binary system was the seat of the outburst. Smak (1971) 

made the observation that the outburst must originate in either the white dwarf or 

the accretion disc, or appear in the disc as a result of instabilities on the mass donor. 

Papaloizou & Bath (1975) discussed dynamical instabilities due to ionization zones 

on the mass donor, and the mass loss instability found by Paczynski (1965) turned 

into a much less energetic mass transfer instability (MTI). Bath (1975) found the 

intervals between outbursts should be of the order 10-200 days, and pointed out that 

dynamical instabilities in the mass donor should not be considered a sole explanation 

for the observed DN outbursts and should be used in conjunction with theories 

involving the response of the accretion disc and gas stream. The instability itself 

was described as a result of the recombination in Hi and Hei ionization zones. Mass 

transfer phases terminate when these zones are carried away by advection and so 

the mass donor shrinks away from its Roche lobe. Ionization zones are then rebuilt 

on a thermal time scale. Observationally, there are several reasons why the mass 

transfer instability is no longer the favoured model. There are no observations of 

high mass-loss rate systems undergoing outbursts. The model has no M(2) above 

which stable mass transfer would occur. Also, no observations of the bright spot 

in dwarf novae show an increase in the mass transfer rate either before or during 

outburst. A major observational piece of evidence supporting the opposing theory 

appears in the form of polars (magnetic CVs). These systems have no accretion disc, 

due to the strength of the magnetic field on the white dwarf. Consequently, they 
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don't have dwarf nova-like outburst states as such, although they do experience high 

and low states due to fluctuations in the mass transfer rate. 

1.7.2.2 Disc instabi l i ty theory 

After the realisation that the site of the luminosity increase was actually the accre-

tion disc, theories were developed in order to explain why the increases occur. The 

dwarf nova outbursts were now attributed to occasional accretion events from the 

disc. This allowed an explanation for the standstills of Z Cam stars to be formu-

lated, as examples of stable accretion taking place. A mechanism for this instability 

was first proposed by Hoshi (1979) who waa researching the behaviour of the accre-

tion disc if the mass transfer rate from the secondary was lower than that in the disc 

(due to variations in the disc viscosity parameter, a) . The condition KRa ~ 1 was 

determined, KR being the Rosseland mean opacity, for an optically thick annulus 

of accretion disc where matter accumulates. Hoshi (1979) noted that the Rosse-

land mean opacity passes through a maximum at around 10,000K for typical stellar 

compositions, so KR will be double-valued for each value of surface density, E. Two 

different M(d) will therefore satisfy the equilibrium condition. This behaviour, now 

referred to as the 'S-curve' in the E — Teff plane is shown in Fig. 1.16. The dashed 

lines illustrate the cooling and heating directions. For an annulus sitting on the 

lower portion of the 'S-curve' in Fig. 1.16, an increase in E will eventually push 

it to the limit, Timax at which the annulus heats on a thermal time-scale to a hot, 

viscous state and a heating wave propagates throughout the disc. This results in 

the dumping of all the accumulated mass onto the white dwarf (observed as an 

outburst). The outburst ends when enough mass has been accreted and an annulus 

in the disc reaches the minimum critical surface-density to initiate a cooling front 

which returns the disc to a cool, low-viscosity state. 
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Figure 1.16: The thermal limit cycle for accretion discs. From Warner (1995) 

1.7.3 Clues from disc radius variations 

Observations of disc radii throughout an outburst cycle can be used to provide 

support or otherwise for disc instability or mass-transfer instability theory. The 

MTI model predicts a rapid shrinkage in the disc radius just before an outburst 

(which is not observed - (Smak, 1989)), due to the addition of low specific angular-

momentum material at the outer edge of the disc. This is not present in the disc 

instability model (DIM). The accretion of mass (and angular momentum) onto the 

white dwarf requires a balancing movement of mass outwards in the disc, and so the 

disc radii increase during outburst in both models. Then, in the MTI model, the disc 

radius shrinks back to a minimum immediately when quiescence begins, whilst the 

DI predicts a slow decrease in radius over the period of quiescence, until a minimum 

is reached just before the onset of the next outburst. Eclipse measurements reveal 

that these variations are observed (Wood et al., 1989, e.g. Z Cha). 
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1.8 In review 

This chapter introduced the group of interacting binary stars called Cataclysmic 

Variables and went on to describe the interactions which define them, and their evo-

lutionary behaviour and typical characteristics. The appearance and time-variations 

of their composite spectra were also discussed. Methods which were used during the 

data analysis to determine various physical parameters (which are demonstrated in 

the following chapters of this thesis) were also presented. A review of the theory 

relevant to the analysis contained in subsequent chapters was also provided. 

Much of the work in this thesis is based upon spectroscopic observations. In the 

next chapter, I shall describe the observations which were taken, and will present 

the data reduction techniques used on the difi'erent data sets. 



Chapter 2 

Data acquisition and reduction 

techniques 

S u m m a r y 

All the data sets used in this thesis were obtained in the period 1997-1999 using 

the Isaac Newton Group (ING) telescopes which are operated on La Palma, in 

the Canary Islands (Latitude: +28° 45' 30"; Longitude: Olh 11m 31s W, altitude: 

2326m). Two of the three ING telescopes were used - the 4.2-m William Her-

schel Telescope (hereafter W H T ) and the 2.5-m Isaac Newton Telescope (hereafter 

INT). Spectroscopy was carried out on both telescopes. On the WHT, double-

beam spectroscopy enabled two wavelength ranges to be covered simultaneously. 

Echelle (high dispersion) spectroscopy was obtained for one target, EM Cygni, over 

the wavelength interval 4000-9000A. The INT was used to obtain long-slit time-

resolved spectroscopy of the binaries discussed in this thesis in both the R-band 

and the I-band. In addition, the auxiliary port at the Cassegrain focus of the W H T 

was used to obtain high resolution images of the field around EM Cygni. This 

chapter discusses the instrument configurations used in each of the observing runs, 
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Table 2.1: Summary of the Observations used in this thesis (listed in chronological order) 

Dates Telescope"/ Wavelength No. of No. of Resolution 
Instrument/Grating range ( A ) nights clear (kms"^)^ 

combination nights 

19-23/06/97 I/IDS-500/R1200Y 6220-6641 5 5 37 
22-23/10/97 W/ISIS/H2400B 3734-4136 2 1.25 27 

W/ISIS/R1200R 8441-8821 22 
10-13/08/98 I/IDS-500/R1200R 8475-8857 4 2 
08/06/99 W / a u x port UBVRI 1.5hr 5.5hr 0.3" 
27,28/07/99 W/UES+E79 4145-8774 5.5 hr 2hr 5.7 
13,17/08/99 W/UES-HE79 4145-8774 - 2hr 5.7 

"I - INT; W - WHT 

^Unless marked otherwise 

and describes the data reduction methods. Table 2.1 provides an overview of the 

observing runs from which data are analysed in this thesis. It provides a summary 

of the observing dates, wavelength ranges covered, and the resolution of the data 

(in kilometres per second unless otherwise indicated). 

2 . 1 T A f l l T T c l a t a 

Three data sets were obtained using the W H T . The first was taken using the double-

armed ISIS long-slit spectrograph. The next set utilised the auxiliary port camera 

at the Cassegrain focus of the telescope to obtain U,B,V,R and I-band images. The 

final set of data was echelle spectroscopy: covering 4000-9000A over 29 orders. All 

the W H T data required different reduction techniques, which are described in the 

following sections; the data acquisition and observing requirements are discussed 

first. 
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2.1.1 W / 9 7 B / 2 8 : Supersonic line broadening in 

accretion discs 

Two nights were awarded on the WHT to use ISIS in order to obtain spectra of 

dwarf novae in quiescence at two simultaneous wavelength ranges. The weather on 

the first night was reasonable, with the seeing measured at ~ 0.8 arc sec, although 

cloud affected some exposures in the second half of the night. On the second night, 

the seeing had increased to 1.2 arc sec, and then observing was badly affected by 

cloud, with the dome forced to close about one hour into the observing session and 

not re-opened that night. 

ISIS is a double-arm medium-resolution long-slit spectrograph capable of simulta-

neous observations in two different wavelength regions. This is made possible by the 

use of a dichroic. Each of the two arms has its optical components optimised for a 

particular wavelength range. One arm is optimised for 3000 — 6000 A (the blue arm) 

whilst the other arm is optimised for 5000 — 10000 A , the red arm. Calibration frames 

need to be taken separately for each arm. The slit is common to the two arms, and 

has a maximum slit length of 4'. The slit width can be varied from 0.14" to 22.6". A 

possible nine gratings can be used with ISIS. These range from having 150 hnes per 

millimetre (for low dispersion spectra) to having (on the blue arm only) 2400 lines 

per millimetre. For these observations the R1200R and H2400B gratings were used 

on the red and blue arms respectively. The R1200R grating had a spectral range of 

420A when used with the TEK CCD-chip, giving a pixel scale of 0.4lA p i x e l " T h e 

CCD mounted on the red-arm of ISIS was the TEK2 chip. The quantum efficiency 

of the CCD was below fifty per cent in the wavelength range used. The H2400B (H 

stands for 'holographic') produced a pixel size of O.ISA and a spectral range of 224A 

with an EEV CCD-chip. The quantum efficiency of the EEV chip at this wavelength 

was just under eighty per cent. Thinned chips experience severe fringing when used 

in the redder part of the spectrum (typical peak-to-peak amplitudes of around 60 

per cent in the I-band), hence they are permanently mounted on the ISIS blue arm. 
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Whilst observing in the red, it was necessary to use an order blocking Alter, to cut 

out unwanted spectral lines due to second order blue light. 

Firstly, the central wavelength of each arm was setup to cover the spectral lines of 

interest (blue: to H13, covering the Can H and K lines; red: Can near-IR triplet 

& Paschen lines). This was done by identifying the arc spectrum resulting from 

each arm of the spectrograph. The wavelength ranges were then checked with an 

on-target exposure at the beginning of the evening. The Copper-Neon plus Copper-

Argon (CuNe-fCuAr) lamps were used to provide wavelength calibration spectra. 

The CuAr spectrum has few strong lines blueward of ~ 4000A, so a combination 

lamp gave the best arc. 

Then the rotation of the spectrograph was checked. The long axis of the CCD 

should be aligned with the dispersion direction of the spectrum; it is possible to do 

this to an accuracy of 0.3 pixels slope from the bottom of the spectrum to the top. 

This is usually carried out by aligning the arc lines with the rows of the CCD (this 

aids later sky subtraction). If the alignment is out by a value greater than 0.3 pixels 

then some adjustments should be done. For this dataset, the rotation was measured 

at 0.2 pixels, and so the set-up procedure continued. The tilt of the CCD was checked 

with a coarse focussing procedure. The cryostat can be moved in two-dimensions 

so that the CCD is coplanar with the focal surface of ISIS. This was done for both 

red and blue arms, by opening and closing the left and right Hartmann shutters 

consecutively. Short exposures of the arc lamps were then taken, and measurements 

of particular arc line Y-positions were made. One arc line was selected at each of 

the two extremes of the spectrum, and one chosen near the centre. Measurements 

of the Y-pixel position were then made at the left-hand edge, middle and right-hand 

edge of each arc line. The values obtained with the left Hartmann shutter open were 

subtracted from those made with the right Hartmann shutter open (L - R). The tilt 

was then calculated by subtracting the mean of (L - R) for the arc line nearest the 

left-hand end of the spectrum from from the mean of (L - R) for the arc line at the 

right-hand end of the spectrum. This gave the number of revolutions to adjust the 
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capstans. The fine focus was then done by adjusting the collimator position. 

Exposure times for all comparison frames for each arm of the spectrograph were 

then calculated. This was done by obtaining exposures of tungsten lamps for each 

arm of differing durations (with the dekker out), then exposures of the arc lamps, 

and checking the resulting count levels. For these observations, the red arc exposures 

were 30s long, and the blue arc exposures 50s. The red flat exposures were 3 seconds 

long, and the blue ones 500 seconds (due to the nature of the tungsten lamp). A 

series of bias frames and flat-fields were also obtained. Flat-fields with exponentially 

increasing exposure-times were taken to calibrate the noise characteristics of the 

CCD on the blue arm. The resulting readout noise was R = 7.8e" and the gain 

G = 0.77e" ADU~^. The readout noise measured on the red arm was 3.5 counts. 

The final step was to start observing. The objects were acquired on the slit, and 

exposures with durations ^ 1200 — 1800 seconds (depending on the magnitude of 

the CV) were started on each arm of the spectrograph. The slit orientation was set 

to the parallactic angle. Arcs were taken bracketing each object using both blue 

and red arms of the spectrograph. 

2.1.1.1 W / 9 7 B / 2 8 : Data reduction 

The exposures were examined in order to check for saturated pixels, and to determine 

the bias region and good region of the frame for each spectrograph arm. Once this 

had been completed, a balance frame (one which when multiplied into the image 

frames corrects for the sensitivity variations of the CCD) for each spectrograph 

arm was created. First, all the useable flat fields were combined into a median 

frame. Then a mean spectrum in the spectral-direction was obtained (over the good 

region of the frame). A low-order polynomial (2 or 3 coefficients) was fitted to 

this spectrum, and the median fiat divided through by the fit. The spatial profile 

was then divided out of the median flat-field frame. All the suitable sky flats were 

merged to create a median sky frame, and a twilight spatial profile determined. This 
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twilight profile was then multiplied into the median flat field, the result inverted and 

normalised to unity over the good region of the chip. For the blue-arm data, the 

count range was quite large (due to the red nature of the Tungsten lamp). So, the 

polynomial was fit to the logarithm of the spectral profile, then the anti-logarithm of 

the fit used, as this resulted in a fit which was uniform in terms of the deviation from 

the profile, rather than an absolute number of counts. The resulting balance frame 

(one for each spectrograph arm), was then used in the data reduction procedure to 

Bat-Aeld the exposures. Sky and object regions were selected from the image frames. 

% 

Figure 2.1: Average sky spectrum for the red Figure 2.2: Average sky spectrum for the blue 
arm of ISIS arm of ISIS 

Then the spectra were optimally extracted (Home, 1986). The one-dimensional 

individual spectra were then wavelength calibrated and corrected for slit losses. 

2.1.2 W / 9 9 A / 7 9 : Is the dwarf nova EM Cygni a triple sys-

tem? 

5.5 hrs of bright time were awarded in the 1999A observing semester to gain follow-

up observations of EM Cyg to determine if it indeed was a triple system containing 

a CV. The proposal was divided into two parts, five-colour imaging, and echelle 

spectroscopy; the latter to be obtained only if a null result was gained with the 

former. 
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Table 2.2: Filters used on the auxiliary port 

Filter Type INC filter number Central Wavelength 

(A) 
Width 

(A) 
U RGO 202 3560 680 
B Harris 25 4296 1030 
V Harris 30 5461 998 
R Harris 36 6410 1460 
I Harris 41 8120 n/a 

2.1.2.1 Auxi l iary port imaging: data acquisit ion 

The auxiliary focus (hereafter, aux port) is provided in the Cassegrain Acquisition 

& Guider (hereafter A&G) unit for on-axis imaging at the Cassegrain focus of the 

WHT, at the expense of an extra 45° reflection. It was originally provided to obtain 

short, direct, contemporaneous images for spectroscopic programmes, however the 

0.1"pixel"^ scale on the CCD, and the high throughput in the UV meant it became 

used as an instrument in its own right. The CCD in use on the aux port at the 

time of the observations was the T E K l chip. The quantum efHciencies of the chip 

are (as percentages) less than forty, sixty, seventy, eighty and less than sixty for the 

U,B,V,R and I filters respectively. For this programme, the whole chip was imaged. 

Unfortunately, due to the nature of service observing, the chip was binned by a 

factor of two in both directions. This allowed shorter chip read-out times, however 

it resulted in 0.22" pixels, which were somewhat detrimental to the aims of the 

proposal. Fig. 2.3 shows the field of view obtained whilst observing EM Cyg. This 

is a B-band image, in which the accretion disc contributes a greater proportion of 

light than the mass donor to the appearance of the CV, therefore the CV appears 

brighter relative to the surrounding stars than in longer wavelength filters. 

The aim was to take images through U,B,V,R and I filters in order to detect a 

change in position with wavelength of EM Cyg. For separation s, a shift of magni-

tude ~ 0.35 is expected to be seen (see section 3.4.1 for details). At the distance of 
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Figure 2.3: The field of view of the auxiliary port imager 

EM Cyg (~ 300 pc) a 3 A.U. separation between the CV and the third star corre-

sponds to ~ 0.01" on the sky. This 0.01" converts to an expected shift from U- to 

I-band of order 0.005", which is well below the typical seeing (La Palma typically 

has ~ 1" seeing). In order to calibrate differential refraction effects (because the 

field stars all have different colours), observations were requested at three different 

airmasses, one of which was to be as close to the zenith as possible. Multiple ex-

posures in each filter were also requested to guard against cosmic rays. Lastly, to 

make full use of the CCD pixel size, the observations were requested to be carried 

out in as good seeing as possible, and certainly not in conditions with seeing greater 

than 1.5". Estimations of the required exposure times were made. Exposures using 

the U-band filter were longest at 100s. The B,V,R and I filters only required 20s 

per exposure. Finally, sky flats (imaging regions of 'blank' sky) were taken in the 

morning twilight, taken in the order I,R,V,B,U to avoid saturation. 
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Figure 2.7: R-band image 
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Figure 2.8: I-band image 

2.1 .2 .2 Aux i l i ary port i m a g i n g data reduct ion 

The Image Reduction and Analysis Facility (IRAF) software was then used to re-

move the bias level and flat-field the image frames. Accurate photometry was not 

a requirement of the proposal and so no flux standards were observed. The images 

were examined in order to check for saturation and detect any bad pixels, and to 

select the comparison stars which were to be used. Then the pixel positions of the 

objects were measured. Files with the source x- and y-pixel coordinates (measured to 

within 1/lOOth of a pixel), source F W H M and information about the source bright-

ness were created for each frame. Figures 2.4 to 2.8 show examples of the results 

obtained from images in each filter. These images use a negative colour scale. Ap-

proximately 50-60 objects were detected with the software per image. The ellipses 
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show which objects were identified as such and then measurements made. There 

are a few bad pixels in the top-left corner of the image, which affect the brighter 

star there in some of the exposures. Consequently, this star was not used in the 

subsequent analysis. The next step taken was the data analysis (see section 3.4.1.) 

2.1.2.3 U E S high dispersion spectroscopy 

Due to the lack of detection of a conclusive shift, the next stage of the proposal 

was set in motion. Echelle spectra are generated by using a high angle 60°) 

ruled grating cross-dispersed with a low dispersion grating. This produces a high 

resolution, closely spaced set of orders arranged side-by-side on the CCD-chip which 

cover a large wavelength range. 

This part of the proposal required observing EM Cyg whilst the CV was at 

a quadrature phase {i.e. when the radial velocity of the mass donor was at its 

maximum positive or negative value). This would ensure that the broad mass-donor 

absorption lines were minimally affecting the narrow ones from the contaminating 

third-star. With an orbital period of ~ 7hr EM Cyg has two quadrature phases per 

night. Once the service nights had been scheduled, the times of these phases were 

calculated for each date. Four epochs of spectroscopy were requested, in order to 

obtain as long a baseline as possible to the observations. This would increase the 

range of periods which could be detected. Exposures of EM Cyg of duration 1800s 

were obtained in order to cover completely the quadrature phase. To calibrate the 

wavelength scale (the spectra covered 4000A to SOOOA) thorium-argon comparison 

lamp spectra were taken before and after the target exposures. Bias frames and 

images of a uniformly illuminated source (flat fields) were also acquired. Seeing 

and weather information at the time of the observations were not available on the 

observing log. 
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2 .1 .2 .4 D a t a reduction 

The data were transformed from 2-D images to 1-D spectra. Each EM Cyg exposure 

was 1800s long, and so was spattered with cosmic ray hits. Firstly, the images 

needed rotating through 90° as the order tracing algorithm required the orders to 

be parallel to rows of the CCD, whereas straight off the telescope they were parallel 

to the columns (see Fig. 2.9). Then the images were trimmed so that only the good 

region of each frame remained. Finally, the images had to be flipped over so that 

the wavelength increased in the direction desired by the software. (Alternatively, 

the frames could have been rotated in the opposite direction to start with.) 

Figure 2.9; An example Echelle data frame 

Figure 2.9 shows an example of one of the target Echelle data frames. The 

illumination of the chip varies from one side to the other, those orders just off-

centre on the chip being brightest. In addition the inter-order spacing decreases 

with longer wavelengths (left-to-right on Fig. 2.9). The image frames then had 

their bias level removed. One of the bright star frames was examined in order to 

determine the inter-order spacing, order width, and number of orders. The first 

step was to locate the orders. This routine gave the option to check the frame; to 

check that the dimensions of the order-trace frame, object frame and arc frame were 
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identical. It also checked for any bad pixels, rows or columns, whether they'd been 

indicated or not, and checked for saturated pixels (the saturation level being set 

by the user). Saturated and bad pixels, and blemishes on the chip can all disrupt 

the tracing process so it was important that any features present were noted by the 

software. Finally the order slope (the deviation from being parallel to rows) and 

number of orders was determined, and an interactive plot displayed, see Fig. 2.10. 

In this case, 29 orders with a slope of -0.02 were identified. Orders could be added to 

Uw cursor to wkc t ond Add/Dekto 

l i LL 
lOfX) 

Plx#j row number 

Figure 2.10: The orders located on the trace frame 

or deleted from this plot. Once the required number of orders had been identified, 

the order tracing could begin. Tracing was completed by moving outwards from 

the centre of each order. This ensured that all possible orders were traced. This 

was a largely automatic procedure, and the traced paths could then be viewed in 

a graphics window. The number of coefficients used for tracing the orders could 

be altered. In this case a third-order polynomial was used. Then the orders were 

interactively fitted. Obviously spurious points were clipped, and the fit checked. 

Once the fit was satisfactory the dekker limits of the orders were calculated using a 

fiat-field frame. The dekker limits were located by calculating the profile along the 

slit and then determining the points where the intensity dropped below a certain 

threshold. Then the object profile was measured. Both dekker limits and sky and 
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object limits could be interactively tweaked. In this dataset, the dekker limits were 

set to -25 and 23 pixels from order centre for lower and upper limits respectively 

(Fig. 2.11). The object profile ran from -8 to +7 pixels from the centre of the 

order (Fig. 2.12). The next step in the echelle reduction was to model the flat-field 

Profile ef orier 14 for oN-order dekksr drt«rmino(lefl 
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Figure 2.11: Setting the dekker limits 
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Figure 2.12; The object limit setting task 

(variations in pixel response). Balance factors for each pixel in the image, which 

when multiplied into the object frames corrected for these changes were calculated 

using a flat-field frame. The tungsten lamp exposure was obtained with the same 

instrument set-up as for the object frames. The next step was to model either 

the sky background or the scattered light depending on whether there was severe 

scattering contamination. In the first case, the sky intensity was modelled along 

each order with a polynomial whose degree was chosen prior to starting the task. In 

the case of severe scattering contamination, independent polynomials were fitted to 

the inter-order pixels (image columns). These were then used as input to a second 

round of fits which ran parallel to the orders. For this data the sky background was 

modelled. The next step in the reduction process was to model the object profile, 

and then extract the object and arc orders over identical pixels. The same weights 

were used for object and arc extractions. In this case optimal weights (based on the 

scheme devised by Home (1986)) were used to extract the orders. The spectra were 

blaze-corrected (a process used instead of flux-calibration to remove the instrumental 

response from the data). The blaze-correction procedure involved fitting curves to 

the flat-field orders. These curves were then 'normalised' to unity, and divided 

into the extracted spectrum orders. In this case a spline was fitted to the orders. 
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This was an interactive task, and the fits could be examined and tweaked until the 

required fit had been achieved. Extracted object and arc orders were written out to 

NDF Ales. 

At this point it should be noted that, upon examining the spectra, there appeared 

to be several cosmic ray hits still present. The cosmic-ray checking procedure in the 

order-locating process repeatedly crashed the software, even when various parame-

ters were tweaked. There was a second cosmic-ray checking procedure which could 

be carried out immediately after the dekker and object limits had been defined. This 

procedure failed to converge with the UES data set, and so had to be abandoned. 

The final opportunity to target cosmic rays was within the order extraction task 

itself. This performed adequately, but missed one or two glaring candidates in par-

ticular orders. The only alternative solution here, was to go back and examine the 

images for cosmic ray hits with an independent software package before the echelle 

reduction proceeded. 

Once the cosmic-ray free, extracted orders were available in one-dimensional for-

mat, a wavelength calibration was applied. A major difficulty with echelle data is 

the arc-line identification, and finding a preliminary solution to provide the soft-

ware with. A Thorium-Argon (Th-Ar) lamp was used to obtain calibration frames. 

Knowing roughly the central wavelength (from the exposure headers), and having 

worked out which echelle order that should correspond to, meant that the line-

identification was at least attemptable. Once the orders had been identified, and 

a Th-Ar line list obtained, the Th-Ar arc maps were consulted to identify a few 

major lines to aid the software. This was quite a lengthy procedure, taking longer 

than anticipated. The problem was exacerbated by the fact that the arc frames had 

saturated in the longer-wavelength orders, and so very few lines were identifiable 

there. This meant that the wavelength calibrations for echelle orders 32-26 were 
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only approximate, and so they weren't used for any subsequent cross-correlation 

analyses.This was unfortunate, as this was the spectral region where the third star 

would be appearing most strongly. Following the wavelength identification, files of 

1-D spectra were created. The spectra were then ready for analysis (see Chapter 3). 

2.2 I N T d a t a 

Two data sets were obtained using the Intermediate Dispersion Spectrograph (IDS) 

mounted on the INT. The first, to get spectra in the wavelength range ~6200-6600A, 

used the R1200Y grating (which has the largest efficiency at these wavelengths) 

with the 500-mm camera. The second was again with the 500-mm camera but 

using the R1200R grating to cover the wavelength range around the Cannear- IR 

triplet lines around 8500-8600A. Both of the observing runs used TEK charge-

coupled device (CCD) cameras to image the spectra. These devices have 24-\im 

pixels, which when combined with the 500-mm camera gives a spatial scale of 0.33" 

p i x e l " I n the regions of interest, the quantum efficiencies of the TEK chips are 75 

per cent for 6200 — 6600 A and 50 per cent in the range 8500 — 8600 A. 

2.2.1 1 / 9 7 A / 1 3 : The ages of cataclysmic variables 

Five grey nights (June 19-23 1997) were awarded to obtain spectra over a full orbital 

period of long-period dwarf novae (Porb > 6 hr). The ult imate aim of the observing 

proposal was to obtain accurate radial velocities for a sample of CVs, in order to 

derive their systemic velocities with respect to the Sun. 

The Intermediate Dispersion Spectrograph (IDS) is situated at the Cassegrain 

focus of the 2.5-m INT, and can be used with a choice of camera; the 500-mm 

camera, or the 235-mm camera (their focal lengths). The 500-mm camera on the 
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IDS has a scale at the detector of 13.8" mm~^ in the direction of the slit, compared to 

the value of 29.4" mm~^ for the 235-mm camera. Therefore the 500-mm camera gives 

better-sampled spectra - this was the main reason for choosing the 500-mm camera 

for this project. Conditions were clear throughout the five nights of observing, and 

the seeing was approximately 1 arc sec. The R1200Y grating was used, which was 

blazed to 6 O O O A and gave a dispersion of 16.4Amm~^ with the 500-mm camera. 

The centra] wavelength was set to 648lA, which resulted in a wavelength range of 

6200-6640A. Unfortunately, this configuration just missed the Hei line at 6678A, 

however H a was just off-centre on the chip window and the mass of lines from the 

companion star blue-ward of 6500A were all captured; these lines were the reason 

for choosing this wavelength range to observe in. The mass donor manifests itself 

here quite strongly in quiescence, and the lines are not too blended if an adequate 

resolution is used. 

Each target exposure was 200 — 300 s duration, the value used depending on 

the brightness and the orbital-period length of the CV, in order to keep sufficient 

phase resolution that no orbital smearing would be introduced. The H a radial-

velocity variations involve components moving with amplitudes are of the order 400-

600 kms~^. This puts an upper limit on the exposure length of l / 60 th to l /120th 

of the orbital period to avoid smearing ( ~ 200 — 400 seconds). The mass donor 

amplitudes (typically around 150-200 km s~^) set their own limits, of approximately 

l /30 th of an orbital period ( ~ 700 — 800 seconds). Due to the brightness of the four 

targets, the H a requirements were reached quite easily. The DN observed all had 

orbital periods in the range 0^25 < Porb < 0'?29, and were tracked for a minimum of 

6 hours at one time. The DN observed are listed with exposure times and orbital 

periods in Table 2.3. 

The 0.8 arc sec wide slit was oriented in order to capture the spectrum of both 

the DN and a second star on the slit. This allowed an estimate of the slit-losses to be 

made and a correction applied, and also provided a check for variability in the CV. 

However, rotating the slit meant that the observations were not carried out at the 
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Table 2.3: A summary of the observations taken in June 1997 on the 2.5-m INT. All used the IDS 
500-camera with the Tek CCD chip and R1200Y grating giving a dispersion of 0.4A per pixel, and 
resulting in a resolution of O.SA (FWHM). 

Object Date observed Exposure Orbital Reference 
(UT, June 1997) time (s) Period (days) 

EM Cyg 21.932-22.220 200 0.2909 1 
V426 Oph 20.924-21.207 200 0.2853 2 
SS Cyg 23.005-23.231 200 0.2751 3 
AH Her 19.912-20.169 300 0.2581 4 

References: (1) Stover et al., 1981 ; (2) Hessman, 1988; 
(3) Hessman et al., 1984; (4) Home, Wade &: Szkody, 1986. 

parallactic angle. An R-Alter was used on the TV to ensure that both stars could 

be kept on the slit. Spectra of radial-velocity standard stars were also obtained 

to calibrate the velocities measured from the DN. They were also used to obtain a 

spectral type for the mass donor in each DN, and so only those standards with good 

spectral types were chosen. These were selected from the lists of Marcy, Lindsay & 

Wilson (1987), Barnes, Moffett & Slovak (1986), Beavers & Bitter (1986), Beavers 

et al. (1979), Duquennoy, Mayor & Halbwachs (1991) and Eggen (1992). 

2.2.1.1 D a t a reduction 

The resulting spectral dispersion with the IDS-500 camera and the R1200Y grating 

was 0.4 A per pixel and the spectra covered 6230 to 6650 A . All the spectra had 

a FWHM resolution of 0.8 A . Arc calibration spectra were taken every 35 minutes 

or so in order to eliminate errors in the wavelength scale caused by flexure of the 

spectrograph, and were also taken before and after every change of object. The arc 

spectra were extracted over the same region as the objects, and then line identi-

fication carried out. The resulting arcs were fitted with fourth-order polynomials. 

The rms scatter of these fits was of the order 0.005 A . The arc spectra were lin-

early interpolated in time to provide the wavelength calibration for each dwarf nova 

spectrum. 
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The CCD frames had the bias level removed and were then corrected for any pixel-

to-pixel sensitivity variations using exposures of a tungsten lamp. Variations in the 

illumination of the slit were corrected using exposures of the twilight sky. The spec-

tra were extracted with optimised weights (Home, 1986) and then corrected onto 

a flux scale using a flux standard from Oke & Gunn (1983). The correction for 

slit losses involved determining the comparison spectrum which contained the most 

counts, then dividing all the other comparison spectra by it. This gave a sequence 

of 'normalised' comparison star spectra, which were then fitted with quadratic poly-

nomials and the fits divided into the object spectra, to adjust their count levels 

accordingly. Average spectra for each object were then created by co-adding the in-

dividual object spectra. The spectra were normalised by their continua, which were 

then subtracted, before averaging. Their analysis is discussed in Chapters 3, 4 & 6. 

2.2.2 I / 9 8 B / 1 2 : Can spikes and the mass donors of CVs 

Four nights were awarded in August 1998 to use the INT/IDS 500-mm camera 

combination to observe the Can near-IR triplet in a range of CVs, in order to 

confirm the presence of 'spikes' due to the mass donor in a selection of CVs, which 

had been detected in a previous WHT run (section 2.1.1). Full-orbit coverage, in 

order to locate the origin of the emission, was required. If successful this project 

would open the door to a new, sensitive method of detecting the mass donors in 

Cataclysmic Variables. 

The R1200R grating was selected, which was blazed to 8 O O O A and when combined 

with the 500-mm camera had a dispersion of 15.SA mm"^. Again, the TEK3 chip 

was used, giving a scale of ~ O.SZA pixel"^ in the dispersion direction. Conditions 

were cloudy interspersed with periods of clear weather over all four nights. Night 1 

was possibly affected by dust, as the conditions were very hazy, although the seeing 

was reported to be ~ 1 arc sec. The second night was badly affected by cloud; 

only three hours were usable, and passing cloud affected the exposures. The third 
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night was again affected by cloud. At one point for a couple of hours, cloud was 

everywhere bar the zenith, and only objects in Cygnus could be observed! The final 

observing night was only mildly troubled by cloud, however the seeing remained 

poor. 

An order blocker was put into the light path to remove second-order blue lines. 

The slit width was set to 0.9" which gave the arc lines a FWHM of 2.5 pixels. The 

central wavelength was set to 8696A; this ensured that a good wavelength calibration 

could be obtained by including a strong arc line at one extreme of the pixel range. 

Unfortunately, this meant that one end of the Can 8498A line did not have much 

accompanying continuum, and in some cases was cut short itself. A Copper-Neon 

plus Copper-Argon (CuNe+CuAr) lamp waa used to create wavelength calibration 

spectra. Arcs were obtained both before and after a change of object, and every half 

hour or so in between. Flat-field frames (tungsten lamp exposures) were also taken 

before and after each change of object, to allow accurate removal of the instrument 

response. Finally, observations of several radial velocity standards, taken from the 

lists of Marcy et al. (1987) and Beavers & Fitter (1986) were obtained in order to 

calibrate the radial velocity variations from the emission components. In addition, 

spectra of a rapidly rotating B-star were taken to calibrate out any telluric lines 

which might be present. Table 2.4 gives a list of the objects which were observed, 

and what fraction of an orbit was covered given the weather conditions. 

2.2.2.1 Data reduct ion 

The spectra had the bias level removed (measured at ^ 560 counts) and were cor-

rected for pixel-to-pixel variations in sensitivity, using a technique similar to that 

mentioned in section 2.1.1.1 to create a 'balance' frame for each object, interpolating 

between the two nearest fiat-field images. The twilight sky profile was multiplied 

into each balance frame to be used in the fiat-fielding procedure, to correct for varia-

tions in the illumination along the slit. The sky regions (pre-selected for each object) 
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Table 2.4: A summary of the observations taken in August 1998 on the 2.5-m INT. All used the 
IDS 500-camera with the Tek CCD chip and R1200R grating 

Object Date observed Exposure Fraction of Reference 
(UT, August 1998) time (s) P3rb (days) 

V795 Her 10.903-10.960 200 0.5 &1082468 1 
AB Dra 10.971-11.132 250 1 01520 2 
UU Aqr 11.142-11.181 300 &24 0163580 3 
RX And 11.191-11.249 300 &28 0.209893 4 

13.170-13.247 300 0.37 
WZ Sge 12.061-12.156 150 1.7 0.056688 5 
MV Lyr 12.875-12.985 200 &83 0.1329 6 
SS Cyg 13.019-13.163 300 &53 0.27512973 7 
V1315 Aql 13.895-14.032 240 1 (1139690 8 
EM Cyg* 14.039-14.074 270 0.1 0.290909 9 
V425 Cas 14.089-14.219 250 &87 0.1496 10 

" in outburst so observations ceased 
References: [1] Casares et al. (1996); [2] Hessman (1988); [3] Goldader & 

Garnavich (1989); [4] Kaitchuck (1989); [5] Skidmore, Welsh, Wood & 
Stiening (1997); [6] Skillman, Patterson & Thorstensen (1995); 

[7] Hessman et al., (1984); [8] Hellier (1996); [9] Beuermann & Pakull (1984); 
[10] Shafter (1983) 

were fit with quadratic polynomials to estimate the amount of sky underneath the 

target. Both the object and arc spectra were then extracted over identical pixels 

using optimised weights (Home, 1986). The arc lines were then identified and a 

wavelength calibration applied to all the object spectra, the best result being a fit 

using a fifth-order polynomial which gave an rms of O.OlA. Files of one-dimensional 

spectra were created, then the objects normalised by their continua. After this 

the continua were subtracted, and the spectra placed onto a uniform velocity scale, 

ready for analysis (which is discussed in section 5.4.1). 



Chapter 3 

The dwarf nova EM Cygni and its 

consequences for the evolution of 

CVs 

S u m m a r y 

EM Cygni is one of the earliest spectroscopically studied CVs, because of its relative 

brightness - it has a quiescent magnitude of 13.5 (Ritter and Kolb, 1998). Stover 

et al. (1981) observed the system in quiescence, and carried out a radial velocity 

study. The results were strange because they indicated that the star losing ma-

terial was more massive than the accreting white dwarf, a situation which should 

be dynamically unstable. Dynamical instability means that EM Cygni should not 

exist, and it has remained until this point a mystery as to why it appears to be 

transferring matter and behaving as a normal CV. During an observing run carried 

out in June 1997 on the Isaac Newton Telescope (INT) on La Palma (section 2.2.1) 

it was discovered that the spectrum of EM Cyg blueward of H a is contaminated by 

narrow absorption lines. These narrow lines are unusual because we expect the lines 
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from the secondary in EM Cyg to be broadened by rotational effects, to a value 

somewhere in the region of 1 0 0 k m s " \ Cross-correlation of the EM Cyg spectra 

with spectra of radial-velocity standard stars of similar spectral-type to that ex-

pected for the mass donor (i%K3) reveal a non-varying component interfering with 

the sinusoidal variation due to the secondary in EM Cyg. The effect of this ex-

tra set of spectral lines is to pull in the cross-correlation peaks towards the zero 

value, so any measurements of the radial-velocity amplitude from the absorption 

lines of the mass donor are underestimates. Upon removal of this contaminating 

(hereafter, "third") spectrum, the amplitude of the radial velocity curve increases 

from 135±3kms""^ calculated by Stover et al. (1981) to 202±3kms"^. This result 

removes the dynamical instability, and enables the calculation of a whole new set of 

system parameters. In follow-up to this discovery, high-resolution UBVRI images of 

EM Cyg were taken with the WHT, in order to detect a wavelength-dependent shift 

due to the differing contribution from the third star in each bandpass. The results 

of that study are presented, as are the initial results from high-resolution Echelle 

spectroscopy to detect the orbital motion of the third star. 

3.1 I n t r o d u c t i o n 

EM Cyg is one of the most familiar examples of dwarf novae (DN). EM Cyg belongs 

to the sub-class of dwarf novae named after the prototype Z Cam in which the pe-

culiar characteristics of the light curve were first observed. Z Cam stars experience 

- in addition to the normal outburst/quiescent states of DN - periods of time when 

they appear to be 'stuck' in a semi-high state, making them appear visually approx-

imately 0.7 mag brighter than at minimum. EM Cyg appeared to be approaching 

its low state after a standstill when the spectra were taken (Mattel, 1999). Fig. 3.1 

shows its light curve behaviour during the period April 1997 to February 1998. An 

arrow indicates the observation date, in June 1997. 
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Figure 3.1: The light curve of EM Cyg during 1997. The arrow marks the date of the observations. 
Data from AAVSO Observations (Mattel, 1999) 

HofFmeister (1928) first detected the variability of EM Cygni (hereafter EM Cyg). 

It brightened by approximately two magnitudes on a time scale of around twenty-

five days. He suggested that this variation was typical of an Algol system, but 

this was subsequently shown not to be the case. Burbidge & Burbidge (1953) 

obtained spectra of EM Cyg and due to the presence of broad Baimer emission, 

and Hen 4684A suggested that EM Cyg was an old nova. The first photometric 

observations of EM Cyg were published in 1969 (Mumford and Krzeminski, 1969). 

The data, gathered between 1962 and 1968, were taken in order to determine from 

the behaviour of the light curve, the classification of the binary. They calculated an 

orbital period of Porb = 0.29090942 days from the times of 29 minima and concluded 

that an eclipse of the blue component in the binary by the red one could be the 

explanation for what was being observed. They did note that each minimum differed, 

sometimes quite markedly, and that wide, shallow eclipses were mainly observed 

when the system was bright. Robinson (1974) determined spectroscopic orbital 

elements for the system using previously obtained spectra, and calculated masses 

for the stellar components using the previously deduced period. This produced 
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a white dwarf mass of O.TOM© and a red star mass larger than this at 0.90M@. 

Mumford (1974; 1975) continued to provide times of subsequent minima, whilst 

Pringle (1975) published his analysis of period changes in eruptive binaries, which 

included EM Cyg. He fitted the data with a parabola, the quadratic term being 

significant at the 99.85 per cent level (3cr on a normal distribution being 99.75 per 

cent). The time scale for the period decrease was calculated to be rp = 3.8 x 10® 

years. Brady & Herczeg (1977) analysed photoelectric observations of EM Cyg, but 

didn't find any evidence for a Z Cam type variation in the well-covered observing 

period (1951-1954). Mumford (1980) confirmed that the orbital period of EM Cyg 

was decreasing from more recent minima timings. The calculated time scale for 

the period change was now rp = 5.5 x 10® years. Caution was urged in the paper, 

suggesting that the main result is purely that the preferred solution to the hght 

elements is non-linear. However, the idea was put forward that a sinusoidal variation 

with a period of 30 years would fit the data, and that this would occur naturally if 

there was a third body was present in the system. Following this, Stover, Robinson & 

Nather (1981) published a radial velocity study using Baimer emission-lines from the 

disc and absorption lines from the mass donor around 4500A in order to determine 

component masses. They reached similar conclusions to Robinson (1974), that the 

mass donor in EM Cyg was more massive than the white dwarf. Jameson, King & 

Sherrington (1981) obtained simultaneous optical and IR light-curves, and estimated 

that the system was at a distance of 320 pc. Steining, Dragovan & Hildebrand (1992) 

used high-speed photometric observations of EM Cyg to detect coherent luminosity 

variations (also known as dwarf nova oscillations) during outburst. They could 

not conclusively decipher the origin of these fast oscillations (e.g. white dwarf or 

accretion disc normal modes). Finally, in the most recent easily available work on 

EM Cyg, Beuermann & Pakull (1984) add more minima timings to those given 

earlier and conclude that the lower limit to the time scale of any period change is 

7^ > 7.5 X 10^ years. 

EM Cyg is one of only a handful of Cataclysmic Variable stars which show an 
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eclipse of the disc every orbit and which have spectral lines from both stellar com-

ponents of the binary. This makes EM Cyg special amongst CVs, as it means that 

accurate binary parameters can be determined from spectroscopic and photometric 

observations. In their classic study Stover et al. (1981) measured the absorption line 

radial velocity amplitude together with that from the emission lines and obtained a 

mass ratio for EM Cyg oi q = M2/M1 — 1.26; this value confirmed the earlier study 

of Robinson (1974), who calculated that q = 1.29. A mass ratio greater than one is 

remarkable because if maas transfer is from the more maasive staj to its companion, 

the orbital separation must shrink in order to conserve angular momentum. Unless 

the donor star shrinks faster than the Roche lobe, mass transfer is unstable. The 

instability occurs on a dynamical time scale if the adiabatic response of the star fails 

to keep it within its Roche lobe. At higher donor masses (Mg > 0.8M@) however, 

the star shrinks drastically when it loses material at a high rate and so the mass 

transfer becomes stable on a dynamical time scale but it is still unstable thermally 

(e.g. de Kool (1992), Politano (1996)). The mass ratio (q — 1.26) and the donor 

mass (M2 = 0.76M@) of Stover et al. (1981) lead to dynamical instability according 

to the criteria given by Politano (1996): EM Cyg should not exist. 

Despite this unique status, there have been no more recent studies of EM Cyg. In 

part, this is probably because measurements of the radial velocities of the white dwarfs 

in Cataclysmic Variables are normally based upon the emission lines which usually 

come from the accretion disc surrounding the white dwarf, and these are well known 

to be unreliable (Stover, 1981a). It would perhaps not be surprising if this problem 

affected Stover et al.'s (1981) study of EM Cyg. However, EM Cyg is one of the 

longer period dwarf novae (P = 6.98h), for which the distortions of the emission 

lines are less significant because of the relatively high amplitude of the white dwarf, 

and in Stover et al.'s study, the emission and absorption line amplitudes are 20° 

from being in anti-phase, by no means a large distortion for these stars. 

In this chapter new spectra of EM Cyg are presented which show clear evidence 

for contamination from a third star, which happens to have a very similar spectral 
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Figure 3.2; The mean spectrum of EM Cyg observed on 22 Jun 1997. 

type to the mass donor star. Accounting for the presence of this star increases the 

radial-velocity amplitude of the mass donor considerably, and causes the mass ratio 

[q = M2/M1) to fall below unity, at the same time leading to a larger donor mass. 

Thus the mass transfer in EM Cyg is stable as expected from theory. 

3.2 Resu l t s 

The observations of EM Cyg taken with the IDS on the Isaac Newton Telescope are 

described in chapter 2, together with the data reduction methods. Here, the spectra 

and their subsequent analysis will be discussed. 

The mean spectrum of EM Cyg is presented in Fig. 3.2 (lower spectrum). The 

upper spectrum in Fig. 3.2 shows the average of the 102 spectra after subtraction of 

the contribution to the absorption lines from the third star, see section 3.2.1, and 

after shifting each spectrum into the rest frame of the mass donor in EM Cyg, in 

order to remove the effect of orbital smearing. Absorption features characteristic of 

a K-type star are visible in the lower spectrum. They are sharp, which is unexpected 

because the lines from the mass donor are expected to be broadened by rotation, 

and by orbital motion. These lines are from the third star. It can be seen from this 

plot that the absorption lines in the upper spectrum (which represent those from the 

mass donor of EM Cyg) are indeed much wider than those in the lower spectrum, 
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Figure 3.3: The trailed spectrum of EM Cyg scaled to show the absorption features. The contam-
inating K-star is visible in narrow lines that run straight up the plot. The donor star is scarcely 
visible, but sinusoidal behaviour can be spotted in the feature at 6495 A. H a is not included on 
this plot (see Chapter 6). 

which is as expected due to broadening effects. This is confirmed from the trailed 

spectrum presented in Fig. 3.3. 

The most noticeable feature in Fig. 3.3 is the feature at ~ 6500A. It looks like 

a combination of a sinusoidally varying component and a non-varying component. 

More non-varying absorption lines are evident blueward of this feature, however 

they dominate any sinusoidal variation which may accompany them, and so appear 

to be the only features at the wavelengths at which they appear. Figure 3.3 stops 

short of Hck, which is discussed in Chapter 6. 

The procedure followed to get from the lower spectrum to the upper spectrum in 

Fig. 3.2 is fairly complex, and so a summary of the procedure followed is given first: 

i. The continua of all the spectra were fitted and then subtracted, and then 

re-binned onto a uniform velocity scale. 

ii. The average EM Cyg spectrum was cross-correlated (using the method of 
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Tonry & Davis (1979)) with each different radial-velocity standard star. This 

was done in order to obtain a list of the relative shifts between the two sets 

of absorption lines. These shifts were then applied to the standards, so that 

the absorption lines in the standard were congruous with those of the EM Cyg 

spectrum. 

iii. The standard star spectra were then scaled and subtracted from the EM Cyg 

spectra in order to remove the absorption lines of the third star. This process 

is hereafter referred to as "optimal subtraction". 

iv. The spectral type of the standard star which gave the lowest on subtraction 

was adopted as the spectral type of the third star (e.g. see Fig. 3.5). 

The resulting EM Cyg spectra were then used as described in section 4.3 to de-

termine the radial velocity amplitude of the mass donor, and its systemic velocity. 

The best-fit circular orbit velocities were then shifted out of the individual EM Cyg 

spectra, and the results averaged to obtain a spectrum of EM Cyg in the rest frame 

of the mass donor (Fig. 3.2, upper spectrum). 

3.2.1 Removal of the contaminating star spectrum 

The presence of the donor star is hard to see in the raw data (Fig. 3.3) and is only 

obvious at the ~ 6500A feature, but its motion can be clearly seen after cross-

correlation with a K-star radial-velocity standard (Fig. 3.4). The cross-correlation 

curve due to the mass donor is seen sinusoidally varying up the trailed spectrum. In 

addition to this there is what appears to be a constant correlation peak close to zero 

velocity. This is the radial velocity of the sharp absorption lines seen in Fig. 3.2. 

The right-hand panel of Fig. 3.4 shows the results of the cross-correlation after the 

removal of the sharp absorption lines from the spectrum. The cross-correlation 

technique used is similar to that used for SS Cygni (Stover et al., 1980). 
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Figure 3.4; Trailed spectra of the cross-correlations with a K-type standard a) before subtraction of 
a K3V standard, left, and b) after the subtraction, right. As can be seen from a), the contaminating 
spectrum produces another set of correlation peaks, visible here as a straight line going up the 
trailed spectrum centred at -20kms~^. The correlation peaks measuring the radial velocities of 
the mass donor around the orbit are also visible in both plots. No artificial broadening has been 
applied to the standard in plot a), but in plot b) the standard has been artificially broadened to 
V s in; = 140kms~^ 

First, the spectra had their continua fitted and then subtracted and were then 

transformed onto a logarithmic scale so that the cross-correlation technique could 

be used to measure the velocity shifts due to Doppler effects. In order to effectively 

remove the contribution to the absorption lines from the third star, the relative 

shifts between the velocity-standard stars and the average EM Cyg spectrum were 

determined, and then applied to the velocity standards. Then the standards were 

subtracted from the EM Cyg spectra to find the optimum fraction at which the 

standard should be scaled; see section 3.2.3 for a more detailed description of the 

procedures followed. This routine provided a formal error on the fractional con-

tribution from the third star, and the standard star which produces the minimum 

value of indicates its optimum spectral type. The standards are then multi-

plied by this constant, and subtracted from the EM Cyg spectra. The optimum 

fraction obtained for the contribution of the third star at this wavelength range 

is 0.160±0.002, with a K3V standard star. The spectral type of the third star 

could be initially deduced from the appearance of the absorption line spectrum be-

tween 6350 A and 6540 A (see Fig. 3.5). The criteria developed by C as ares, Charles, 

Naylor & Pavlenko (1993) to determine the spectral type of the mass donor in 


