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Abstract

This thesis investigates the properties of two cataclysmic variables which have pre-
viously been considered to be non-magnetic systems. The goal of this work is to
constrain the component star masses and other physical parameters of these systems
using multi-wavelength observations.

I carry out spectroscopic studies on the eclipsing nova-like system RW Tri in
the ultraviolet, far red, and near infrared. I produce a simple absorption model
to show that one possible scenario for the origin of ultraviolet narrow absorption
features, seen in Hubble Space Telescope observations, is a ring-like structure with
height above the orbital plane, centred on the primary star. I re-analyse far red
data from the Issac Newton Telescope, using the tomographic technique of ‘skew-
mapping’ to obtain the radial velocity amplitude of the secondary star. I have made
new observations of RW Tri in the near infrared using the United Kingdom Infra-Red
Telescope to determine the accuracy of the secondary star radial velocity amplitude.
The measured secondary star radial velocity has been combined with ultraviolet
absorption line analysis and existing optical emission line data, to calculate the
mass ratio, and hence the mass of the component stars. The rotational velocity
of the secondary star has also been obtained from the infrared observations, and
combined with the radial velocity of the secondary star to calculate more reliable
component star masses.

OY Car, an eclipsing dwarf nova, was observed at X-ray wavelengths using XMM-
Newton. I study the light curves, and measure the extent of the boundary layer in
the system. I also observe significant quasi-sinusoidal variations with an underlying
periodicity of 2233 seconds, which may be the spin period of the white dwarf primary
star. These results imply that OY Car may be weakly magnetic, and could therefore
belong to a new class of intermediate polars below the period gap. Investigations of

the eclipse profile lead to an estimate of the component star masses.
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Chapter 1

Introduction

The two objects studied in this thesis, RW Tri and OY Car, are members of a
class of binary system called cataclysmic variables (CVs). The standard CV model
contains a compact white dwarf primary and a late type (K-M) secondary star that
fills its Roche lobe, transferring mass to the white dwarf via an accretion disc in the
majority of cases. A bright spot, where the accretion stream impacts the disc, is

sometimes visible at optical wavelengths. This is illustrated in Figure 1.1.

White Dwarf

Accretion disc

Figure 1.1: An illustration of the standard model of a non-magnetic CV from Warner (1995).

13
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A boundary layer forms in the region where the accretion disc material is de-
celerated and merges with the white dwarf. The boundary layer is seen at X-ray
wavelengths. If the magnetic field of the white dwarf is strong enough, material will
become frozen on to the field lines of the white dwarf, and accretion will occur via
accretion streams governed by the magnetic field lines. In this case the material
accretes on to discrete regions on the surface of the white dwarf, which are seen in

X-rays.

1.1 The Physics of CV Systems

In this section the method of calculating the component star masses, the geometry of
a CV, the formation of the accretion disc, and the luminosity of the boundary layer
are discussed. These topics are an important part of understanding the mechanism
of mass transfer, which makes CV systems so variable.

Close binary systems like RW Tri and OY Car have circular orbits due to the
tidal interactions between the component stars (Section 1.1.2). Kepler’s third law

defines the circular orbit of these binary systems, and is given by

P2
a® = GMﬁ, (1.1)

where a is the binary separation, G is the gravitational constant (6.673 x 10!
Nm?kg=2), M is the sum of the primary (M;) and secondary (M;) star masses
(M = M; + M,), and P, is the orbital period of the binary system.

The system geometry is shown in Figure 1.2. The separation of the component
stars (a) is defined as

a = ai + as, (1.2)

where a; and as are the radii of the primary and secondary orbits around the centre
of mass of the system. The inclination of the system (7) is the angle subtended from
the perpendicular of the orbital plane to the orbital plane of the system, and defines

the observers’ line of sight to the system.
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g White Dwarf
To

Observer

\ Motion of

Secondary

y

Figure 1.2: Binary coordinate system. The dashed line points to the observer and defines the
inclination angle (7).

The individual stars in a close binary system can only be resolved spectroscopi-

cally.

1.1.1 Spectroscopic Binary Solution

A spectroscopic binary system has spectral lines that oscillate in a periodic manner
revealing the presence of one or both of the component stars. The period of these
oscillations provide the orbital period (P,) of the system. The change in wavelength
(AX) of a spectral line with respect to its rest wavelength (\,) can be used to
calculate the radial velocity® (v,) of the source producing the spectral line using the

Doppler shift equation

= = (1.3)

where ) is the observed wavelength, and c is the speed of light (2.99 x 10° km/s).
In this way spectral lines at different wavelengths can be used to measure the radial

velocity of the component stars, leading to velocity curves over an orbital period.

The component of relative velocity that lies along the line of sight of the observer.
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Figure 1.3 shows the velocity curve of a spectroscopic binary system over one orbital
period, with an illustration showing the rest frame of the centre of mass of the sys-
tem. vy, vo and v, are the circular velocities of the primary star, the secondary star,
and the centre of mass respectively. K; and K, are the radial velocity amplitudes

of the primary and secondary star.

Radial
Velocity v,
Vo v>0 / RN
r N
'/vl\ Redshift
To K,
Earth l l
- 1 - 1 t -
’ T B e Time
v<0
Blueshift v, K,
1=Primary Star
2 = Secondary Star
c.m. = Centre of Mass

Figure 1.3: Velocity curve of a spectroscopic binary system over one orbital phase adapted from
Zeilik, Gregory & Smith (1992). Left: Illustration of the circular velocities in the binary system
with respect to the rest frame of the centre of mass (c.m.). Right: The radial velocity curve of the
component stars of orbital period (P,;;) in the rest frame of the observer.

The inclination angle (i) of the system directly influences the measured radial
velocities of the component stars, as can be seen in Figure 1.4. So far an inclination
angle of 7 = 90° has been considered, and hence the radial velocity of each star equals
the circular velocity?of each star at P,.;/4 and 3P,./4. If the direction of motion
of the star is perpendicular to the line of sight (i = 0°), then the radial velocity is
zero. If the inclination angle is less than 90°, the maximum radial velocities of the

primary (virmaz|) and the secondary (vorjmae|) become

2The speed at which an object must travel to maintain uniform circular motion around a

gravitational body.
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Virmaz| = V1501 = K, (1.4)

Vor|mag| = V25ind = K. (1.5)

To
Obser\:er\

Figure 1.4: Inclination angle in the rest frame of the centre of mass with respect to the primary
star motion.

The velocities of the two component stars rotating in circular orbits are given by

v = wap = L — constant, (1.6)
orb
27TCL2

Vo = wag = = constant, (1.7)
orb

where w is the angular velocity. Hence the radial velocity amplitudes of the primary

and secondary stars are

2

K, = ;mbl sin g, (1.8)

Ky — 271'(1,2 .. (1 9)
9 = P, sin 4. )

Consider the gravitational forces in the binary system (Figure 1.5).
M1a1 = MQG,Q. (]_]_0)

By substituting a = a; 4+ a and M = M; + M5 into Equation 1.10, the radii of the

primary and secondary star orbits can be defined as

a4y = MQ%, (1.11)
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a, a;

D Secondary Star

N B Primary Star
| & B centre of Mass
M,
M2 N\

Figure 1.5: Two stars orbiting in a plane about the centre of mass.

ay = Mlﬁ. (1.12)

Substituting Kepler’s third law (Equation 1.1), and the radii of the primary and
secondary orbits (Equations 1.11 and 1.12) into the radial velocity amplitude of
each star (Equations 1.8 and 1.9) gives

M23 sinsi Pm«(, 3
= = 1.1
fl (M1+M2)2 27 G 1 ( 3)
3 <ind g
fy = M?sin®i Py 53 (1.14)

(M + My)2 — 27G~ %

These two equations are known as the mass function equations. On the right hand
side of the equations are the observable quantities, and on the left hand side of the
equations are the mass functions. If K; and K, are known, a ratio of the mass

function equations can be used to determine the mass ratio (¢) of the system

Vi M K

The mass function equations (Equations 1.13 and 1.14) can be rearranged in

(1.15)

terms of the radial velocity amplitudes of the component stars and the mass ratio
of the system, using the mass ratio (Equation 1.15). Equation 1.13 can be written
in the form

. . POT'
M2 51n3z = QWC[)}’Kl(Kl + KQ)Z, (]_]_6)

or

Py o (1+q)?
M, sin®i = b s+ 0)°

el (1.17)
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Equation 1.14 can be written in the forms

. Py
M, sin®i = ~Z K, (K, + K,)? 1.18
181N ¢ oo 2(Ky + Ks)?, ( )
or
M, sin®j = Lot K31+ ¢)% (1.19)
2nG

Using the mass function (Equation 1.13) the mass of the secondary star is

fi (My+ My)?

My = 1.20
>Tsin®i M2 (1.20)
when sin®i < 1, and (M; + M,)?/M2 > 1, then
My > fi. (1.21)
Similarly
My > fo. (1.22)

Therefore the mass function gives a lower limit to the masses of the component stars

in the system.

1.1.2 Roche lobe overflow Geometry

To find an accurate value of the individual masses of the component stars, the incli-
nation angle of the system must be known. The inclination angle can be calculated
using Roche lobe geometry. The secondary star is influenced by the gravitational
effects of the primary, and therefore becomes tidally distorted producing a tidal
bulge. Viscosity in the outer envelope of the secondary star causes the tidal bulge
to either lag or lead the rotating material in the envelope, setting up a tidal torque.
This torque acts to synchronise the rotation of the secondary star, and also reduces
any eccentricity in its orbit (Hut 1981).

The total potential (®,) at any point in the binary system is the sum of the
gravitational potentials of the two stars and the effective potential of the centrifugal

effect, defined by Warner (1995) as

2, = CRp (LY ), (1.23)
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where z, y, and z define the coordinate system (Figure 1.2). The Roche lobe equipo-
tentials are a function of the mass ratio and the binary separation (Equation 1.23).

The surface of a synchronously rotating secondary star lies on ®r =constant, if
the secondary fills its Roche lobe (Warner 1995). The equipotentials define the shape
of the secondary star. Rotation will flatten the secondary star along the rotational
axis, and tidal forces will elongate the secondary star in the direction of the primary
star. The Roche lobe equipotentials in the plane of the orbit (z = 0) are shown in

Figure 1.6.

Figure 1.6: Roche lobe potentials adapted from Warner (1995). 1 and 2 represent the primary
and secondary stars, and L; is the inner Lagrangian point.

In Figure 1.6, 1 and 2 represent the primary and secondary stars, /; and [, are
the distances from the primary and secondary stars to the inner Lagrangian point
(L) respectively. The inner Lagrangian point (L;) is the saddle-point of ®,, and
lies at the point where

5B
<=0 (1.24)
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1.1.3 Driving Mass Transfer in CV Systems

In a CV system mass is transferred from the secondary star to the more massive
primary star via Roche lobe overflow. The transferred material must lose angular
momentum to accrete on to the primary star, which is closer to the centre of mass of
the system. To compensate for the loss in angular momentum the binary separation
will increase to conserve the angular momentum of the binary system, causing the
secondary star to detach from its Roche lobe, and stopping further mass transfer
(Hellier 2001). This can be explained by considering the orbital angular momentum

of the system (J). From Figure 1.5
J = M1a1K1 + MQGQKQ. (125)

Using Equations 1.10, 1.8, 1.9, @ = a1 + a2, M = M; + M, and Kepler’s third law

(Equation 1.1) gives

G 1/2
J = MM, (ﬁ“) . (1.26)

Logarithmically differentiating (Hellier 2001) leads to
§=%+%—%%+%g. (1.27)
The total mass of the binary system is conserved, so M = 0. If the orbital angular
momentum is conserved (J = 0), then material transferred from the secondary
(—Mz > 0) leads to an increase in the binary separation (& > 0), provided that
the secondary star is less massive than the primary star (M, < M;). Consider the

simple form of the secondary star Roche lobe given by Paczynski (1971)

1/3 1/3
q MQ)
o = — 1.28
RLoca<1+q> a(M : (1.28)

where Ry, is the volume radius of the Roche lobe (the radius of a sphere having
the same volume as the Roche lobe). Logarithmically differentiating Equation 1.28,
combining it with Equations 1.27 and 1.15, and considering total mass conservation
in the system (M = 0), leads to

Ry, 2  2(—M,) (5

i q) , (1.29)

R 7T
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where —M2 is the instantaneous mass transfer rate.

If ¢ > 5/6, conservative mass transfer (M = 0) will shrink the Roche lobe
(R, < 0) down on to the secondary star (Equation 1.29). Any loss in angular
momentum (J < 0) will accelerate the shrinkage of the Roche lobe. The mass
transfer process will become violent and unstable (—M2 > 0) unless the secondary
star can contract rapidly to keep its radius smaller than the radius of the Roche
lobe. The overflow will stop once the mass ratio has reversed to ¢ < 5/6.

If the angular momentum of the system is conserved (J = 0) the mass transfer in
the system causes the Roche lobe to expand (R, > 0) when ¢ < 5/6 (Equation 1.29).
The expansion of the Roche lobe reduces the mass transfer (—M2 < 0), and the
system becomes stable. In order to sustain long lived mass transfer either 1) the
secondary star must expand in size relative to the Roche lobe, otherwise the lobes
detach from the star and mass transfer stops, or 2) the Roche lobe must decrease
in size (—RL < 0). Evolution of the secondary star is one possibility, but for the
secondary to evolve within the age of the Galaxy it must be spectral type GO or
earlier (Patterson 1984). Most CV secondary stars have spectral types later than
GO0, so a more likely solution for stable mass transfer is angular momentum loss,
which shrinks the binary separation, and hence the size of the Roche lobe. Angular
momentum loss is due to either gravitational radiation and/or magnetic braking in

a CV system.

Gravitational Radiation

General relativity predicts that matter causes space to curve; therefore the orbital
motion in a binary system will cause space to warp rhythmically. This warping
produces gravitational radiation, which ripples outwards as a periodic wave. The
energy needed to generate this wave is extracted from the binary orbit causing
the stars to reduce their separation. Therefore, gravitational radiation becomes

significant in the shortest period systems (Hellier 2001).
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Magnetic Braking

The secondary star in a CV system is forced to co-rotate with orbital motion due
to the tidal effects of the primary star (Section 1.1.2). The secondary star there-
fore has a rotational period of hours (rather than days as for a single star). This
rapid rotation generates strong magnetic fields in the secondary star. Particles in
the stellar wind® of the secondary star flow along the magnetic field lines of the
star, and therefore co-rotate with the secondary star and its magnetic field. This
rotation accelerates the particles into space due to the long lever-arm of the field
lines, therefore taking with them a substantial amount of angular momentum. This
angular momentum drain brakes the rotation of the secondary star, but the tidal
torques of the primary are so efficient that angular momentum is rapidly transferred
from the orbit to keep the secondary star in synchronism. In this way angular mo-
mentum is drained from the binary orbit, reducing the binary separation. Magnetic
braking does not always occur in a CV system, it depends upon the strength of the
secondary star’s magnetic field. For systems with P, < 3hrs, the secondary star
(M5 < 0.25My,) is fully convective, therefore quenching the strong magnetic field of
the star and switching magnetic braking off (Hellier 2001).

If mass loss is slow, the secondary star will stay close to thermal equilibrium, and
will remain close to a main sequence type star, keeping its radius, Ry, approximately
proportional to its mass, M, (Frank, King & Raine 1992). For stable mass transfer,

the secondary star remains in contact with its Roche lobe, so
RL = R2 X MQ. (130)

Logarithmically differentiating Equation 1.30 gives
B, R, M

== 1.31
R, Ry M, (1.31)

3Stream of energetic ionised particles ejected from a star.
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Substituting this into Equation 1.29 leads to

J M, /4
S _ M4 1.32
J M2(3 q)’ (1.32)

and a critical upper mass limit (g.;) of 4/3 for conservative mass transfer on a
thermal time scale.

When g < 4/3 then J< 0, therefore for sustained mass transfer angular momen-
tum must be lost from the system. When g > 4/3 mass transfer becomes unstable
and there will be a spontaneous overflow.

The secondary star in a CV is a late type low mass convective star, loosing mass
on a dynamical time scale governed by the star’s adiabatic response. The polytropic

model of a star is defined by

(1-n)

M, \ G
B _ (M , (1.33)
Ry \ Mo

where n is the polytropic index. Considering the adiabatic response for a fully
convective secondary star of n = 3/2 (Hjellming & Webbink 1987), leads to the
mass-radius relation of
Ry = Ry o< My '/?, (1.34)
and hence ) ) .
By _ By | _ My
R, Ry  3M,
by logarithmically differentiating Equation 1.34. Substituting Equation 1.35 into

(1.35)

Equation 1.29 leads to ‘ )

M (E_Q), (1.36)
producing a lower mass ratio limit for an adiabatic fully convective star of gqq . =
2/3. When ¢ > 2/3 the star cannot remain within its Roche lobe in hydrostatic
equilibrium, and mass transfer occurs on dynamical time scales. When ¢ < 2/3, the
star becomes stable on a dynamical time scale and mass transfer occurs due to the
slow expansion of the star via nuclear evolution or angular momentum loss, causing

the Roche lobe to contract.
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The secondary star in most CVs is not fully convective so the true adiabatic
mass ratio will be higher. In the case where the secondary star has a convective
envelope and a radiative core, the mass-radius relation becomes Ry o M21 / 5 leading

to a mass ratio of g,q,. = 1 for the adiabatic response (Hjellming & Webbink 1987).

1.1.4 Accretion Disc Formation

The secondary star fills its Roche lobe causing mass to be transferred through the
inner Lagrangian point (L) on to the primary star. In the primary star’s rest frame
the material appears to be expelled from a point which is rotating in the binary
plane. In this non-rotating frame the material will have velocities parallel (v) and
perpendicular (v, ) to the line passing through both component star centres of mass.
The secondary star’s stellar atmosphere pushes the material through L; at roughly

the speed of sound in a gas (c¢;) leading to
v ~ cs ~ 10km/s, (1.37)

assuming T < 10° K for stellar envelopes (Frank, King & Raine 1992). The orbital

motion of L; leads to
2

v ~ay > 100km/s. (1.38)

orb

vy >> v, therefore the stream swings into an orbit around the white dwarf rather
than flowing directly towards it (Frank, King & Raine 1992).

The stream of material follows along a ballistic trajectory determined by the
gravity of the primary because v << vy, where vy, is the velocity the material gains
during free fall towards the primary star. Figure 1.7 illustrates the trajectory that
the stream of material will take, showing that it intersects itself. This intersection
causes turbulent shocks, which dissipate energy. The gas in the stream does not have
an opportunity to reduce the angular momentum it had when passing through L;.
Therefore it settles into the orbit of lowest energy for a given angular momentum, a

circular orbit of radius 7., in the binary plane. This initial Keplerian orbit has the
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same angular momentum as the material passing through L; (Frank, King & Raine

1992).

Trajectory of the
gas stream.

Primary star
Roche lobe

Binary motion \\

a, r

cir

Figure 1.7: The trajectory of the gas stream (solid line) coming from the secondary star, adapted
from Hellier (2001). The stream will collide with itself, ultimately forming a ring of material at
the circularisation radius, r.ir (dotted line).

The ring of material formed at the circularisation radius (re;-) will eventually
radiate energy (due to viscosity); material in the ring will move towards the primary
to compensate for this loss of energy, forming an accretion disc (Figure 1.8). For
material to orbit the primary star more closely it must lose angular momentum,
therefore angular momentum will flow outwards, causing the outer parts of the disc
to spiral outwards. The original ring of material at radius r.;, will therefore expand

towards and away from the primary star.

1.1.5 Boundary Layer

The boundary layer is the region between the inner edge of the accretion disc and the
surface of the white dwarf. In this region the accretion disc material is decelerated
to match the surface velocity of the white dwarf, so accretion on to the white dwarf

can occur.
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Figure 1.8: Formation of an accretion disc from Frank, King & Raine (1992). Material will spiral
towards the white dwarf to compensate for the loss of energy due to radiation.

The gravitational potential energy (PE) released by a mass, m, from infinity to

the surface of the white dwarf is

(1.39)

o GMim GMim
PE;n; = — / dr = .

The kinetic energy of the mass circulating just above the surface of the white dwarf
is given by imuv?, where vy = (GM;/R;)"/? is the Keplerian velocity, giving

. GMlm

KE
2R,

(1.40)

Therefore at the surface of the white dwarf KE=PE;,;/2 (from Equations 1.39
and 1.40); the kinetic energy of the material is converted into heat and irradiated,
emitting up to half the total luminosity of the system.

At high accretion rates, the boundary layer contains enough material to obscure
the emerging radiation, causing it to be optically thick. Figure 1.9 shows an illustra-
tion of an optically thick boundary layer. In this optically thick case the luminosity

must diffuse through a distance H before emerging over an area given by
Area ~ 2w R,2H, (1.41)

(Warner 1995). The optically thick boundary layer can be approximated to a black

body )
GMM

drHoTy, = SR
1

(1.42)
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where M is the accretion rate, and will therefore have an effective boundary layer

temperature (Tpr) of

o\ 7/32 —25/32
M R
Tpr, ~ 1 x 10°M}1/* (W) (1—09> K (1.43)

(Frank, King & Raine 1992). Tgy ~ 10°K indicates that the bulk of radiation from

an optically thick boundary layer is emitted at soft X-ray and extreme ultraviolet

wavelengths (~ 0.1keV).

Boundary layer

Disc

Figure 1.9: Schematic view of an optically thick boundary layer in the plane perpendicular to
the plane of the disc, from Frank, King & Raine (1992).

When the boundary layer is optically thin, radiation can escape directly from
the shock front formed when the highly supersonic accretion disc material meets the
surface of the white dwarf. For a perfect gas, the temperature of the post-shock gas
(Ts) is given by

3 ump 8 (Rl)‘l
T, == ~1.9x10%M; (A4) K, 1.44
16 k r "\ 109 (1.44)

where y is mean molecular weight , my is the mass of a hydrogen atom, £ is the

Boltzmann constant, and v, = (GM;/R;)? is the pre-shock velocity (Frank, King
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& Raine 1992). Therefore an optically thin boundary layer should radiate hard
X-rays with energies ~ 10keV.

At T ~ 108K, cooling of the gas via bremsstrahlung radiation is ineffective. If
the cooling time (t.00;) Of the gas exceeds the adiabatic time scale (t,4) the boundary
layer will expand to form a hot X-ray emitting corona (Figure 1.10). The formation
of this hot corona (e, > taq) is a condition of the accretion rate (M ). At low mass
transfer rates there is not enough material for effective cooling via particle collisions,
therefore the boundary layer will expand to a hard X-ray emitting corona. At higher
mass transfer rates, the boundary layer becomes optically thick producing softer X-

rays.

Accretion |
\ ‘Evaporation\

White - T : Cool disc
dwarf L.

: \ . Hot Corona
2 X-ray%

Figure 1.10: Schematic view of an optically thin boundary layer in the plane perpendicular to
the plane of the disc, from Hellier (2001) based on a diagram in Meyer (1999).

1.1.6 Evolution into a CV System

The starting point of a CV system is a widely separated binary system (a > 50R,

- Warner 1995), containing two main sequence stars with a large orbital period
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(P,yp > 1 years - Patterson 1984). The primary star is more massive than the
secondary star (M; > Ms), and has a mass of 0.95 < M; < 10M;, to enable it to
evolve off the main sequence and form a white dwarf.

The primary star will evolve off the main sequence to become a red giant before
the secondary star, because the greater mass of the primary core ensures higher
pressure and temperature, and therefore more vigorous nuclear burning. Evolution
of the primary star initialises the transfer of mass from the primary to the secondary
(=M, < 0). This mass transfer is unstable (Section 1.1.3, Equation 1.29) because
the transferred material gains angular momentum as it moves closer to the centre of
mass of the system. To compensate for this increase the binary separation shrinks,
reducing the size of the Roche lobe and therefore increasing the mass transfer. The
stars will spiral together causing the Roche lobe to shrink around the primary star.
This results in a runaway feedback as the entire envelope of the red giant primary
star accretes on to the secondary star in only a few years (Rasio & Livio 1996).

The accreting secondary star is unable to adjust its structure at the rate at which
mass is arriving, therefore the material overflows both of the Roche lobes, eventu-
ally producing an extended atmosphere around both of the stars. This common
envelope phase in which the degenerate core of the primary and the main sequence
secondary share a common gaseous envelope was first suggested by Ostriker (1976)
and Paczynski (1976). The gaseous envelope causes a drag force on the binary stars,
draining their orbital energy and causing them to spiral inwards. The separation of
the stars reduces to a few solar radii over ~ 1000 years (Meyer & Meyer-Hofmeister
1979).

The heat dissipated in the envelope via the drag force eventually exceeds its
binding energy and the envelope ejects as a planetary nebula, exposing the centrally
detached binary. After this propeller phase the detached binary consists of a main
sequence secondary star orbiting a hot sub dwarf primary; this end point has been
simulated by Taam & Bodenheiner (1991). A numerical investigation by Hjellmung
& Taam (1991) has also shown that the secondary star is only ~ 0.01M, more
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massive than before mass transfer began.
Eventually the secondary star will fill its Roche lobe and transfer mass to the

primary star (—M2 > 0), giving birth to a CV system.

1.2 Observational Phenomena in CV Systems

Both RW Tri and OY Car have high inclination angles and therefore are eclipsing
systems. This eclipsing phenomenon is observed as a periodic dip in the light curves
of each system. The eclipse profile of a system is important because it constrains

the size of the component stars.

1.2.1 Eclipsing Systems

An eclipse occurs when the secondary star occults the continuum source in the
binary system. The eclipse profile can be studied to provide information about the
size of the component stars, the accretion disc, the bright spot, and the boundary
layer. Figure 1.11 shows an idealised eclipse profile where the secondary star occults
only the primary star; it defines four phases of contact, along with an illustration of
the position of the secondary star at each of the contact phases.

The eclipse profile of a CV system may alter in different wavelength regions.
At optical wavelengths the accretion disc, bright spot, and primary star contribute
to the continuum and can therefore be eclipsed; this produces a complex profile
of staggered steps. Figure 1.12 shows an example of an optical eclipse where the
white dwarf and bright spot contact phases are clearly visible. In the ultraviolet the
continuum source consists of the inner accretion disc and the white dwarf. Whereas
in X-rays the eclipsed continuum region is either the boundary layer or the accretion
region on the surface of the white dwarf, depending upon the magnetic field strength
of the primary star. The secondary star is eclipsed by the primary star and accretion
disc at infrared wavelengths. This secondary star eclipse produces a much shallower

profile.
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Figure 1.11: Tllustration of an eclipse profile and eclipse contact phases. Left: Eclipse profile
with the four contact phases defined as ®;, ®5, 3 and ®4. Right: Illustration of the position of the
Roche lobe of the secondary star at the four contact phases. The solid dark grey circle represents
the continuum source, and the solid black arc lines with light grey shading represent the outer
edge of the secondary star Roche lobe.

The inclination angle (i) of a system affects the eclipse profile of that system.
High inclination systems (i ~ 75—90°) are seen nearly edge on, so the secondary star
totally eclipses the continuum source (Figure 1.13, left). Grazing eclipses produce
a ‘U’-shaped eclipse profile and occur when ¢ ~ 70° depending upon the size of the
component stars (Figure 1.13, middle). Partial eclipse profiles occur for systems with
smaller inclination angles and are ‘V’-shaped (Figure 1.13, right). As the inclination

angle decreases further, the eclipse profile reduces until no eclipse is seen.

Eclipse Timings

The eclipse of the primary star is crucial in determining its radius (R;). The full
eclipse duration of the primary star is measured from 1st to 4th contact (®; to
®,), and can be found at most wavelengths as long as sharp steps are observed

for the primary eclipse (Figure 1.11 and 1.12). The primary eclipse full width half
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Figure 1.12: Tllustration of an optical eclipse profile. The four white dwarf contact phases are
defined as ®1,®2,®3 and ®4. The four bright spot contact phases are defined as ¢p1, dp2, Pp3 and

Po4.-
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Figure 1.13: Inclination angle effect on the eclipse profile. Left: Total eclipse. Middle: Grazing
eclipse. Right: Partial eclipse.

maximum (FWHM), A®, is related to the mass ratio (¢) and the inclination angle
(7) due to the Roche lobe geometry of the system (further discussed in Chapter 4,
Section 4.1.1).

The time in which the primary star is in total eclipse is measured from 2nd to

3rd contact (®5 to ®3). The total eclipse time is inclination angle dependent, and
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is zero for grazing or partial eclipses.

The time taken for the primary star to be fully eclipsed (Aw,) is defined as
1
Awd = i(tz + te), (145)

where t; is the ingress time of eclipse, and t. is the egress time of eclipse. t; is
measured between ®; and ®, (Figure 1.11), and is the time taken for the continuum
to be fully eclipsed. t. is measured between ®3 and &4 (Figure 1.11), and is the
time taken for the continuum to emerge out of eclipse. If the continuum source is
symmetric the egress and ingress of eclipse will be equal; this is what should be seen
in the case of non-magnetic CVs. In the case of magnetic CVs, where material is
accreting directly on to one or both poles of the white dwarf, the shape of ingress

and egress will differ.

Magnetic Eclipse Profiles

Although not the subject of this thesis, the eclipse profiles of magnetic systems are
briefly considered for completeness. In magnetic systems material is accreted via
the white dwarf’s strong magnetic field, producing ‘accretion spot’ regions on the
surface of the white dwarf. Figure 1.14 shows how the profile of the eclipse changes
as these accretion regions move through the observers’ line of sight. Each eclipse
profile in Figure 1.14 has two illustrations to show where the limb of the secondary
star is in relation to the accretion region and the white dwarf.

In optical light curves of non-magnetic systems a similar phenomenon is seen

when eclipsing the bright spot on the edge of the accretion disc.

1.2.2 P Cygni Winds

P Cygni is an emission line star, which has a specific line profile that is formed
in the expanding envelope of the star (Van Blerkom 1970). Figure 1.15 shows an

illustration of P Cygni, and the emission line profile expected from such a star.
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Figure 1.14: Eclipse ingress and egress of the accretion region in magnetic CVs depending on the
accretion region position relative to the white dwarf surface, along the line of sight. Each accretion
region is represented by a black spot in the illustrations. Left: Accretion region on the left side
of the white dwarf. Middle: Accretion region in the middle of the white dwarf. Right: Accretion
region on the right of the white dwarf. The two illustrations for each profile show the accretion
region going into and out of eclipse.

Expanding Atmosphere

Fux
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Figure 1.15: Tlustration of P Cygni and its characteristic line profile. Left: Opaque core and
expanding envelope of P Cygni. Right: A typical emission line profile from P Cygni.

P Cygni is a spherical system with an opaque core (the continuum source) sur-
rounded by a radially expanding atmosphere. Photons escape from the continuum
source producing an emission line in the expanding envelope. Absorption is seen in
the region between the core and the observer, due to scattering. This absorption

is also produced at the greatest line of sight velocity towards the observer, and is
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therefore blue shifted. Part of the envelope with the greatest line of sight velocity
away from the observer lies directly behind the continuum core, and is therefore
occulted. This causes a reduction in the red wing of the emission line. The emission
line itself is also red shifted, due to the motions of the expanding envelope.

In an accretion disc system, the white dwarf and accretion disc act as the con-
tinuum source, and emission lines are formed at the interface between the disc and
the wind. A wind surrounding the disc in some configuration acts as the scattering
medium, altering the profile of the emission lines due to expansion effects. This is

shown in Figure 1.16.

Line of sight
WIND

Secondary

Ster [ %/White Dwarf
\/\N\Accreti on

Disc

WIND

Figure 1.16: Accretion disc system with winds. 7 is the inclination angle of the system.

P Cygni line profiles are seen in low inclination CVs with emission in the red
wing, and absorption in the blue wing of the line (Cérdova & Mason 1982, St.Louis
et al. 1993, Hartley et al. 2002). These profiles are not seen in higher inclination
systems, but the asymmetry of emission lines further suggests a wind origin, in
addition to the presence of these lines during eclipse (see Chapter 2, Section 2.1.2

for observational evidence).
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1.2.3 The Classification of CV Systems

There are a number of sub-classes of CV system which were originally classified
by the brightness variation of the system from long-term light curve observations.
Many of these systems go through an ‘outburst’ phase, where the system increases
in brightness. The CV sub-class system is also dependent on the magnetic field of
the white dwarf, among other properties.

Here is a brief description of the sub-classes of CVs (see Warner 1995 for review).
1) Classical nova (CN) - These systems only have one observed outburst. The
brightness of the system increases by up to 19 magnitudes during the outburst phase.
These outbursts are due to the thermonuclear runaway effect from accretion on to
the primary star.
2) Dwarf nova (DN) - These systems have re-occurring outbursts, in which the
brightness of the system increases by up to 8 magnitudes. The outbursts in these
systems are understood as an increased rate of mass accretion through the disc caus-
ing a release of gravitational energy. OY Car is a DN system; a further discussion
on DNs can be seen in Section 1.4.
3) Magnetic CVs - These systems have a primary star with a magnetic field strong
enough to partially or totally disrupt the accretion disc in the system. This restricts
the flow of material to the magnetic poles of the white dwarf rather than a bound-
ary layer. There are two sub-classes of magnetic CV, polars which have strong
magnetic fields (10 — 230MG), and intermediate polars (IPs), which have weaker
fields (1 — 10MGQG). Figure 1.17 illustrates how the magnetic field of the primary star
disrupts the accretion process in an IP system.

4) Nova-like variables (NL) - These systems include all non-eruptive CVs. They
appear to be in a state of permanent outburst, equivalent to a DN outburst state.
RW Tri is a NL system; a discussion on NLs can be seen in Section 1.3.

5) Recurrent nova (RN) - These systems are classical nova systems that repeat

their outbursts. During outburst a shell is ejected at high velocities, unlike DN
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Figure 1.17: An illustration of the effects of a primary star magnetic field in an IP system, from
Mason et al. (1988a).

where no shell is lost.

CV systems undergo a wide variety of flickering. Flickering is a random variabil-
ity in the light curve, which does not recur with any periodic cycle. RW Tri shows
low amplitude activity in the optical on time scales of 5 to 20 minutes (Warner
1995), other systems show rapid fluctuations lasting ~seconds, and larger flares and
dips lasting ~hours. The longer lasting fluctuations have larger amplitudes.

RW Tri and OY Car are two very interesting systems to examine because of their

eclipsing nature. The key parameters of these two systems can be seen in Table 1.1.

1.3 Nova-Like Variables

One of the objects studied in Chapters 2, 3 and 4, is the NL system RW Tri. Most NL
CVs are non-eruptive systems that may have low-states in which their magnitude
decreases by ~ 1 mag. In general NLs are brighter than DN in quiescence but
there is a sub-class, VY Scl stars, that undergo low states in which their brightness

decreases by 2 — 6 mag, leading to quiescent DN magnitudes (Hellier 2001, Warner
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RW Tri OY Car References
CV Type Nova-Like Dwarf Nova 1,2
Orbital Period (P,) 5h 34 mins 1h 31 mins 2,3,4
Inclination (%) 70° — 82° 82.6° — 83.3° 5,6,7,8,9
Distance (D) 205pc - 341pc 86pc - 121pc | 10,11,12,13
Visual Magnitude (my) 13.5—-12.5 15.2—-124 5,13,14
Primary Mass (M) 0.45My — 0.58M, | 0.3M, — 1.26M, | 5,15,16,17
Secondary Mass (M,) 0.44My — 0.70Mg, | 0.07M, — 0.15M, || 7,8,18,19
Secondary Spectral Type K5 - MO M5 - M6 13,19,20

Table 1.1: General information about RW Tri and OY Car. References : 1. Africano et al.
(1978), 2. Vogt (1979a), 3. Protitch (1956), 4. Protitch (1958), 5. Smak (1995), 6. Shafter (1983),
7. Kaitchuck et al. (1983), 8. Wood & Horne (1990), 9. Wood et al. (1989), 10. Dhillon et al.
(2000), 11. McArther et al. (1999), 12. Bruch et al. (1996), 13. Sherrington et al. (1982), 14.
Berriman (1984), 15. Frank & King (1981), 16. Ritter (1980b), 17. Cook (1985), 18. Longmore et
al. (1981), 19. Vogt et al. (1981), 20. Echevarria (1983).

1995). It has been shown that NLs have luminosities similar to DN at maximum
(Patterson 1984). NLs generally do not have prominent orbital humps like those
seen in some quiescent DN (Section 1.4), which indicates that the bright spot is
less significant in NL systems. NL accretion discs are highly luminous and optically
thick, therefore making it hard to observe the secondary star spectra, even for high
inclination systems.

All NLs have long-term variations about an average magnitude. The brightness
of some NLs appear to vary quasi-periodically on time scales of years. These varia-
tions may by secondary stars with magnetic cycles similar to that of the Sun (Warner
1995). The variations in the internal magnetic pressure could produce changes in

the radius of the secondary star, affecting the mass transfer of material from the
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secondary star to the accretion disc. Increasing mass transfer rates affect the lumi-
nosity and hence radius of the accretion disc, as well as the thickness of the outer

edge of the disc. This in turn produces variability in the brightness of the system.

1.3.1 RW Tri

RW Tri was discovered as a short period (P, = 20040s) close binary system with
a deep varying eclipse by Protitch (1956, 1958), and later recognised as a nova-like
system (Africano et al. 1978).

RW Tri is a high inclination NL system. The accretion disc in RW Tri shows
evidence of radial stratification, where He II emission is confined to the inner disc
while He I and H emission are found further away from the white dwarf (Kaitchuck et
al. 1983). The relative strengths of the optical emission lines in these stars increase
with inclination angle (Warner 1995, Table 4.4), and the ultraviolet emission lines
are also very sensitive to inclination. The ultraviolet continuum is deeply eclipsed,
but the ultraviolet emission lines are only mildly eclipsed which suggests that they
originate from winds emanating from the system. These ultraviolet emission lines
are also very asymmetric, indicating that they originate from wind emission (Section
1.2.2).

Eclipse timings of RW Tri undertaken by Africano et al. (1978), Longmore et
al. (1981), and Robinson et al. (1991) show some evidence of a cyclic variation of
the eclipse timings about a linear ephemeris. There are three possible mechanisms
that may cause this residual cyclic behaviour, 1. motion of a third body around the
binary system (Nather & Robinson 1974), 2. apsidal motion (Africano & Wilson
1976), and 3. magnetic cycles in the secondary star (Warner 1988). Still et al.
(1995) produced timings from spectral measurements. They combined their results
with timings from Africano et al. (1978), Robinson et al. (1991), Horne & Stiening
(1985) and Rutten et al. (1992a), to show that the cyclic variations proposed by
Africano et al. (1978) and Robinson et al. (1991) did not convincingly fit the data.
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Optical light from the system comes primarily from the accretion disc in RW Tri
(Africano et al. 1978). Eclipse mapping of the accretion disc at optical wavelengths
shows an optically thick accretion disc with temperatures ranging from 10 000 K in
the outer parts of the disc, to 40 000 K in the inner parts of the disc (Kaitchuck
et al. 1983, Horne & Stiening 1985, Rutten et al. 1992a). The radial temperature
profile of the accretion disc is consistent with the expected steady state accretion
law of T x R=3/4, where T is the temperature of the accretion disc and R is radial
distance from the centre of the primary star (Horne & Stiening 1985).

Another interesting phenomenon of RW Tri is the variation of low amplitude
orbital humps seen in the light curves of the system, showing the dynamic nature
of the accretion disc. These low amplitude humps are often pre-eclipse, starting at
¢ ~ 0.75 and peaking at ¢ ~ 0.90; in other observations post-eclipse humps are
seen, peaking at ¢ ~ 0.12, but in general no humps are observed at all (Walker
1963, Africano et al. 1978, Frank & King 1981, Horne & Stiening 1985, Rutten et
al. 1992a, and Mason et al. 1997). The range of orbital humps is larger at shorter
wavelengths and may be due to continuum absorption by material above the plane
of the accretion disc (Horne & Stiening 1985).

Recent observations of RW Tri have found orbital modulations in the ultraviolet
(Mason et al. 1997). A large ‘dip’ is seen in the ultraviolet data a quarter of an
orbital cycle before eclipse. This dip may by cooler vertical structure toward the

outside of the disc, obscuring the hot inner disc regions (Mason et al. 1997).

RW Tri in the Ultraviolet

RW Tri was suggested to be a wind emitting system by Cérdova & Mason (1985a).
They observed emission lines in the ultraviolet that were not eclipsed to the same
degree as the ultraviolet continuum, providing evidence that the emission lines were
forming in an extended region above and below the disc. Evidence of asymmetry
in the emission lines, their velocities and eclipse behaviour, indicated that the lines

were being formed by an accelerated wind. Drew & Verbunt (1985) tried to fit
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a spherically symmetric radiatively driven wind model to the ultraviolet data of
Cérdova & Mason (1985a). Drew & Verbunt (1985) found that the emission lines
of RW Tri could not be formed from a single volume centred on the white dwarf,
because their model could not be fitted to the data. Further modelling of these
ultraviolet data, using an accretion disc wind flowing model, was carried out by
Drew (1987). Drew (1987) showed that the emission line profiles of RW Tri were
consistent with a bipolar wind, and proposed that only an accretion disc could
produce this wind geometry. Wind model calculations carried out by Vitello &
Shlosman (1993) also showed that a disc wind was preferable to a spherical wind
produced from the primary star in the case of RW Tri, confirming the results of Drew
(1987). The ultraviolet observations of Mason et al. (1997) also show asymmetric
emission line profiles (Section 1.2.2) that do not significantly decrease in intensity
during eclipse. This provided more evidence of large scale winds emanating from
the binary system, and confirmed the observations of Cérdova & Mason (1985a).

One of the driving forces behind CV winds is thought to be radiation pressure?
in the ultraviolet emission lines (Drew & Verbunt 1985, Drew 1987, Vitello & Shlos-
man 1988). The radiation pressure drives the gas away from the radiation source.
Figure 1.18 shows how the CV winds can be formed by radiation pressure.

The ultraviolet data of RW Tri observed by Cérdova & Mason (1985a) not only
provided evidence for winds in the system, but also evidence of absorption features
at the wavelengths of A1302A and A1260A. Closer inspection of these, and other
absorption features in the data of Mason et al. (1997), has shown that these features
are narrow, and seen in emission during eclipse. These emission features are slightly

broader than their non-eclipsed absorption counterparts (Chapter 2).

4The pressure exerted on a surface by electromagnetic radiation. As radiation carries momen-
tum as well as energy, it exerts a force when it meets a surface, i.e. the photons transfer momentum

when they strike the surface.
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Figure 1.18: An illustration of the formation of CV winds by radiation pressure. Radiation
produces a force on the material in the boundary layer, causing material to accelerate outwards to
form a wind region.

RW Tri in the Far Red and the Near Infrared

The secondary star in a nova-like system is difficult to observe at optical wavelengths
because of the brightness of the accretion disc. Secondary star features are more
likely to be observed at longer wavelengths in the far red and near infrared. The
secondary star in close binary systems is expected to be a low mass late-type main
sequence star of spectral type K-M. From observations of single K-M type stars,
absorption features characteristic to these spectral types can be identified in the far
red and near infrared.

In the far red the Na I absorption doublet (A\8183.3A, A8194.8A) has been iden-
tified in a number of CV systems as a secondary star absorption feature (Friend et
al. 1988). This Na I doublet was later used to measure radial velocities in five dwarf
nova systems (Friend et al. 1990). The radial velocity curve of RW Tri could not

be directly measured from the Na I absorption doublet because the doublet was too
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weak (Friend et al. 1988). Smith et al. (1993) measured the radial velocity ampli-
tude of the secondary star of RW Tri indirectly, using the method of skew-mapping.
Their results gave a velocity of ~ 250km/s.

A recent spectroscopic study in the near infrared has shown that secondary star
features can be seen directly in the spectrum of RW Tri (Dhillon et al. 2000). In
particular they observed the Na I absorption doublet (22062A and 22090A), and the
Ca I absorption triplet (22614A, 22631A and 22657A) as broad absorption features,
consistent with an MOV type secondary star contributing 65% of the observed K-

band out-of-eclipse flux.

Previous Mass Calculations for RW Tri

In 1981, Frank & King calculated the primary and secondary star masses of RW
Tri as 1.3Mg and 0.47Mg respectively. They used near infrared and optical light
curves, and fitted them with a standard CV model of a red dwarf secondary star
eclipsing an optically thick steady state accretion disc. Frank & King (1981) found
a large range in primary star masses of 0.6 — 1.4M,, due to uncertainties.

Kaitchuck et al. (1983) calculated the component masses of RW Tri using the
radial velocity amplitude of the primary star. They used the radial velocity obtained
from He and H accretion disc emission features. The results obtained by these
authors were 0.46 — 0.74M and 0.68 — 0.77M for the masses of the primary and
secondary star respectively. These results need to be treated with caution as the
H and He lines used may be contaminated by the secondary star and bright spot,
affecting the resultant velocity.

Smak (1995) analysed accretion disc and bright spot eclipses from optical light
curves, and combined them with the secondary star radial velocity amplitude found
by Kaitchuck et al. (1983) to produce primary and secondary star masses of 0.45 +
0.156Mg and 0.63 £ 0.1M respectively. The long-term variations in RW Tri are
attributed to variations in the mass transfer from the secondary to the accretion

disc, and the accretion rate on to the primary (Smak 1995). If mass transfer is
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varying, then the accretion disc and bright spot will also vary, so using these features
to calculate the masses of the component stars may not give a true picture of the

system.

The Picture of RW Tri so Far

RW Tri is a nova-like CV with an optically thick accretion disc (Kaitchuck et al.
1983, Horne & Stiening 1985, Rutten et al. 1992a) and a large vertically extended
structure probably situated in the outermost regions of the accretion disc (Mason
et al. 1997). In the ultraviolet, narrow ultraviolet absorption lines are observed in
emission during eclipse, as well as bi-polar like winds protruding above and below
the disc throughout the orbital cycle (Drew 1987, Vitello & Shlosman 1993).

To improve the picture of RW Tri I have undertaken the following in this thesis:-

e In Chapter 2 I have modelled the location of the material producing the narrow
UV absorption features. I fit my model to the Hubble Space Telescope data of
Mason et al. (1997).

e In Chapter 3 I calculate the velocity of the secondary star in two ways. 1.
Re-analysing the far red data of Smith et al. (1993) using the skew-mapping
technique and a rigorous Monte Carlo error analysis. 2. Obtaining time re-
solved spectroscopy using the United Kingdom Infra-Red Telescope to measure
spectral features of the secondary star, and a cross-correlation technique to

calculate the velocity.

e Also in Chapter 3, I calculate the rotational velocity of the secondary star

using the United Kingdom Infra-Red Telescope observational data.

e In Chapter 4 I calculate the masses of the component stars in RW Tri using
the radial velocity values of the component stars, and the rotational velocity

of the secondary star.
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1.4 Dwarf Nova Systems

DN systems have outbursts increasing their brightness by typically 2 to 5 mag. The
duration of these outbursts is typically 2 to 20 days, and the time between subsequent
outbursts are weeks to years (Warner 1995). In quiescence orbital humps are seen
in light curves, due to the bright spot on the outer edge of the disc, where material
from the secondary star is impacting with the accretion disc.

No two DN outbursts in a given system are alike. This makes it difficult to
predict outburst phases and understand the origin of the outburst. In outburst
orbital humps are observed at their quiescent amplitude (OY Car: Rutten et al.
1992b, CN Ori: Mantel et al. 1988, SS Cyg: Honey et al. 1989), therefore showing
no evidence of an increase of the mass transfer from the secondary prior to, or during
the rise to outburst maximum. Together with evidence that the accretion disc radius
of a DN increases during outburst (U Gem: Smak 1984), this supports geometry
where DN outbursts are centred on the accretion disc and primary star.

The favoured model for DN outburst is the disc instability model (DIM), first
suggested by Osaki (1974). During quiescence, the mass transferred from the sec-
ondary star is stored in the disc until a critical mass is reached; the disc then becomes
unstable due to viscous interactions, which greatly increases the mass transfer on to
the white dwarf, producing an outburst. The mass transfer rate from the secondary
star is assumed to be constant in the DIM.

During DN outburst variations in the light curves are seen on a variety of time
scales. The most rapid variations are coherent dwarf nova oscillations (DNOs) last-
ing typically between 10s and 30s. Quasi-periodic oscillations (QPOs) are less co-
herent than DNOs, and last for time scales typically between 1 to 30 mins. Orbital
modulations and flickering also occur.

OY Car is a member of the SU UMa star sub-class of DN, and undergoes su-
peroutburst states. Superoutbursts are less frequent than normal outburst. The

number of normal outbursts that can occur between each superoutburst can vary
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widely for any given system. Superoutbursts are brighter than normal outbursts
by 0.7 mag, and occur on time scales between 5 to 10 times longer than normal
outbursts in the same system. The process that causes this prolonged outburst
is not yet understood. One possibility is irradiation-induced mass overflow, where
the secondary star is heated during normal outburst, leading to an enhancement
of the mass transfer (Osaki 1985). A second possibility is tidal-thermal instability,
where thermal instabilities produce normal outbursts, but an insufficient removal of
disc angular momentum during normal outbursts produces a tidal instability and a

superoutburst (Buat-Ménard & Hameury 2002).

1.4.1 Dwarf Nova Oscillations

Dwarf nova oscillations (DNOs) are low amplitude periodic brightness modulations
typically lasting between 10 and 30s; they are seen at optical wavelengths, and
occur during DN outburst. Most DNOs appear during the rise of an outburst, occur
through outburst maximum, and disappear during the decline in outburst. Not all
DN show DNOs during outburst.

DNO periods can vary over an outburst by up to ~ 25% (Hellier 2001); the
white dwarf can not change period over such short time scales because of its large
inertia. However, the increased accretion torque can spin the boundary layer and
outer layers of the white dwarf up during outburst, setting up a phase-dependent
instability because the boundary layer and the inner accretion disc have different
angular velocities, causing interactions between them to set up a periodic oscillation.
This can only occur in the case of a weak magnetic field, as a strong magnetic field
will anchor the outer layers of the white dwarf to its core preventing differential
rotation.

DNOs are not seen in quiescence so the weak magnetic field must be generated
during outburst. The increase in mass transfer on to the primary during outburst

may cause shearing effects between the differentially rotating layers of the white
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dwarf. This shearing effect may create a dynamo producing a magnetic field.
X-ray DNOs have been observed, and associated with optical DNOs (Cérdova
& Mason 1984). These X-ray oscillations are consistent with emission from the hot

inner regions of the accretion disc close to the surface of the primary star.

1.4.2 Quasi-Periodic Oscillations

Quasi-periodic oscillations (QPOs) are brightness oscillations that differ from DNOs.
QPOs are observed during outburst, and generally have periods 2 to 3 times greater
than DNOs. The longer periods of QPOs suggest that they are produced further
out in the accretion disc, unlike DNOs that are produced in the regions near to the
inner edge of the disc. The longest QPOs observed are comparable with the rotation
period at the outer edge of the accretion disc.

The origin of QPOs is probably due to vertical or radial perturbations in the
accretion disc, setting up oscillations at local Keplerian velocities (Kato 1978, Van
Horn, Wesemael & Winget 1980, Cox 1981). Longer period QPOs coming from the
outer edge of the accretion disc may be produced by inhomogeneities (‘blobs’) that
orbit a few times at a local Keplerian velocity, before merging with the accretion
disc. These ‘blobs’ could be created when the accretion stream impacts the accretion

disc, or by tidal resonance with the secondary star.

1.4.3 OY Car

Vogt (1979a) discovered OY Car as a very short period (P,,, = 5460s) dwarf nova
system. It was later sub-classified as an SU UMa type dwarf nova, due to its
superoutburst nature (Vogt 1983). Normal outbursts in OY Car occur on time
scales of 25 to 50 days with amplitudes of 3 mag and durations of about 3 days
(Naylor et al. 1987). Superoutbursts in OY Car only occur about every 300 days,
with amplitudes of 4 mag and durations of longer than 2 weeks (Naylor et al. 1987).

QY Car is a particularly interesting object in the X-rays where the boundary
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layer of the system can be observed; previous observations of OY Car show that
the X-ray flux changes during outburst phases (Naylor et al. 1988 and Pratt et
al. 1999a). Observations have not yet been able to reveal the exact extent of the
boundary layer in OY Car, as in the case of HT Cas, where the X-ray source has

been constrained to < 1.15R; (Mukai et al. 1997).

The Boundary Layer of OY Car

In quiescence the boundary layer in a DN is thought to be an optically thin gas
emitting hard X-rays (Section 1.1.5). Observations of OY Car in quiescence show
that the X-ray emission is eclipsed (Pratt et al. 1999a, Pratt et al. 1999b). The
X-ray eclipse width shows that the source of the X-ray emission is comparable to
the size of the white dwarf and comes from a source close to the primary star, the
boundary layer. By assuming that the X-ray flux was coming from the boundary
layer, Pratt et al. (1999b) found that the X-ray luminosity of OY Car (Lx ~
10%%rg/s) was an order of magnitude less than typical CV X-ray luminosities of
10%'erg/s quoted by Cérdova & Mason (1984). Possible reasons for this are; 1. a
rapidly rotating white dwarf, 2. a low rate of mass transfer through the boundary
layer, or 3. absorption from either an interstellar or a local® medium.

During outburst the boundary layer in a DN is thought to be an optically thick
gas emitting softer X-rays (Section 1.1.5). During the May 1985 superoutburst no
X-ray eclipse was seen (Billington et al. 1996, Naylor et al. 1988, and Naylor et al.
1987). Ultraviolet spectra of OY Car during this superoutburst show asymmetric
line emission, providing evidence of a wind-forming region (Naylor et al. 1988).
Naylor et al. (1988) suggested that the X-ray source was an optically thin corona
comparable to the size of the primary star Roche lobe, and not a direct observation
of the white dwarf or boundary layer. These authors suggested that the X-ray region

may be distributed through the ultraviolet winds in the system (as in radiatively

5This may be material in the outer edge of the accretion disc that is not connected with outburst.
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driven shocks), as the X-ray emitting region (10 7K) and the ultraviolet emitting

wind (2 x 10*K) are very different, therefore creating physically distinct regions.

Periodic Oscillations in OY Car

Schoembs (1986) observed dwarf nova oscillations (DNOs) during the decline of the
1980 superoutburst of OY Car. These DNOs had periods between 19.44 and 27.99s
decreasing in conjunction with a period luminosity relationship. These DNOs ap-
peared during the deep descent from superoutburst with varying amplitude through-
out the observation, typical of these types of oscillations. The eclipses of the DNO
were delayed compared to the primary eclipse, implying that the source of the os-
cillations was near to the quiescent position of the bright spot.

Marsh & Horne (1998) observed a double-frequency DNO towards the end of
a superoutburst in OY Car. The periods of both these oscillations are close to
18s, but are separated by 57.7 + 0.5 cycles/day. The results of Marsh & Horne
provide evidence that the region creating DNOs in OY Car is capable of creating
two distinct oscillations at the same time. DNOs are thought to be formed in or near
the white dwarf (Section 1.4.1); Marsh & Horne (1998) suggest that the frequency
of a DNO can represent the orbital frequency of the inner accretion disc (Mauche
1996) indicating that the additional DNO may represent the rotation of the white

dwarf.

Previous Mass Calculations for OY Car

Ritter (1980b) calculated the masses of the primary and secondary star in OY Car
as 0.30 £0.05M and 0.12 4+ 0.02M, respectively using the optical photometric and
spectroscopic observations of Vogt (1979b), with the assumption that the secondary
is a main sequence Roche lobe filling star. By investigating the eclipse geometry of
OY Car in quiescence and outburst, Vogt et al. (1981) calculated the masses of the
primary and secondary star to be 0.95 + 0.15M and 0.14 &+ 0.04 M, respectively.

The results of both authors are very different; this is due to the radial velocity of
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the primary used by Ritter (1980b).

Cook (1985) used high-speed photometry of OY Car in quiescence to measure
the mean eclipse light curves, and hence obtained the primary star mass. Cook
(1985) found the lower limit for the mass of the primary to be 0.6 £ 0.1M in OY
Car. Wood et al. (1989) also used high-speed photometry of OY Car to obtain a
primary star mass of 0.685 & 0.011 M, agreeing with the lower limit mass of Cook
(1985). Wood et al. (1989) also found a secondary star mass of 0.070 + 0.002M,.

An alternative result may be obtained using the ultraviolet or X-ray light curves

to observe the eclipse of the white dwarf and material very close to the white dwarf.

The Picture of OY Car so Far

OY Car is a dwarf nova that undergoes outburst and superoutburst (Vogt 1983),
with dwarf novae oscillations of 18 to 28s occurring during the decline of superout-
burst (Schoembs 1986). In quiescence the X-ray source lies close to the primary star
and is associated with the boundary layer (Pratt et al. 1999a, Pratt et al. 1999b),
but in superoutburst the X-ray source becomes an optically thin extended corona
(Billington et al. 1996, Naylor et al. 1988, Naylor et al. 1987).

To improve the picture of OY Car I have undertaken the following in this thesis:-

e In Chapter 5 I have used high quality light curves from XMM-Newton to
pinpoint the source of X-ray emission and confine the boundary layer in qui-

escence.

e Also in Chapter 5 I used the eclipse timings of the XMM-Newton data to

confine the mass of the component stars in OY Car.
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RW Tri in the Ultraviolet

The spectra of RW Tri in the ultraviolet (UV) has been studied since 1985. Ob-
servations of broad emission lines (Cérdova & Mason, 1985a) have been modelled,
showing that the emission line profiles are consistent with extended bipolar winds
emanating from the accretion disc (Drew 1987, Vitello & Shlosman 1993). Narrow
absorption lines have also been observed by Cérdova & Mason (1985a) and Mason
et al. (1997). To date, there have been no quantitative investigations to pinpoint
where in the binary system these narrow absorption features are being produced.
Using the UV HST data of Mason et al. (1997), I investigate the possible position
of the material producing these narrow absorption features. The observational data
indicates that the absorbing material must be located at a distance from the white
dwarf, which is less than the outer radius of the accretion disc. The absorbing region
is also constrained by the width of the observed absorption features. By considering
the inclination angle of the system, the physical nature of the UV continuum, and a
cylindrical structure for the absorption material, I produce a model to simulate an
absorption profile and fit this to the observed data. The position of this cylindrical
structure is constrained by the effective extent of the UV continuum and the outer
radius of the accretion disc; its front half is projected against the UV continuum,
thereby producing a narrow line because the major component of its velocity is

transverse to the line of sight of the observer.
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2.1 Hubble Space Telescope Observations

RW Tri was observed by the Goddard High Resolution Spectrograph (GHRS) on the
Hubble Space Telescope (HST) in January 1997 (see Table 2.1 for details). The
RAPID (rapid readout) mode was used to take a continuous sequence of spectra
with a bs integration time. The G140L grating on ‘Side A’ of the GHRS was used
to provided an optimal combination of wavelength coverage, signal to noise, and
spectral resolution (AX ~ 0.6A). [G160M, the grating on ‘Side B’ would have offered
a better spectral resolution (A ~ 0.07A) but with reduced wavelength coverage and

signal to noise].

Observational UT Phase Exposure | Wavelength
Date start Coverage | Time (s) | Range (A)
22/01/97 16:44:40 | 0.811-0.850 760 1149-1435
22/01/97 17:47:58 | 1.001-1.134 2675 1149-1435
22/01/97 07:12:44 | 1.409-1.448 770 1149-1435
23/01/97 08:16:02 | 0.599-0.733 2685 1149-1435
23/01/97 09:52:26 | 0.888-1.022 2690 1149-1435
23/01/97 11:28:56 | 1.177-1.311 2690 1149-1435
25/01/97 17:05:56 | 0.806-0.844 760 1377-1663
25/01/97 18:09:14 | 0.996-1.129 2675 1377-1663
26/01/97 07:34:02 | 1.404-1.443 770 1377-1663
26/01/97 08:37:14 | 0.594-0.728 2690 1377-1663
26/01/97 10:13:44 | 0.882-1.520 2690 1377-1663
26/01/97 11:50:14 | 1.172-1.300 2690 1377-1663

Table 2.1: RW Tri observations in the UV.

Two specific wave bands were observed which I term the SHORT wavelength
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band from 1149A to 1435A, and the LONG wavelength band from 1377A to 1663A.
The light curves of the LONG and SHORT wavelength bands can be seen in Fig-
ure 2.1. This provided an overall combined wavelength range of 1149A to 1663A.
The overlap, which covered ~ 60A, included the Si IV emission line doublet. Mason
et al. (1997) calibrated the flux and wavelength using the standard Space Telescope

Science Institute procedures.
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Figure 2.1: Light curves of the HST data. Top: SHORT wavelength band light curve (11494 -
1435A). Bottom: LONG wavelength band light curve (1377A - 1663A).

2.1.1 Ultraviolet Light Curve

Figure 2.2 shows the folded light curves of RW Tri, defining phase 0.0 at mid eclipse.
The eclipse FWHM, A®, was measured to be 0.077 & 0.022 orbital phase from this
data. This agrees with the values of Frank et al. (1987) (0.078+0.002 orbital phase)
and Cérdova & Mason (1985a) (~ 0.08 orbital phase). The SHORT wavelength band
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light curve lags the LONG wavelength band by 0.001 orbital phase, but this lag is
not significant within the ephemeris error of 0.022. The flux at eclipse minimum
does vary, especially in the SHORT wavelength region. This can be attributed to
changes in the overall flux of the system from cycle-to-cycle, noting that variations
are possible between cycles of the system. In this case the ingress and egress of the
eclipse profile are observed over two different cycles because of the disruptions of

the HST visibility interval over each Earth orbit.
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Figure 2.2: The folded light curves of the LONG (cyan) and SHORT (magenta) wavelength
bands, showing a grazing eclipse (Chapter 1, Section 1.2.1).

A dip in the light curve can be seen with a minimum at phase ~ 0.7 of the
orbital cycle (Figure 2.2). This was reported by Mason et al. (1997) who suggested
that it was caused by cooler vertically extended material in the outer regions of the
accretion disc, eclipsing the hot inner regions and the UV continuum. The dip has

also been observed in some low mass X-ray binary systems (LMXBs) (e.g. Smale
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et al. 1988). Mason et al. (1995) observed a similar dip in the light curves of UX
UMa.

2.1.2 Ultraviolet Spectra

The average spectrum of RW Tri for all of the UV observations can be seen in Fig-
ure 2.3. The emission and absorption features labelled in Figure 2.3 are summarised
in Table 2.2. Column 1 and 2 list the observed wavelength and line species, column
3 indicates whether the line is observed in emission or absorption, column 4 indi-

cates the region of RW Tri in which the lines may be produced, and column 5 lists

references.
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Figure 2.3: Plot of the average UV spectrum of RW Tri using HST observations.

Saturated Geocoronal Ly « is observed at A1216A. This line varies throughout
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Wavelength Line Absorption (A)/ Binary Reference
(A) Species Emission (E) Region
1176 CIII E throughout Extended wind 1,3,6
1216 Ly o E throughout Geocoronal 1
1239, 1243 | N V doublet E throughout Extended wind 1, 3,6
1260 Si Il A out-of-eclipse | Accretion disc 7 | 1, 2, 3, 6
1260 Si Il E in eclipse Chromosphere 7 | 1, 2, 3, 6
1265 Sill A out-of-eclipse | Accretion disc ? 2,3,6
1265 Si Il E in eclipse Chromosphere ? 2,3,6
1300 SiIlI, O I, SilT | A out-of-eclipse | Accretion disc ? 2,3,6
1300 Si 1L, O 1, Sill E in eclipse Chromosphere ? 2,3,6
1335 cII A out-of-eclipse | Accretion disc ? 3,4,6
1335 cn E in eclipse Chromosphere 7 | 3,4, 6
1394, 1403 | Si IV doublet E throughout Extended wind | 1, 2, 3, 6
1417 ? A out-of-eclipse | Accretion disc ? -
1434 ? A out-of-eclipse | Accretion disc ? -
1527 Si I A out-of-eclipse | Accretion disc 7 | 3, 4, 5, 6
1527 Si I E in eclipse Chromosphere 7 | 3,4, 5, 6
1533 Sill A out-of-eclipse | Accretion disc ? 3,6
1533 Si Il E in eclipse Chromosphere ? 3,6
1548, 1551 C IV doublet E throughout Extended wind | 1, 2, 3, 6
1640 He II E throughout Extended wind | 1, 2, 3, 6

Table 2.2: Spectral features of RW Tri in the UV. References: 1. Cérdova & Mason 1985a, 2.
Mason et al. 1997, 3. van Hoof 2003, 4. St-Louis et al. 1993, 5. Griesmann & Kling et al. 2000,
6. Pagano et al. 2000.
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the observations due to the different solar illumination conditions at different ob-
servation times. The broad emission features C III, N V, Si IV, C IV and He II are
observed throughout the orbital cycle of RW Tri, and are produced in extended wind
regions (Cérdova & Mason 1985a). These features have been extensively modelled
(Chapter 1, Section 1.3.1) showing that the emission line profiles are consistent with
bipolar winds emanating from the accretion disc (Drew 1997, Vitello & Shlosman
1993).

The narrow absorption features labelled in Figure 2.3 are observed throughout
the orbital cycle except during eclipse. During eclipse these features are either
observed in emission, or not at all in the case of lines 1417A and 1434A. There is
also a broad absorption feature at A1300A due to a combination of Si IIT at A1301A,
O T at A1302A, and SIIT at A1303A; this feature is also observed in emission during
eclipse. This can be more clearly seen in Figure 2.4 which plots eclipse and out-of-

eclipse data for the SHORT wavelength band.

Out—of—Ecipse

3x10713

2x10713

Flux (erg cm=2 s=1 A=1)

1x10713

O\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

1150 1200 1250 1300 1350 1400 1450
Wavelength (A)

Figure 2.4: Narrow absorption/emission features in the SHORT wavelength band. Note the
geocoronal Lya line has different strengths in the out-of-eclipse and eclipse spectra due to the
different solar illumination conditions at different observation times.
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Figure 2.5 compares the full width half maximum (FWHM) of the eclipse and
out-of-eclipse feature observed at A1335A. Both features have had the average con-
tinuum subtracted using values of 1.4 + 0.12 x 10~ erg cm=2 ' A~ and 5.2 +
1.4 x 1071 erg cm=2 s=1 A~1 (Figure 2.3), for the absorption and emission features
respectively. The spectra have also been normalised and the absorption feature
(out-of-eclipse data) has been inverted so that a clear comparison can be seen.
The FWHM of the absorption and emission features at A\1335A were measured as
2.9+ 0.2A and 4.2 & 0.2A respectively. Note that the emission and absorption fea-
tures appear to have the same width blueward of the line centre at 1335A; this is due
to a dip in the emission feature at 1334A that may be due to absorption. Figure 2.5
shows that the emission feature is broader than the absorption feature, indicating
that the emission feature is emanating from a region with a larger velocity spread

than the absorption feature.
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Figure 2.5: Comparison of the absorption/emission feature at 1335A. The solid magenta line
represents the inverted normalised absorption feature with a subtracted continuum of 1.4 x 1013
erg cm~2 s~ A~1; the dashed magenta lines represent subtracted continua of 1.440.12x 10~ '3 erg
em~2 s~! A~1. The solid cyan line represents the normalised emission feature with a subtracted
continuum of 5.2 x 1075 erg em~2 s~ A~1; the dashed cyan lines represent subtracted continua
of 524+ 1.4 x 1075 erg cm=2 =1 A-1,
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It is clear from Figure 2.4 that the absorption source is much stronger than the
emission source, therefore the emission source is only observed when the absorption
source is occulted by the secondary star. This means that the material producing the
narrow emission lines either has some height above the orbital plane of the system,
or is situated in the outer regions of the system. This material could therefore be
part of an accretion disc chromosphere (as suggested in Table 2.2), or part of the
wind forming region.

Also, the narrow absorption features are not present at orbital phase 0.7, where
the minimum of the dip in the light curve occurs (Section 2.1.1). This can be more
clearly seen in Figure 2.6, where spectra taken at orbital phase 0.4 and 0.7 are
compared. The spectrum at orbital phase 0.4 shows the presence of the narrow ab-
sorption features, but at orbital phase 0.7 where the hot inner parts of the accretion
disc are occulted and hence the UV continuum level of the spectrum is reduced,
the narrow absorption features are not observed. The vertically extended material
in the outer regions of the accretion disc must therefore be occulting the material
producing the narrow absorption features as well as the UV continuum.

Mason (1999) showed that the narrow absorption features in the UV spectrum
follow the expected orbital motions of the primary star, and hence may define the
radial velocity amplitude (K;) of the primary. Mason (1999) performed cross-
correlation on the out-of-eclipse spectra to calculate K;. The wavelength region
1250A - 1355A was used due to the presence of strong absorption features and the
lack of wind emission lines. A template of the absorption features was created using
a Gaussian profile and a flat continuum. The template was then cross-correlated
with the spectrum producing a preliminary radial velocity curve. This velocity was
then used to subtract orbital variations from all the spectra to produce a mean
spectrum, which was used as a second template. The second template was then
cross-correlated with the original data. The measured radial velocity amplitude was

296 + bkm/s (used in Chapter 4).
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Figure 2.6: Short wavelength band at orbital phases 0.4 and 0.7. The narrow absorption features

present in the spectra at orbital phase 0.4, are occulted by the vertically extended outer edge of
the accretion disc (Mason et al. 1997) at orbital phase 0.7.

The material producing the narrow absorption features is occulted by the ver-
tically extended outer regions of the disc and is therefore confined by the radius of
the accretion disc. The absorbing region must also lie between the secondary star

and the UV continuum along the observers’ line of sight because it absorbs the UV

continuum radiation.

2.2 The Ultraviolet Continuum

To investigate the size of the region emitting the UV continuum, a continuum light
curve was extracted from the line-free wavelength region 1340 - 1380A (Figure 2.7).
This light curve exhibits a very steep and deep UV eclipse, decreasing to zero flux
at eclipse minimum. The rounded eclipse profile suggests the presence of a steady-
state (T' ~ R73/*) accretion disc in the UV. Therefore, a model eclipse profile was

fitted to the observed data using a primary star and steady state accretion disc. The
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following sections describe the equations used to model a steady state accretion disc

and primary star, and the model fitting to the data.
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Figure 2.7: Observed continuum light curve in the line-free wavelength region 1340 - 1380A.

2.2.1 Steady State Accretion Disc

A steady-state accretion disc is described by the equation
. 1/4
3G M, M Ri\'/?
TR)=¢—— |1 — (—) : 2.1

(R) { 8ro 3 l R (21)
where T'(R) is the temperature of the disc at disc radius R, G is the gravitational
constant (6.673 x 1071 Nm2kg~2), M, is the mass of the primary star, M is the
accretion rate, o is Stefan’s constant (5.670 x 1078 Wm=2K*), and R, is the radius

of the primary star (Frank, King & Raine 1992).
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For an observer at a distance, D, and inclination angle, ¢, from the system, the

flux at wavelength A is

2w cost [Lout
F)\ = /

2 By\[T(R)|RdR, (2.2)

Ry
where R,,; is the outer radius of the accretion disc and By[T'(R)| is the Planck
function for black body radiation given by

2hc? 1

BT = =5 i) 1

(2.3)

where h is Planck’s constant (6.626 x 1073*]J.s), c is the speed of light (2.99 x
10®m.s!) , and k is Boltzmann’s constant (1.381 x 1072*JK™!) (Frank, King and
Raine 1992).

2.2.2 Primary Star

The primary star will also contribute to the total continuum UV flux. The surface
flux of the star Fy,,; is given by
L D\?
Fsur = = os<_) ; 2.4
! A7 R% f b R1 ( )
where the total luminosity of the star (L = fys4mD?) is given by the observed flux
(fobs) multiplied by the surface area of a sphere of radius D, where D is the distance

of the star from the observer. Assuming the primary star is a blackbody, then
Foy = oT?, (2.5)

where T} is the temperature of the primary star. Therefore the observed flux of the

primary star is

fobs = 0T} (%) . (2.6)
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2.2.3 Ultraviolet Continuum Model Fits

I have simulated the binary system in IDL using the inclination angle (), primary
and secondary star radius (R; and Ry respectively), and binary separation (a); these
parameters were derived from
e FWHM of eclipse (A® - Section 2.1.1)
¢ Relationship between eclipse width (A®), inclination angle (i) and mass ratio
(g¢) (Chapter 4, Section 4.1.1)
e Best measured results of radial velocity amplitude (K3) and the equatorial
velocity (Vo sini) of the secondary star (Chapter 3, Section 3.3)

and

R2 2 2 . 1/2
—= = Ad 2.
- ((7r )* + cos z) (2.7)

Ritter (1980a). The calculations for the component star radii and separation are
summarized in Table 2.3, along with other parameters required to calculate the UV
continuum model.

The simulation followed the binary system through phase 0.9 to 1.1, producing
a light curve of a single temperature accretion disc annulus. The simulation was
run for 100 disc annuli with radii between R; and R,,; (Table 2.3). The simulation
was also run to obtain a primary star eclipsing light curve. FORTRAN code was
then used to calculate the flux at each accretion disc annulus using Equations 2.1
and 2.2. The annuli fluxes were used to scale the corresponding light curves. These
light curves, along with the primary star light curve, were then summed to produce
the total UV continuum light curve.

To fit the model light curve to the observed light curve, the UV continuum level
was set. The light curve in Figure 2.7 exhibits a broad dip in the UV continuum
centred on orbital phase ~ 0.7, where the outer regions of the accretion disk eclipse
the inner regions of the disc (Section 2.1.1, Mason et al. 1997). Between orbital
phases 0.955 and 1.045 the outer parts of the accretion disc that are eclipsed by

the extended material are also largely eclipsed by the secondary star as seen in



CHAPTER 2. RW Tri in the Ultraviolet 65

Parameter Symbol | Value | Reference
Orbital period (s) P, 20040 | Table 1.1
Radial velocity amplitude of K, 221 Chapter 3

the secondary star (km/s)

Equatorial rotational velocity of | V. sin¢ 120 Chapter 3
the secondary star (km/s)
Eclipse FWHM (orbital phase) AP 0.077 | Section 2.1.1

Inclination angle (°) i 76.86 | Figure 4.3 and
Equation 2.7

Mass ratio q 0.64 Figure 4.3
Primary star mass (M) M, 0.75 Equation 1.19
Secondary star mass (M) M, 0.48 Equation 1.15
Binary separation (Rg) a 1.701 | Equation 1.1
Primary star radius (Rg) R, 0.011 | Equation 5.9
Secondary star radius (Rg) R, 0.565 | Equation 2.7

Accretion disc outer radius (Rg) |  Rout 0.402 | Smak (1995)

Distance to binary system (pc) D 341 McArthur et al.
(1999)

Primary star temperature(K) T, 20800 | Sion (1999)

Accretion rate (Mgyr™) M 4 x 107® | Best-Fit

Table 2.3: All the parameters needed to produce the model continuum fit.

Figure 2.8. Therefore the eclipse profile between these phases has an equivalent
‘uneclipsed’ level equal to the maximum flux in the light curve i.e. the effect of
the outer disc occultation can be ignored. Hence, the model eclipse profile was

fitted to the observed data between the orbital phases of 0.955 and 1.045 assuming a
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maximum UV continuum flux of 5.6 £0.3 x 10~ *?erg cm 2 s~ 1 taken from Figure 2.7.

Orbital Phase 0.955

Orbital Phase 1.045

—

] White Dwarf o Vertically extended
|| Accretion Disc outer regions of the
- Secondary Star Accretion Disc

Figure 2.8: Sketch to show the eclipse profile between orbital phases 0.955 and 1.045 is mostly
due to the hotter inner UV emitting disc regions and the primary star.

Figure 2.9 shows the final fit of the model steady-state blackbody accretion
disc light curve (solid red line) to the observed light curve (x). The solid blue
line represents the eclipse of the primary star alone. Figure 2.9 shows that the
eclipse profile between orbital phases 0.955 and 1.045 is not significantly affected by
uncertainties in the UV continuum flux with range 5.6 + 0.3 x 107'? erg cm™2 s7!
(dotted red lines).

The M that produced the best-fit continuum light curve was 4 x 10 8Myyr L.
This high accretion rate agrees with previous observations of Horne & Stiening
(1985), who obtained a mass accretion rate of M = 10~ 794 ) yr~! using eclipse
mapping. These authors also demonstrated that the radial temperature dependence
of the accretion disc was consistent with steady-state accretion.

Figure 2.9 shows that the UV RW Tri data can be fitted by a steady-state
blackbody accretion disc. The model also provides an indication of where the ingress
and egress of eclipse starts and ends; leading to Awg = 0.060 &+ 0.002 orbital phase
for the time taken for the primary star to be fully eclipsed (Chapter 1, Section 1.2.1).
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Figure 2.9: Observed continuum light curve (x) fitted with a model steady-state blackbody
accretion disc light curve (solid red line) in the line-free wavelength region 1340 - 1380A. The
dotted red lines represent a fit to the continuum of 5.6 + 0.3 x 10712 erg cm=2 s~!. The solid blue
line represents the eclipse of the primary star only.

The effective extent of the UV continuum (1360A) was then calculated using
Equation 2.7 and
R
B0V _ 12 AdAw, (%) — 0.137. (2.8)

a 2
(Ritter 1980a). Substituting a = 1.701 R into Equation 2.8 lead to a Ryy =
0.234R;, which is ~ 60% of the accretion disc (if Ry is 0.402Ry). Using the
steady-state disc model (Equation 2.1), the temperature at radius Ryy is 18100K.
Re-running the simulation with R,,; = 0.234R, and an M of 4 x 10" Myyr—", lead

to the same results as seen in Figure 2.9.
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2.3 Model Set-Up and Assumptions

Observations of RW Tri (Mason et al. 1997) show that the material producing the
absorption features lies within the extent of the accretion disc (Section 2.1.2), but
the absorption lines are narrow. A possible origin for the absorbing material is a
ring-like structure around the UV continuum that lies within the outer radius of the
accretion disc as seen in Figure 2.10. In this geometric set up, the absorption region
is situated in the front half of the ring-like structure where the material is projected
against the UV continuum. This absorption region has the major component of its
velocity transverse to the observers’ line of sight, which should therefore lead to a

relatively narrow absorption line.

D Accretion Disc
|:| Ring-like structure
- Aborption Region
Il vV continuum

i To Observer

Figure 2.10: Sketch of the position of the absorbing region within the coordinate system of
Figure 2.11, in the x-y plane. Ryy is the effective radial extent of the UV continuum, and R,
is the outer radius of the accretion disc. The ring-like structure producing the absorption regions
lies between Ryy and Ryy:.

A simulation of the UV continuum and absorbing material in RW Tri was pro-

duced to model the observed absorption feature at A1335A (C II - Figure 2.3). The
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A1335A feature was chosen because it was the least complicated feature observed.
An orbital phase of close to 0.5 was considered, therefore eliminating the added
complication of the eclipse of the UV continuum and absorbing material due to the
secondary star (modelling the observed line profiles at different orbital phases is
discussed further in Section 2.8).

In the following sections I define the coordinate system of the model, the as-
sumptions made in the model, the set-up of the model, and the equations used to

produce the model.

2.3.1 System Geometry

Figure 2.11 illustrates the coordinate system of the model. The primary and sec-

ondary stars rotate around the centre of mass of the binary system.

[ ] Secondary Star
B Primary Star

To .~ N Il Centre of Mass
Observer

Figure 2.11: Coordinate system of the model.
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2.3.2 Assumptions Made in the Model
Why Consider Only the Absorption Feature?

The emission feature has a low intensity and can only be seen when the UV con-
tinuum is eclipsed (Section 2.1.2). From Figure 2.4 the emission feature at A\1335A
has a line flux of 4.8 £0.66 x 10~ erg cm~2s~"A~! which is small compared to the
absorption feature line flux of 2.6 + 0.63 x 107!% erg em 25 'A~1. Therefore the

emission feature is not considered in this simple absorption model.

The UV Continuum

The UV continuum is produced from the primary star and the accretion disc (Section
2.2), therefore the UV continuum is assumed to be flat, and lies in the orbital plane
(x-y plane - Figure 2.11) of the system (Chapter 1, Section 1.1.4). The temperature
of the accretion disc in RW Tri varies radially (Equation 2.1), therefore the intensity
of the UV continuum will vary with radius from R; to Ryy; where the effective extent

of the UV continuum was calculated to be 0.234R;, in Section 2.2.3.

The Absorbing Material

The absorption material lies within the orbit of the secondary star, inside the outer
radius of the accretion disc. This is because the observed absorption features are not
seen at orbital phases around 0.0 and 0.7 (Figures 2.4 and 2.6) as they are eclipsed
by the secondary star and the vertically extended outer regions of the accretion disc.
To produce a narrow feature the absorption material must also lie outside the radius
of the UV continuum, so that the major component of the velocity in the absorbing
region is transverse to the observers’ line of sight (Figure 2.10).

The absorbing material is assumed to lie in a ring-like structure centered on
the primary star (similarly to the accretion disc), and will therefore have Keplerian
motion due to the mechanics of the binary system (Chapter 1, Sections 1.1.1 and

1.1.4) as sketched in Figure 2.12.
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[ ] Absorbing Material
[] Secondary Star
I Accretion Disc
Il Primary Star

Figure 2.12: Sketch of the Keplerian motion of the absorbing material within the coordinate
system of Figure 2.11. The absorbing material is centred on the primary star, and lies within the
orbit of the secondary star.

RW Tri has an inclination angle of 76.86°, so for a ring-like structure of material
to absorb radiation form the UV continuum, it must have some height above the
orbital plane (Figure 2.13 - top). Therefore the absorbing material has a cylindrical
structure centred on the primary star (Figure 2.13 - bottom right). The modelled
absorbing material was assumed to have sufficient height above the orbital plane for
all light sourced inside or behind the absorbing material, to pass through the full
radial extent of the absorbing material. A small “arc” of the cylinder was actually

modelled, because the system was considered at only one orbital phase.

Main Assumptions

The main assumptions made in order to model the effects of the absorbing material
on the UV continuum are as follows.
1. The UV continuum is a combination of the primary star and accretion disc
with a effective radial extent of Ryy = 0.234R,.
2. The UV continuum temperature and therefore intensity varies radially.

3. The absorbing material lies within the orbit of the secondary star inside the
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outer radius of the accretion disc (Ryys)-

4. The absorbing material lies outside the effective radial extent of the UV
continuum (Ryy ).

5. The absorbing material has Keplerian motion centred on the primary star.

6. The absorbing material has a height above the orbital plane, and therefore a
cylindrical structure (although an “arc” of the cylinder is considered for only

one phase).

Illustration of the Model

Figure 2.13 illustrates the layout of the UV continuum, accretion disc and absorbing
material. The top illustration shows a ‘side-on’ view of the system marking View
A and View B, which are a ‘birds-eye’ view and an ‘observers’ view of the system
respectively. These two views are seen at the bottom left and right of Figure 2.13.
The UV continuum has a radius Ryy, the accretion disc has an outer radius R,
and the absorbing material has an inner radius of R and a radial thickness of T'. T}

and T, indicate the variation in temperature of the UV continuum.

2.3.3 Set-Up of the Model

The flat two-dimensional UV continuum was split up into annuli of equal thickness
(0r), each annulus was then split up into segments of equal length (4/) (Section
2.4.1). The light path of each segment was traced from the segment position in the
UV continuum through the absorbing material along the observers’ line of sight at
an inclination angle (i) to the orbital plane of the system. As the light path from
each segment passed through the cylindrical absorbing material, it was split up into
equally sized elements (ds) (Section 2.4.4). The wavelength contribution ()\.), and
the intensity leaving each element (1) is calculated, and summed to produce a model
of the observed absorption profile.

The wavelength of each element ()\.) was calculated using the radial distance of
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Figure 2.13: Three sketches illustrating the layout of the UV continuum, accretion disc and
absorbing material in different planes defined by Figure 2.11. Top: A view in the z-x plane, where
the height of the absorption material can be seen. View A and B are also marked on this view, and
are illustrated in the bottom left and right panels of this figure respectively. Bottom left: View
A - a view in the x-y plane, where the ring-like structure of the absorbing material can be seen.
Bottom right: View B - a view in the z-y plane looking at the system along the inclination angle,
i, where the cylindrical structure of the absorbing material can be seen.



CHAPTER 2. RW Tri in the Ultraviolet 74

the element in the orbital plane (), and the Keplerian velocity and Doppler shift
equation (Section 2.4.5). The relative intensity of each element (I.) was calculated
by considering the intensity of the segment producing the light path (I), and the
path length of light from the UV continuum through the absorbing material in the
direction of the observer (S) (Section 2.4.6). The intensity of the segment was
calculated using the accretion disc temperature-radius relationship (Equation 2.1)

and the wavelength contribution of the segment () (Section 2.4.2 and Section 2.4.3).

2.4 Mathematics of the Model

2.4.1 Splitting the UV Continuum into Segments

The UV continuum is split up into n annuli, and each annulus is split up into N
segments of equal length, §l. The radial distance between the centre of the UV

continuum and each segment (r) is given by

r=(m—0.5)6r = (m — 0.5)%, (2.9)

where m is 1— n, dr is the thickness of a segment, Ryy is the radial extent of the
UV continuum, and 0.5 is used to calculate r to the centre of the annulus. The UV
continuum is taken form the centre of the primary star (where R; is the radius of
the primary star), to Ryy as in Section 2.2.3.

The position of each segment in the UV continuum is defined by the angle 6

between the line of sight of the observer and the radial distance r, and is given by

27(j —0.5)  (j —0.5)dl
b= =, (2.10)

where 0.5 is used to calculate 6 from the centre of the segment, and j is 1— N,
where N is given by

2r
N=—.
ol

These dimensions can be more clearly seen in Figure 2.14.

(2.11)
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Figure 2.14: Definition of the dimensions within the UV continuum, where v, is the radial
velocity of the segment.

Note that a, is the perpendicular distance from the line of sight of the observer

to the segment, and is given by

a; =rsinf. (2.12)

2.4.2 Intensity Calculation of a Continuum Segment

Each segment in the UV continuum has a specific temperature dependent on the
radial distance from the centre of the primary star, r, as seen in Figure 2.15.

If » < Ry, the temperature is constant and defined by the primary star. The
surface intensity of the primary star (I;) is given by

_ fobs _ 0'_T'14 (&)2

L (2.13)

T T \D
(Weisstein 2003) using Equation 2.6, where o is Stefan’s constant (5.670 x 10~%
Wm~2K*), and T} is the temperature of the primary star (20800K, Sion 1999).
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- Primary Star

Accretion Disc

Figure 2.15: Temperature dependence of the UV continuum. The temperature decreases with
increasing radial distance.

For R; < r < Ryy, the temperature of the UV continuum (7;) is governed by
the accretion disc and therefore Equation 2.1. The intensity of the accretion disc

(I,) is then given by
2¢%h 1
‘l"' = 5 hc
N o(B%) 1
(Frank, King and Raine 1992), where h is Planck’s constant (6.626 x 10734].s), c is

(2.14)

the speed of light (2.99 x 10°km/s), k is Boltzmann’s constant (1.381 x 10722JK™1),
and A\ is the wavelength of the segment calculated in the next section. So the inten-

sity of a segment (I) is given by,

e I, =1, - Equation 2.13 for 0 < r < Ry,

e [, =1, - Equation 2.14 for Ry <r < Ryy.



CHAPTER 2. RW Tri in the Ultraviolet 7

2.4.3 Wavelength Calculation of an Accretion Disc Segment

Considering an accretion disc edge on (i.e ¢ = 90°), the radial velocity (v,) of any

segment within the disc can be calculated using the equation

v AN A=,

c Ao Ao

(2.15)

where ), is the emitted wavelength, and A is the observed wavelength of the segment
due to the motion of the material within the accretion disc (Chapter 1, Section 1.1.1).
The accretion disc is assumed to be rotating with Keplerian velocity (v;) around

the primary star, hence

GM1 1/2
) sin 6,
r

v = UgsSinf = ( (2.16)

where G is the gravitational constant (6.673 x 10~ Nm?kg %), M; is the mass of
the primary star, and r is the radial distance from the centre of the primary star to
the accretion disc segment, as shown in Figure 2.16.

In an inclined system (¢ < 90°) such as RW Tri, Equation 2.16 must be modified

to include the inclination angle (). Therefore the observed velocity (v;) is given by

v; = U, Sin% = v, sin O sin 4, (2.17)
GM\?
v; = ( 1) sin fsin i, (2.18)
r

using Figures 2.17 and 2.18.
Substituting Equation 2.18 into Equation 2.15, and rearranging gives a segment

wavelength of

Ao (GM1

1/2
A=+ 22 ) sin 0 sin i. (2.19)

r

2.4.4 Absorption Region: Tracing the Light Path from a
UV Continuum Segment to the Observer
The cylindrical structure of the absorbing material lies outside the radius of the UV

continuum (Section 2.3), therefore the absorbing region within this material is de-

pendent on the size of the UV continuum (Figure 2.10). The height of the absorbing
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- Accretion Disc

— ment
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Figure 2.16: Radial velocity of a segment in the accretion disc.

material is assumed to be sufficiently high that all UV continuum segments (Sec-
tion 2.4.1) are absorbed through the full radial thickness of the absorbing material
(Section 2.3.2). Therefore the light path from each UV continuum segment through
the absorbing material will only be constrained by the radial distance of the inner
(R) and outer (R + T') edge of the absorbing material. Note that R and T are two
of the three free parameters that the program tests.

Consider the light path from a UV continuum segment through the absorbing
material as seen in Figures 2.19 and 2.20. As the light path from the segment passes
through the absorbing material, it is split up into E elements of equal length ds,
where F is given by

S B

= —_ = 2.20
08 dssint ( )

where S is the total path length through the absorption region along the observers’
line of sight, and B is the total path length through the absorption region in the
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To Observer

Figure 2.17: Inclination angle effect. P, is the position of the primary star, and P, is the position
of a segment.

To Observer

N

R

P

Figure 2.18: Angles used to calculate the radial velocity of the system.

orbital plane (B = S'sini) (Figure 2.20).

From Figure 2.19, B can be calculated as

B = To — X1, (221)
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Figure 2.19: Absorption region governed by the effective extent of the UV continuum.
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Figure 2.20: Absorption region governed by the effective extent of the UV continuum.
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where
n=(R-a2)", (2.22)

and

m=(R+1-a2)"”, (2.23)

using Pythagoras’ Theorem, where a, is defined in Section 2.4.1. Substituting

Equations 2.22 and 2.23 into Equation 2.21 leads to
1/2 1/2
B=(R+1F-a2)" - (2 -a2)". (2.24)

The radial distance of the element in the absorbing material in the orbital plane,

e, (used in element wavelength calculations - Section 2.4.5) is given by
r:=a? + [z, + ), (2.25)

using Pythagoras’ Theorem in Figure 2.19. z; is the distance to each element through

the absorbing material parallel to the orbital plane (Figure 2.20), and is given by
z; = (p — 0.5)dssin7, (2.26)

where pis 1 — F and 0.5 is used to calculate the mid-point of the element. Substi-

tuting Equations 2.22 and 2.26 into Equation 2.25, leads to

2 1/2
re = <a2L + [(R2 - ai)m + (p — 0.5)dssin z] ) . (2.27)

2.4.5 Wavelength Calculation of an Element in the Absorb-
ing Material

The wavelength of each element (\.) in the path length is calculated in the same
way as the accretion disc segment wavelength (A - Section 2.4.3). Therefore the

wavelength contribution of an element is given by

M 1/2
de = Ao + Ao (G 1) sin @, sin 1, (2.28)
c

Te
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where 7, is the radial distance from the centre of the primary star to the current
element calculated in Section 2.4.4, and 6, is the angle subtended for the observers’

line of sight to the current element as seen in Figure 2.19, and is given by

0, = sin~" (ai) . (2.29)

Te

2.4.6 Intensity Calculation of an Element in the Absorbing
Material

The intensity of each UV continuum segment (I - Section 2.4.2) is affected by the
properties of the absorbing material. By considering the radiative transfer equation
the absorption properties of the material can be taken into account.

The change in intensity of radiation from the UV continuum as it travels through

the absorbing material is given by
dI)\ = —K,)\pI)\dS, (230)

where dI, is the change in intensity, k) is the absorption coefficient of the material,
p is density of the absorbing material, I, is the intensity at A, and dS is change in
optical path of radiation from the UV continuum through the absorbing material
(Carroll & Ostlie, 1996). As radiation propagates through the absorbing material,
the absorbing material removes photons from the UV continuum, changing ). This
leads to a solution of

() =1(0)e™ = Le ™, (2.31)

where I,(7,) is the intensity at an optical depth 7, in the absorbing material, and
I(0) is the intensity of the UV continuum segment (I(0) = I). A full derivation of
the radiative transfer equation can be found in Appendix A.

The optical depth (7)) is a measure of how opaque a medium is to radiation
passing through it. If 7, >> 1 the medium is optically thick and opaque, if 7, << 1

the medium is optically thin and transparent. Optical depth is defined as

Th = KapS = o\ngS = HS, (2.32)
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where o) is the cross sectional area of the absorbing particles producing the scat-
tering, ng is the number distribution of the absorbing material, and S is the path
length of radiation from a segment through the disc material. H (= kxp = oxng) is
one of the three unknown free parameters that the program tests.

The light from each UV continuum segment will be absorbed along the path
length S. To consider the intensity of the UV continuum along S through the
absorbing material, S is split up into elements of equal length s, where the number

of elements E along the path S is given by Equation 2.20, as seen in Figure 2.21.

To B
Observe;\ %n

S
RN
AN
[ ] Absorbing Materia os ‘\ls
I Accretion Disc ef ,
Il UV Continuum :
= Element 3

Figure 2.21: Intensity of an element (e3), along a path length ().

To calculate the intensity absorbed by each element, assume that each element
is independent of its neighbours (i.e. the element only knows about its initial and
final intensity, it does not know about other elements and therefore does not know
about the total path length S). Considering element 3 (e3) from Figure 2.21

Ig — IQefHJS — IlefHésefHds — IsefHJSefHJ.sefHés’ (233)

Iy = Ie 31%, (2.34)

So the intensity absorbed by any element in the absorbing material () is given
by
I, = I,e PHos, (2.35)
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where I is the intensity from the UV continuum segment, and p is 1— E.

The wavelength of the absorbing material along S will change due to the motion
of the material in the absorbing cylinder (Section 2.3.2). Therefore, to produce
a spectral profile the wavelength contribution from each element in the absorbing
material ().) is calculated using Equation 2.28 (Section 2.4.5), then the intensity of
each element can be binned into discrete wavelength bins. The I, — A, distribution
can then be summed over all elements for all UV continuum segments, producing a

final absorption profile.

2.5 The Model Program

The model was produced by calculating the wavelength and intensity of each ele-
ment, and then summing the intensities and binning into discrete wavelength bins
to form a spectral line, as described in Section 2.4.6.

The model data was fitted to the observed feature at 1335A in the HST data
(Figure 2.3). This feature was observed close to orbital phase 0.5, there is no eclipse
of the UV continuum and absorbing material due to the secondary star (Section 2.3).
Figure 2.22 shows a plot of the observed 1335A absorption feature after continuum
flux was removed. The model data was normalised to the observed data (seen in
Figure 2.22), enabling the model data to be fitted to the observed data.

The goodness of fit of the model data was tested by varying the input parameters
R, T and H and calculating the minimum reduced chi-squared (Appendix B). The
standard deviation of the UV continuum level of +1.2 x 10~'* erg cm~2s~'A~!
(marked as an error bar in Figure 2.22), was considered in the reduced chi-squared
calculation.

The FORTRAN program written to produce the disc model can be seen in
Appendix C. The following section discusses the input and output values of the

program.
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Figure 2.22: 1335A absorption feature observed at an orbital phase close to 0.5, with the UV
continuum removed. The error bar is the standard deviation of the UV continuum in the regions
1314A - 1331A and 1339A - 1379A. This data was used in the FORTRAN program.

2.5.1 Input Values for the Model

A list of constant program input parameters is given below. The bold text repre-
sents the names of the parameters in the FORTRAN program (Appendix C).
e Mass of primary star (M; = 0.75M) - MASS
- Table 2.3, Section 2.2.3.
e Inclination angle (i = 76.86°) - INC
- Table 2.3, Section 2.2.3.
e Radius of the primary star (R; = 0.011R;) - RADWD
- Table 2.3, Section 2.2.3.
e Radius of the UV continuum (Ryy = 0.234R,) - RADUV
- Section 2.2.3.

e Accretion rate (M =4 x 10 8Myyr—1) - MDOT
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- Section 2.2.3.
e Temperature of the primary star (73 = 20800K) - TEMPWD
- Table 2.3, Section 2.2.3.
e Length of a UV continuum segment (6 = 2.0 x 107cm) - SEGL
- chosen to give a smooth profile
e Length of absorption material element (§s = 2.0 X 107cm) - ELES
- chosen to give a smooth profile
e Number of a UV continuum annulus (n = 815) - NUM
- chosen to give a smooth profile, so that 0r = dl = ds
e Emitted wavelength of central peak (), = 1335A) - WAVEO
e Size of wavelength bin (0.59A) - BIN
- from the spectral resolution of the HST data
e Start wavelength for the first wavelength bin (\; = 1318.445A) - WAVE1
- from the HST observational data
e Number of free parameters (3) - PAR

- see the list of these free parameters below

The following is a list of free parameters that the user inputs into the program.
The bold text represents the names of these parameters in the FORTRAN program
(Appendix C).
e Distance from the centre of the UV continuum to the inner annulus of the
cylinder (R in cm) - INR
e Radial thickness of the cylinder (7" in cm) - RTHICK
e Optical depth constant (H in cm™!) - CONST
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2.6 Model Fits

The model program was run for a range of input values. The best results for the

minimum reduced chi-squared (Appendix B) value of 1.1 + 0.3 are,
e R=03+01R,
o T =0.01+0.005R,
o H=70x10%+3.4x 10°R3

The errors on these values were calculated by minimising the reduced chi-squared
of the best-fit, and considering the 68.3% (10) confidence level. The best-fit profile

can be seen in Figure 2.23 (red line).

2x107 14

e
-
|

72><10714

Flux

—4x10-14

—6x10-14

—8x10-14

<
’

—1x10713 \ \ \
1330 1335 1340
Wavelength (A)

Figure 2.23: Best-fit model (red) plotted with the observed out-of-eclipse profile with continuum
removed (blue). The green lines represent the wavelength bins used in the model. The error bar
is the standard deviation of the UV continuum from Figure 2.22.
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2.6.1 Is the Value of H as Expected?

The value of H obtained from my simple geometric model was 7.0x10°+3.4x10*R_".
The absorption feature used to fit the simple geometric model, observed at 13354,
was due to C II (Section 2.1.2). The optical depth (7)) of the absorbing material is
defined as

h = 0\ IV;, (2.36)

where o) is the cross sectional area of the absorbing particles, and N; is the column
density of the absorbing material (Weisstein, 2003). A value of H can therefore be

estimated using
oV,

H
g )

(2.37)

from Equations 2.32 and 2.36.

The cross sectional area of the carbon atoms producing the absorption at the
central wavelength (),) is given by

AN /2
oy, = 1.16157 x 107" f;. ), (T) : (2.38)

where f;; is the oscillator strength or f-value for the transition between states ¢ and
k, A is the atomic weight of the atoms in the absorbing material, and 7}, is the tem-
perature of the absorbing material (Rybicki & Lightman, 1985). The atomic weight
of carbon is 12.011 amu (Helman 2002), and f; and )\, are summarised in Table 2.4.
The temperature of the absorbing material is calculated using Equation 2.1 (Section
2.2.1) where the radial extent of the material is R +7 = 0.31 + 0.1R, leading to
a temperature of 15363 + 4714K. Substituting these values into Equation 2.38 leads
to a oy, of 5.5 x 1071 £ 0.8 x 107 cm?.

The column density (IV;) can be calculated from the equivalent width! (W;) of the

observed absorption line at 1335A by considering the theoretical curve of growth?

1 The equivalent width is the measure of the intensity of a spectral line when normalised to the

continuum level (Zeilik, Gregory, & Smith, 1992).
2The curve of growth is a logarithmic graph of the equivalent width, W;, as a function of the

number of absorbing atoms, NN; (Carroll & Ostlie, 1996).
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for C II. The equivalent width of a spectral line is the width of a box (in A) reaching

to the continuum that has the same area as the spectral line; it is calculated using

Wiz/FC;FAd)\, (2.39)

where F, is the flux from the continuous spectrum outside the spectral line (i.e.
the continuum flux level), and F) is the flux of the spectral line as a function of
wavelength (A) (Carroll & Ostlie, 1996). Considering a continuum flux level of
1.440.12 x 1013 erg cm~2s~'A~! (Figure 2.4, Section 2.2.1), a W; of 2.12 4 0.34A
was calculated.

The theoretical curve of growth for a range of velocities from 25-800 km/s was
produced using the program EW_COLUMN_VOIGT written by Mat Page (Fig-
ure 2.24). The input parameters for the program can be seen in Table 2.4. The
dashed line in Figure 2.24 represents the W, of the observed absorption line at
A1335A, calculated using Equation 2.39.

Parameter Symbol Value Reference

Equivalent width (A) | W; | 2.12+0.34 | Figure 2.22, Section 2.5

Wavelength (A) Mo 1335.3130 | Verner, Verner & Ferland 1996
Oscillator strength ik 0.127 Verner, Verner & Ferland 1996
Natural width (s™1) Api 2.85 x 10® | Verner, Verner & Ferland 1996

Table 2.4: Input parameters for EW_COLUMN_VOIGT.

EW_COLUMN_VOIGT also produced an N; - V plot for the given W, range.
This can be seen in Figures 2.25 where the black lines represent W; = 2.12 4 0.324,
and the magenta lines represent V' = 650 + 44km/s calculated from the FWHM of
the absorption feature at 1335A (Figure 2.5, Section 2.1.2). From Figure 2.25 an N;
of 1.19 x 10" £ 0.22 x 10'® ¢cm~2 was obtained.
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Figure 2.24: Theoretical curve of growth for C II. The curve of growth has been calculated for
velocities of 25km /s (black), 50km/s (red), 100km/s (green), 200km/s (blue), 400km/s (cyan), and
800km/s (magenta). The dashed black line represents the equivalent width (2.12A) of the observed
absorption feature at 1335A.

The path length, S, along the central wavelength is given by

T
S =—— =0.01+0.005R, (2.40)

sin ¢
from Figure 2.21, where T is the thickness of the absorbing material (0.01+0.005R),
and 7 is the inclination angle of the system (Table 2.3, Section 2.2.3). Therefore using
Equation 2.37, the final calculated value of H was 1.1 x 1077 40.7 x 1077 cm ! (or
7.5 x 10* £ 4.9 x 10°R_"). Within error this agrees with the simulated value of
7.0 x 10® + 3.4 x 103R;" obtained from the simple absorption model.

2.7 Implications of the Model Results

There are several possible origins for the narrow absorption line region. These

possibilities are:-
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Figure 2.25: Column density (NV;) versus velocity (V') for the equivalent width of the observed
absorption profile at 1335A. The solid black line represents the equivalent width of 2.12A, and the
dashed black lines represent equivalent widths of 2.12 & 0.34A. The solid magenta line represents
V =650 km/s, and the dotted magenta lines represent V' = 650 &+ 44 km/s.

1) Material from the disc that has not reached the wind.
Material in an accretion disc corona that acts as a reservoir for the UV wind could
produce a ring-like feature above (and below assuming symmetry) the accretion disc.

2) In-fall from wind.
Wind material can lose the momentum gained by the initial force exerted on it by
radiation pressure. A disc structure will form due to the capture of this material by
the gravitational field of the primary stars, in the same way as material from the
secondary star is captured to form an accretion disc (Chapter 1, Section 1.1.4).

3) Material build-up due to flow from the secondary star.
The region producing the absorption features could be related to the ‘dip’ seen in the
UV light curve in Figure 2.2. If this observed dip is equivalent to the proposed model
of Frank et al. (1987) for LMXB dips, then the absorption region may originate from

stream overflow material. Considering the circularisation radius (r.,. - Chapter 1,
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Section 1.1.4)

Teir = 0.6PglsRe,  for ¢ > 0.5 (2.41)

(Frank, King & Raine, 1992), where Py, is the orbital period of the system in days
(0.2319 days), produces r., = 0.23R,. The radius of the cylindrical absorption

material (0.3 +0.1) calculated in Section 2.6, is in agreement with r.;, within error.

Figure 2.26 shows a scale ‘birds eye’ view of the system at orbital phase 0.5 using
the results from this model. The separation of the component stars is a = 1.701 R,
(from Section 2.2.3). The distance from the inner Lagrangian point (Chapter 1,
Section 1.1.2) to the centre of the white dwarf (I1) is given by

l1 = a(0.500 — 0.2271og q) = 0.93R,, (2.42)

Plavec & Kratochvil (1964), where a = 1.701 R, and ¢ = 0.64 (Section 2.2.3). From
Table 2.3, Ry = 0.57Rg. The radius of the UV continuum is 0.234R from Section
2.2.3. The radius of the accretion disc (Ry;) was calculated to be 0.402R; by Smak
(1995).

A ‘theoretical double-peaked accretion disc profile’ is not seen in the narrow
emission features (Figure 2.23). Using R = 0.3R, with M; = 0.75M, the orbital

velocity (v) of the material in the inner radius of the cylinder is

1/2
v = (G;\B/[l) ~ 710km/s, (2.43)

which corresponds to a wavelength shift (A)) of
AN =), ~ 34 (2.44)
c

(Chapter 1, Section 1.1.1, Equation 1.3), where A\, = 1335A is the rest wavelength
of the emission feature. This wavelength shift suggests a double peak feature, but
the results show that the ring of material is optically thick (HT = 70 — 7, > 1
from Equation 2.32), which will effectively boost the core of the line producing a

single absorption line.
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Figure 2.26: Scale diagram of the system at orbital phase 0.5 in the x-y plane from the results
found using the disc model; a ‘birds eye’ view.
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2.8 Further Development of the Model

These results show that the material producing the absorption features in the HST
UV observations of Mason et al. (1997), could lie on an arc defined by a thin
cylindrical structure very close to the primary star. The inclination angle of the
system and the physical properties of the UV continuum are considered in the model,
but the model is only fitted to the absorption feature at 1335A close to orbital phase
0.5. To improve the model other absorption features and other orbital phases should
be simulated. This would lead to a better understanding of the shape, position and
extend of the absorbing material.

Spiral shocks have been seen in the nova-like system V347 Pup (Still et al. 1998).
A correctly orientated spiral shock could mimic the modeled absorption ‘arc’. This
could be tested by modeling the system at different orbital phases; if the ’arc’ changes
radius with orbital phase the absorption could be due to spiral shocks.

The observations of the HST UV data during eclipse show the presence of a weak
emission feature (Figure 2.4 and 2.5). This underlying emission feature was ignored
to simplify the model, but will affect the profile of the absorption features. The
emission profile can be included in the model by assuming that it is produced from

the accretion disc chromosphere.

2.9 Conclusions

From the Hubble Space Telescope observations of Mason et al. (1997), I have mod-
elled the unusual narrow absorption lines seen as emission lines in eclipse. From
the nature and profile of the feature seen at 1335A, I produced a simple absorption
model with the geometry shown in Figure 2.26. My model is consistent with the
HST observations close to orbital phase 0.5, and confines the region producing the
absorption lines to within 0.3 £+ 0.1R; of the white dwarf. I have also discussed

future improvements that can be added to the model to make it more viable.
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The Secondary Star of RW Tri

The secondary star of RW Tri is expected to be of late spectral-type, and is observ-
able at far red (FR) and near infrared (NIR) wavelengths. The secondary star only
contributes ~10% of the out-of-eclipse flux in the FR, compared to ~65% in the
NIR (Dhillon et al. 2000), therefore the secondary star will be seen more strongly
at longer wavelengths.

Measurements of the secondary star velocity are hampered by the large contrast
in brightness with the accretion disc. Weak secondary star absorption features were
detected in the FR spectrum of RW Tri by Friend et al. (1988), and later used by
Smith et al. (1993) to roughly estimate the secondary star velocity as ~ 250km/s
using the method of ‘skew-mapping’. Skew-mapping is a back projection technique
similar to Doppler tomography (Marsh & Horne 1988), which allows the mapping
of velocity from emission features in the binary system. Dhillon et al. (2000) have
detected secondary star features in low-resolution K-band spectra of RW Tri.

In this Chapter I report on the time-resolved spectral observations of RW Tri in
the NIR that I took in November 2000, using the United Kingdom Infrared Telescope
(UKIRT). I use these observations to determine the radial velocity of the secondary
star in RW Tri. I also re-analyse the original reduced FR Isaac Newton Telescope
(INT) observations of Smith et al. (1993) to calculate the secondary star velocity.

Finally T compare the secondary star velocities at these different wavelengths.

95
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3.1 The Far Red Data

The far red data of Robert Smith was too noisy to use conventional cross-correlation
techniques, so the method of skew-mapping is used to calculate the velocity of the
secondary star. To interpret a skew map it is important to understand how the
map is constructed using the technique of cross-correlation. In the next sections the
skew-mapping method is expanded, tested, and a Monte Carlo simulation method
for calculating the error on the skew map is discussed. These sections are followed
by a brief description of the observing run undertaken by Robert Smith, following

which I go on to discuss the analysis and data results.

3.1.1 Construction of the Skew Map

The motion of the secondary star around the centre of mass of the binary system
results in a sinusoidal motion of secondary star absorption features over the orbital
period (P,;) of the system (Chapter 1, Section 1.1.1). When the secondary star
absorption features are too weak to use conventional cross-correlation methods to
map this motion, the technique of skew-mapping can be used. The method of skew-
mapping considers all possible velocity amplitudes (A) and zero-crossing phases
(®, - inferior junction of the secondary star). The resultant skew map produces a
peak indicating the best sinusoidal fit to the correlation distribution, and hence the
velocity of the secondary star.

Assuming that the secondary star rotates around the system’s centre of mass
(c.m.) with circular motion as in Figure 3.1, the radial velocity of the secondary

star (V) can be expressed as
V = Asin2n(® — ®,)], (3.1)

where 0 < A <1000 km/s, 0 < &, < 1, and & is phase.
The values of A and ®, that produce the best-fit model to the observed data

are taken as the best solution. In practice this is done using a cross-correlation



CHAPTER 3. The Secondary Star of RW Tri 97
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Phase (o)

Figure 3.1: Motion of the secondary star. Left: Circular orbit of the secondary star in the
coordinate system defined by Figure 1.2 (Chapter 1, Section 1.1). M> is the mass of the secondary
star, and c.m. is the centre of mass of the system. A is the velocity amplitude of the secondary
star. Right: The sinusoidal motion of the secondary star absorption features.

technique to optimise the secondary star features.
Observations of the system need to be obtained over an orbital period of the
system. The wavelength of each spectrum is then corrected to a linear velocity

scale. This is done using

_ cAM
=
where ¢ is the speed of light (2.99 x 10° km/s), ), is the wavelength of the line

v (3.2)

centre, and AM is the wavelength dispersion. (See Appendix D for derivation).

The spectrum of a single red dwarf is used as a template to cross-correlate
with the observed spectra. The Na I doublet (\8183.3A, \8194.8A) is used as
the secondary star’s distinguishing feature in the far red. This leads to a series of

cross-correlation functions at different phases, where
%ndary = Vo + ASin[Qﬂ—(q) - q)o)]: (33)

V;femplate = VT; (34)

Vondary and Viempiate are the velocities of the secondary and template stars respec-

tively, V, and V- are the systemic! velocities of the binary system and template star

LCentre of mass velocity of the system.
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respectively.
With perfect correlation a sinusoidal or ‘s-wave’ radial velocity curve is formed
from the peaks of the cross-correlation functions (CCFs), where N is the number of

observations. Each cross-correlation peak is positioned on the s-wave defined by
Veep = Vo — Vp + Asin2n(® — D). (3.5)

This can be seen in Figure 3.2.
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Figure 3.2: S-wave radial velocity curve formed from the cross-correlation peaks. N is the number
of observations.

The s-wave defines a line integral?, I,,;. Generally I,, will be small, but if the
s-wave equals the locus of the cross-correlation functions, then 7,; will be a strong
maximum.

There are three unknowns, A, ®,, and V, — V. The best estimate of these

unknowns is the one that maximizes the line integral. A range of templates of

2Integral in time along a path through the cross-correlation function time series.
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different spectral types is considered. Then, the line integral is evaluated along the
sinusoidal path defined by (A4,9,) for each template.

The skew map is constructed by plotting all the line integral values in velocity
space as seen in Figure 3.3. When V, — Vi = 0, each pixel in the skew map corre-
sponds to a sinusoid defined by A and ®,. This sinusoid is integrated through the
data so that the line flux is summed along the sinusoid. There will be a point on
the skew map, which corresponds to an s-wave that exactly follows the peaks of the

cross-correlation functions of the data. This will be seen as a peak in the map.
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Figure 3.3: Skew map in velocity space.

For an eclipsing system the phase of each spectrum is known. The peak of the
skew map will be located at &, = 0 and A = K,, where K5 is the velocity amplitude
of the secondary star (Figure 3.4).

The difference in secondary and template systemic velocity (V, — Vr) is expected
to be small because systemic velocities of these systems are typically 10 —20km//s.
Therefore V, — Vi will have very little effect on the position of the peak on the skew

map. This is further discussed in Section 3.1.6.
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Figure 3.4: Position of the secondary star. The point-like peak on the skew map indicates the
position of the secondary star.

3.1.2 Skew Map Testing

The skew-mapping method was tested using synthesised absorption features formed
in IDL and the MOLLY code written by Tom Marsh. Two separate single peak
absorption features were synthesised using a Gaussian profile. The first feature
was wavelength shifted 20 times with a sinusoidal variation to mimic the effect of
orbital motion in a binary system. The second feature represented the template star.
These two features were then cross-correlated and back projected using the method
described in Section 3.1.5. This was repeated with a double absorption feature.
Figure 3.5 shows the results of cross-correlating two single absorption features
(left) and two double absorption features (right). For the single feature skew map,
a central peak with 20 evenly spaced ‘spokes’ (e.g. Figure 3.5, cyan and magenta)
are clearly visible. For the double feature skew map a main peak and ring of lower
intensity (Figure 3.5, red) centred on the main peak are seen. Also 20 sets of three

‘spokes’ centred on the main peak and the ring respectively can be seen. These sets
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of spokes are equally incremented as in the single feature case. Considering one set
of three spokes, the ‘secondary’ outer two spokes are less intense than the ‘primary’

inner spoke.
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Figure 3.5: Skew map results of synthesised absorption lines. Left: A single absorption line cross-
correlated with a single absorption line. Two different ‘spokes’ are highlighted with solid cyan and
magenta lines. Right: A double absorption line cross-correlated with a double absorption line.
Two ‘secondary spokes’ are highlighted with solid orange and green lines. Two ‘primary spokes’
are highlighted with solid cyan and magenta lines, and are equivalent to the spokes on the single
absorption line map (left). The peak ring is highlighted by solid red circle.

To understand what causes the primary spokes on the skew map consider the
simple case where only single features have been cross-correlated. In Figure 3.6 each
cyan and magenta s-wave represents a point along the cyan and magenta lines on
the skew map in Figure 3.5 (left) respectively. These s-waves each have their own
amplitude (A) and phase (®,) as in Figure 3.3 (Section 3.1.1), but all pass through
two cross-correlation peaks. By transferring points on the skew map into s-waves
and plotting (Figure 3.6), the formation of the spokes can be pictorially built up.

The s-wave of the peak point (black s-wave in Figure 3.6) defines a central
coherency sine wave. Only along this central coherency sine wave do all the cross-
correlation peaks contribute to one point on the map. The 20 spokes are formed by

sets of sine waves focused on the peak of each individual CCF (‘«’s in Figure 3.6).
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Figure 3.6: Explanation of how ‘primary’ spokes are formed. Cyan and magenta s-waves corre-
spond to points on the cyan and magenta spokes of the skew map in Figure 3.5 (left). The thick
black line corresponds to the peak point on the skew map in Figure 3.5 (left). The ‘x’s represent
the peaks of the 20 CCFs.

The sets of sine waves will always pass through two points on the central coherency
sine wave which are 180° out of phase. The cyan spoke is constructed from s-waves
passing through CCF's at phase 0.0 and 0.5, and the magenta spoke constructed
from s-waves passing through the CCFs at phase 0.2 and 0.7. Hence,

e there are 20 spokes corresponding to the 20 CCFs,

e the amplitude along each of these spokes is ~ 1/10th of the peak point intensity
as the set of sine waves along these spokes all pass through two CCF peaks on
the central coherency sine wave.

i.e. If the amplitude of the central peak is C' and there are 20 CCFs, the peak

of each CCF is C/20. The sine wave of each spoke passes through the central
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coherency sine wave twice hence the intensity of each spoke is,

20 C

20 = 10 (3.6)
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Figure 3.7: Explanation of how the ring is formed. Red s-waves correspond to points on the red
ring of the skew map in Figure 3.5 (right). The thick black line corresponds to the peak point
on the skew map in Figure 3.5 (right). The ‘¢’s represent the peaks of the 20 CCFs. The ‘A’s
represent the secondary peaks of the 20 CCFs that lie on either side of the main peak. Dashed
lines represent the special case where a point on a secondary spoke passes through two primary
CCF peaks as well as secondary CCF peaks.

To understand what causes the ring on the skew map in Figure 3.5 (right),
consider the more complex case where double features have been cross-correlated.
As in Figure 3.6, each red s-wave in Figure 3.7 represents a point on the red circle in
the skew map in Figure 3.5 (right) defined by A and ®,. Figure 3.7 shows that the
ring represents a set of sine waves which produces a ‘thick’ s-curve shape centred on

the main peak s-wave. The ring is produced from constructive interference from all
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the spokes centred on the secondary CCF peaks (‘A’s Figure 3.7), and the special
case where a point on the secondary spoke also passes through two primary CCF

peaks (dashed lines in Figure 3.6).
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Figure 3.8: Explanation of how ‘secondary’ spokes are formed. Orange and green s-waves corre-
spond to points on the orange and green spokes of the skew map in Figure 3.5 (right). The thick
black line corresponds to the peak point on the skew map in Figure 3.5 (right). The ‘¢’s represent
the peaks of the 20 CCFs. The ‘A’s represent the secondary peaks of the 20 CCFs that lie on
either side of the main peak.

To understand what causes the secondary spokes on the skew map in Figure 3.5
(right), again consider the more complex case where double features have been cross-
correlated. As in Figure 3.6 and 3.7, each orange and green s-wave in Figure 3.8
represents a point on the orange and green spokes in Figure 3.5 (right). These sec-
ondary spokes are formed in the same way as the primary spokes (in Figure 3.6),
but instead of crossing the main CCF peaks twice, they cross each of the two sec-

ondary CCF peaks once. This is illustrated in Figure 3.8 where the orange spoke is
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constructed from s-waves passing through secondary CCFs at phase 0.0 and 0.5, and
the green spoke is constructed from s-waves passing through the secondary CCFs at
phase 0.2 and 0.7. The secondary spokes are less intense than the primary spokes

because they are centred on the secondary CCF peaks.

3.1.3 Monte Carlo Simulation

A Monte Carlo simulation was used to calculate the error of the skew map. The
noise level on the normalised RW 'Tri spectra was used as a seed to generate normally
distributed random numbers. This could be done because the calculated standard
error (o) is related to the full width half maximum (') of a normal distribution

using
r
0= gar (3.7)
The random numbers were added to the RW Tri spectra and a skew map was
produced using the method in Section 3.1.5. In this way 150 skew maps were
produced, and the distribution of peak velocity values was measured to derive an
error. FEach trial was weighted with the line integral intensity of its respective

map, and used to compute a weighted standard deviation (o,) of the resulting

distribution. o, is defined by

o2 =1 ~ , (3.8)

=

where X; is velocity, W; is the peak weighting, N is the number of values, and X,
is the weighted mean defined by

(3.9)

NOTE - This method adds noise to the original data, therefore resulting errors

will be overestimated.
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3.1.4 Isaac Newton Telescope Observations

The FR spectra of RW Tri were obtained by R. C. Smith using the Isaac New-
ton Telescope (INT) and the 831R grating, giving a wavelength coverage of 7700A
- 8300A (I-band). This range includes the Na I absorption feature (\8183.3A
A\8194.8A) that is expected in the spectrum of a late-type star. The INT has a
2.54m diameter primary mirror and belongs to the Isaac Newton Group of tele-
scopes located in La Palma. A total of 27 time resolved spectra were taken over two
nights spanning the full orbital cycle: 19 spectra were taken on the 2nd September
1985, and 8 spectra were taken on 3rd September 1985. The ephemeris of Robinson
et al. (1991) was used to phase the spectra. A range of 7 template stars of spectral
type K5 to M1.5 were taken from Martin (1988), the details of which are given in
Table 3.1.

Name || Colour Index | Spectral Type | Radial
(J-I) Velocity
(km/s)
Gl 653 0.49 K5 23.0 £ 6
Gl 717 0.54 K7 -
Gl 673 0.60 K7 -28.3
Gl 488 0.67 MO~ 290+1
G1 383 0.70 MO 8.0+ 15
Gl 281 0.71 MO 17.0 £ 6
G1 908 0.87 M1.5 -71.2 £1

Table 3.1: Template stars from Martin (1988).
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3.1.5 Skew-Mapping Method

Skew-mapping of spectra in the FR produces a radial velocity amplitude for the
secondary star. The method used to obtain the skew maps was similar to the
method used by Smith et al. (1998).

Template stars with different spectral types were normalised by dividing each
spectrum by a low order spline fit of the respective continuum. The continuum
of the template star was then set to zero by subtracting a higher order fit to the
continuum. The 27 RW Tri spectra were also normalised using the same method
and then cross-correlated with each template. A mask between 7760A and 7800A
was used to remove the accretion disc absorption feature of neutral oxygen at 7774A
(Friend et al. 1988). The CCFs were then back projected to produce skew maps
using MOLLY, a software package written by Tom Marsh. The systemic velocity
was assumed to be zero. The skew map that gives the highest line integral value
(the strongest peak) is the most accurate map (Section 3.1.1). The Monte Carlo
simulation (Section 3.1.3) was then applied to produce an error for the best-fit skew

map.

3.1.6 Skew-Mapping Results

Figure 3.9 shows the normalised template spectra for the FR in order of spectral
type. The Na I absorption doublet can be clearly seen in Figure 3.9.

Figure 3.10 shows the average spectrum of RW Tri in the FR with and without
the secondary star velocity removed. Figure 3.10 also show the best-fit template Gl
281. The 7774A neutral oxygen triplet, and to a lesser extent the sodium doublet,
can be seen as broad absorption features in the average FR spectra.

Plots of the skew maps can be seen in Appendix E, Figures 6.1 to 6.7. From these
figures a large dispersion of radial velocity amplitudes can be seen, but the peaks
of the maps are clear and lie on or just left of the V,, = 0 plane. The observed data

were very noisy so absorption features could not be resolved very well (Figure 3.10),
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Figure 3.9: The normalised template spectra of the FR. The double dashed lines represent the
rest wavelength of the Na I doublet A8183.3A and \8194.8A. The spectra are offset vertically by
0.5 normalised flux (mJy).

and therefore the peaks of the maps were not point like.

The velocity amplitude was found using the display package GAIA (version 2.5-3
written by Peter W. Draper & Norman Gray, and derived from Sky Cat version 2.4)
enabling the peak to be magnified. Results can be seen in Table 3.2. Columns 1 and
2 list the name and spectral type of the template, column 3 lists the maximum peak
strength and columns 4 and 5 list the corresponding V,, and V;, values. Template stars
with the same spectral type have subtle differences in their spectrum (Figure 3.9),

and therefore produce different skew maps with varying line integrals (Table 3.2,
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Figure 3.10: Average 1 is the average RW Tri spectra in the FR. Average 2 is the average RW
Tri spectra in the FR with the secondary star velocity removed, the Nal doublet can be seen more
clearly in this average plot. The best-fit template Gl 281 is flux scaled by a factor 1/34000 and
offset by 5mJy. As in Figure 3.9 the dotted lines represent the rest wavelengths of Na I doublet.

Column 3).

The skew map with the strongest peak was found with the MO template Gl 281.

Patterson (1984) estimated the secondary star of RW Tri to be of spectral type MO,

based on the empirical zero-age main-sequence (ZAMS) mass-radius relation. The

result is also consistent with the statistical prediction of K9+ 3 by Smith & Dhillon

(1998).
The best-fit skew map (Figure 3.11) has,

o Ky =235+47 km/s
o V, = 55+ 40 km/s

o [, =107+ 62

The peak value of the skew map is represented by e, and the ‘+’s represent the

Monte Carlo simulated data peaks. The large blue cross hair represents X,, & o,.
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Template | Spectral Line Vy Ve
Name Type | Integral (I,,;) | (km/s) | (km/s)
Gl 653 K5 18.0 291.5 -29.5
Gl 717 K7 19.9 117.5 25.5
Gl 673 K7 35.1 246.5 19.5
Gl 488 MO~ 56.3 231.5 67.5
Gl 383 MO 78.2 255.5 42.5
GI 281 MO 106.6 234.5 54.5
Gl 908 M1.5 441 69.5 42.5

Table 3.2: Skew map results of RW Tri in the FR, showing V,, and Vj, for different template stars.
The higher the value of I,,4, the better the match between the peak s-wave and the cross-correlation
peaks of the data.

My result agrees within error with the value of ~ 250km/s from Smith et al. (1993).
Figure 3.10 plots the average RW Tri spectrum (Average 2) in the FR where the
secondary star velocity has been removed using the best-fit skew map results. This
plot shows that the Na I doublet can be resolved.

From the simulated data in Section 3.1.2, two things are expected. Firstly, the
skew map should have spokes centred on the peak of the map corresponding to
the number of cross-correlation functions (CCFs). Secondly, a point peak along
V. = 0 with a ring surrounding it should be seen. In this map 27 spokes are seen
in an enhanced image (Figure 3.12) due to the 27 spectra producing the skew map.
These spokes have different intensities due to the different fluxes of the spectra at
different orbital phases. This is unlike the simulated data (Section 3.1.2), which had
constant intensity throughout the orbital phase. The spokes in Figure 3.12 are not
evenly distributed around the orbital cycle because the observations were not taken

at equal increments in time. There are two strong spokes observed in the skew map,
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Figure 3.11: Best-fit skew map of RW Tri in the FR, resulting in K, = 235 & 47 km/s, over-
plotted with Monte Carlo simulation data represented by ‘+’s. The peak of the skew map is
represented by e. X,, & o, is represented by the large blue cross hair.

they are plotted as the ‘main’ spoke (magenta) and ‘secondary’ spoke (orange) in
Figure 3.12.

The main spoke (magenta line in Figure 3.12) corresponds to a set of s-waves
with varying amplitude. This set of s-waves crosses the s-wave which defines the
peak value of the skew map at the phases of 0.07 and 0.57, corresponding to 24°
and 206° in Figure 3.12.

The left arm (green line in Figure 3.12) corresponds to a strong CCF peak that
lies very close to the main s-wave defining the peak value of the skew map. The
left arm lies at the same phase as the point where the set of s-waves defining the
secondary spoke (orange line in Figure 3.12) crosses the s-wave which defines the
peak value of the skew map. This arm feature is not mirrored to the right of the
main peak on the skew map because there are no CCF peaks occurring around this

phase. A point-like peak surrounded by a ring as expected from the simulated data
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Figure 3.12: Enhanced best-fit skew map showing 27 spokes. Each spoke is numbered. The solid
lines define the main spoke (magenta), secondary spoke (orange) and left arm feature (green). The
two angles ®; = 24° and ®, = 206 correspond to the phases at which the set of main peak s-waves
cross the s-wave defining the peak value of the skew map. e represents the peak of the skew map.

(Section 3.1.2) is not seen in the skew map because the RW Tri INT data are very
noisy.

The peak of the data is expected to lie along V,, = 0 (Section 3.1.1), but my
results show the peak of the map is at V, = 55 + 40km/s. To test if this V,, value is
due to the systemic velocities of RW Tri or the template star I input a range of V,—Vr
values from -20km/s to 20km/s into the skew-mapping method and measure the
peaks of the different maps produced. Figure 3.13 shows the results of this testing,
where V,, is represented by *, and V, is represent by A. The solid and dotted
lines represent skew map results of V, = 235km/s and V, = 55km/s respectively.
Figure 3.13 shows within the skew map errors of +47km/s and +40km/s for V, and
V. respectively, the systemic velocity does not greatly effect the position of the peak,
therefore the V offset of the peak is due to the noise in the data. Figure 3.13 also

shows that V}, is relatively insensitive to the systemic velocity, as shown by Smith
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et al. (1998).
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Figure 3.13: Test to see if systemic velocity is the cause of V,, = 55 + 40km/s in the skew map
results. V, (x) and V, (A) peak coordinates for a set of skew maps (y-axes) are plotted against the
Vo — Vr values (x-axes) used to produce the maps. The solid line represents V;,, = 235km/s with
an error bar of £47km/s. The dotted line represents V, = 55km/s with an error bar of £40km/s.

Results using the same set of FR RW Tri data, but a different set of templates
ranging from K5 to M4.5e have been obtained by Vande Putte et al. (2003). They
find a best-fit skew map using the M1 template Gl 514 with Ky = 263 + 30 km/s,
and use a more sophisticated technique to obtain the systemic velocity of —11 4+ 15
km/s involving an iterative process. Extrapolating V, to zero from Figure 3.13, the
systemic velocity appears to be between -20 and -30 km/s which is not dissimilar
to the results of Vande Putte et al. (2003). The differences between their value of
K, and those presented here (which are within the respective errors), are due to the

different set of templates used.
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3.2 Near Infrared Data

In the following sections I describe my UKIRT observations and data reduction, and

then the results using this data.

3.2.1 United Kingdom Infra-Red Telescope Observations

The United Kingdom Infra-Red Telescope (UKIRT), located on the summit of Mauna
Kea, Hawaii, is operated by the Joint Astronomy Centre (JAC) on behalf of the U.K.
Particle Physics and Astronomy Research Council (PPARC). The telescope is a 3.8m
classical Cassegrain Telescope with a thin primary mirror.

Data on RW Tri from 6th to 7th August 2000 were taken in the NIR K-band
using the Cooled Grating Spectrometer 4 (CGS4) on UKIRT. CGS4 is a 1 — 5um
multi-purpose 2D grating spectrometer containing a 256 x 256 InSb array, installed
in a cryostat which is cooled by liquid nitrogen and closed cycle coolers (Hirst 2001).
The instrument has a calibration unit containing a blackbody source for flat-field
measurements, and argon, krypton, and xenon arc lamps for wavelength calibration.

I obtained observations using the 150 line/mm grating. This gave a spectral
resolution of 100 km/s at 2.2um using the 150 mm camera, and wavelength coverage
of 0.075um allowing different secondary star absorption features to be observed. The
telescope was also nodded up and down the slit taking spectra at different detector
positions to facilitate the removal of night sky spectrum.

The majority of each night was taken up observing RW Tri in order to cover the
orbital period of the system; observational data of RW Tri can be seen in Table 3.3.
During the first night there was a very fine cloud coverage around 10:15 UT that
had dissipated by 10.25 UT. At 8.15 UT on the second night a software crash halted
observations for ~40mins. A total of 35 spectra were taken of RW Tri over the
two nights: 15 spectra on the first night, and 20 spectra on the second. Summing
the data from the telescope nodding positions gave a total exposure time of 600s

for each RW Tri spectrum. This exposure time is equivalent to 0.03 orbital cycles,
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which is short enough to prevent any significant smearing due to orbital effects. The
instrumental smearing ® (v,;) is

27TK2te$p

P - 44+ 8 km/s

(3.10)

Ures =

(Watson & Dhillon 2001), where K is taken from the skew-mapping results (Section
3.1.6), tegp is the exposure time (600s), and P, is the orbital period of the system
(20040s). The instrumental smearing is half the instrumental resolution of 100 km/s,

therefore the secondary star radial velocity (235 km/s from Section 3.1.6) is clearly

measurable.
Name | Observational uT uT Exposure Central
date (UT) start end Time (s) | Wavelength (um)
RW Tri 6/9/00 05:35:31 | 06:32:52 150 2.290
RW Tri 6/9/00 07:38:09 | 14:03:39 150 2.235
RW Tri 7/9/00 05:16:01 | 08:15:18 150 2.235
RW Tri 7/9/00 08:52:37 | 13:57:07 150 2.235

Table 3.3: RW Tri observations in the NIR.

Towards the end of each night after RW Tri had set, template stars in the
spectral range K5 to M2 were observed (Table 3.4). A total of ten template stars
were observed over the two nights.

In order to observe the secondary star of RW Tri, the 150 line/mm grating was
used to cover a wavelength range 2.255um - 2.330um to include the Ca I and ?CO
absorption features observed in RW Tri by Dhillon et al. (2000). On inspecting
the real time reduced data using ORAC-DR the Ca I absorption triplet was weakly

seen, and the 2CO absorption band features were not present. Hence the observed

3Instrumental smearing is the smearing due to the use of a finite exposure time.
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Name | Spectral | Observational UT UT Exposure | Radial
type date (UT) start end Time (s) | Velocity
(km/s)
Gl 397 K5 7/9/00 15:33:32 | 15:36:19 5 21
Gl 334 K7 6/9/00 15:28:58 | 15:32:49 10 32.2
Gl 3478 K7 7/9/00 14:43:44 | 14:49:04 20 -
Gl 182 MO 6/9/00 14:32:27 | 14:38:34 20 39
Gl 281 MO 7/9/00 14:23:49 | 12:28:01 12 18.5
Gl 383 MO 7/9/00 15:53:09 | 15:57:53 14 8.0
GI 212 MO0.5 6/9/00 15:02:06 | 15:05:52 10 -3.0
GI1 390 M1 7/9/00 15:18:53 | 15:22:40 10 25.0
Gl 382 M1.5 7/9/00 15:04:15 | 15:07:19 7 12.2
Gl 393 M2 7/9/00 15:12:32 | 15:15:32 7 12.7

Table 3.4: Template stars observed in the NIR. The radial velocity values were obtained from
Simbad (2004).

wavelength range was altered to cover 2.200um - 2.275um. This wavelength range
covered the Na I and Ca I absorption lines recorded by Dhillon et al. (2000), and
both features were present in the real time data reduction spectra.

A-type standard stars were observed to flux calibrate the RW Tri and template
spectra and to remove telluric lines. The RW Tri standard star was observed at the
beginning of each night, and then three more times during each night. On the first
night the RW Tri standard star was observed at 7:22 UT, after the cloud coverage
at 11:15 UT, and again at 13:07 UT. On the second night the RW Tri standard star
was observed at 7:00 UT, 9:41 UT, and 12:02 UT. The template standard stars were
observed before each template star observation.

Arc and flat field spectra were also observed through both nights before standard
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A-star observations. The Xenon arc lamp was used because it contained the most
features in the observed wavelength range. Arc and flat field spectra are used for
wavelength calibration and the removal of pixel-to-pixel array variations respectively.

To calculate the secondary star velocity in RW Tri normalised spectra are used,
hence an absolute flux scale is not needed, therefore I do not correct for atmospheric
extinction. However, for completeness, I note that the range in the airmass of RW Tri
was 1.10-1.79 on the first night and 1.01-2.04 on the second night, with the standard
stars reaching air masses of 2.07 and 1.98 respectively. The relatively low extinction
for the standard stars (0.096 mag/airmass in the K band) has no appreciable effect
on their brightness. The range in airmass of the template stars and their standard

stars were 1.09-1.44 on the first night and 1.01-1.85 on the second night.

3.2.2 UKIRT Data Reduction

The initial steps of the data reduction were undertaken at the telescope using the
ORAC-DR data reduction package developed at the Joint Astronomy Centre by
Frossie Economou and Tim Jenness in collaboration with the UK Astronomy Tech-

nology Centre as part of the ORAC project. These initial steps were;
e applying a bad pixel mask to remove bad pixels,
e bias frame subtraction,
e flat field division to remove pixel-to-pixel variations across the array,

e interlacing and co-adding the source spectrum obtained at different detector
positions as a result of nodding the telescope along the slit, to accurately

remove night sky spectrum.

Bad pixels were found close to the Na I doublet feature at 22063A and 22101A
on night 1, and 22078A and 22116A on night 2. The difference between the apparent
wavelengths of the bad pixels between the nights is due to a slight shift in the grating
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angle. These bad pixels were removed from the ORAC-DR images by interpolation,
before the spectra were extracted.

Further data reduction was carried out using the FIGARO general data reduction
package version 5.4.0 developed by Keith Shortridge. Spectra were extracted, and
wavelength calibrated using the arc spectrum, and telluric lines were removed using
standard A-stars. RW Tri and template spectra were then flux calibrated using
the appropriate standard A-stars. The resulting RW Tri and template spectra were
smoothed and rebinned on to a linear wavelength scale. The ephemeris of Robinson
et al. (1991) was used to phase the data. The midpoint of each 600s exposure was

used as the observation time.

3.2.3 Near Infrared Results

Figure 3.14 shows the normalised template spectra for the NIR in order of spectral
type. The Na I doublet and Ca I triplet absorption features in the NIR can clearly
be seen. There are no large differences in the depths of the Ca I and Na I lines
in the different spectral types, making it hard to distinguish between the different
spectral types in this wavelength band.

Figure 3.15 shows the average spectrum of RW Tri in the NIR with the MO
template Gl 281. Figure 3.16 shows the individual spectra of RW Tri distributed in
orbital phase. The Na I and Ca I absorption features appear to shift from spectrum

to spectrum on both nights.

The Secondary Star Velocity

The velocity of the secondary star in RW Tri was investigated by cross-correlating
the spectra of RW Tri with the template spectra. The RW Tri and template spectra
were normalised in the same way as described for the FR data (Section 3.1.5), and
rebinned on to the same wavelength scale. Each RW Tri spectrum is cross-correlated

with each template spectrum in turn. The position of the correlation peak was then
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Figure 3.14: The normalised template spectra of the NIR data. The double dashed lines on the
left of the plot represent the rest wavelengths of the Na I doublet A22062A A22090A, and the triple
lines on the right indicate the wavelengths of the Ca I triplet A22614A, A\22631A, A22657A. The

spectra are offset vertically by 0.2 normalised flux (mJy).

plotted against orbital phase to produce the velocity curve of the secondary star.

The method of skew-mapping was not used for this data set, because the position of

the cross-correlation peaks could be clearly defined. As in skew-mapping (Section

3.1.5), the spectral template that yields the strongest cross-correlation peak is the

best-fit to the data. All the cross-correlation results gave similar values, which is

what I expect as there is little variation in the relative strengths of the Na I and

Ca I lines from Figure 3.14; therefore I consider the average of all the templates.
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Figure 3.15: Average RW Tri spectra of each night in the NIR. The M0 template Gl 281 is flux
scaled by a factor 1/170 and offset by 1.5mJy, and the average night 2 data is offset by 1.2mJy. The
absorption feature marked by * is due to bad pixels. As in Figure 3.14 the dotted lines represent
the rest wavelength of Na I doublet (left), and the Ca I triplet (right).

The radial velocity of the templates was not taken into account when averaging,
because these velocities are smaller than the resolution of the data (Section 3.2.1).
The best-fit radial velocity curve of the average cross-correlation lags using all the
template data is illustrated in Figure 3.17.

This velocity curve can be interpreted as
V =7+ Kysin(2n(® — @,)), (3.11)

where V' is the radial velocity, v is the systemic velocity, K, is the radial velocity
amplitude, ® is the binary orbital phase defined by the ephemeris of Robinson
et al. (1991), and ®, is the orbital phase of blue to red zero crossing (inferior

conjunction of the secondary). A sinusoidal curve was fitted to the velocity data
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Figure 3.16: Normalised RW Tri spectra. Bottom: The normalised RW Tri spectra of the first
night plotted in orbital phase. Top: The normalised RW Tri spectra of the second night plotted
in orbital phase. In both plots the dotted lines represent the rest wavelength of Na I doublet (left)
and Ca I triplet (right) as in Figure 3.14. Each spectrum is vertically offset by 2.5 times its orbital
phase.
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Figure 3.17: The best-fit radial velocity curve of the two nights combined. The symbols * and A
represent the data points from night 1 and 2 respectively. Each point is the mean of the lags derived
from various stellar templates used (Table 3.4) and the error bars are the standard deviation of the
results from the different templates, and therefore express the systematic error on the data due to
template choice. The sinusoidal line represents the best-fit velocity curve.

using the Levenberg-Marquardt algorithm in IDL; by minimising the reduced chi-
squared (Appendix B) and considering the 68.3 % (1o) confidence level, a best-fit

velocity and error was calculated. This results in,
o Ky =221+29 km/s
e v=17+20 km/s
e &, = —0.040 £ 0.020 orbital phase (= 0.002 4 0.001 days)

Figure 3.18 shows the O-C diagram for the ephemeris of Robinson et al. (1991)
for RW Tri using eclipse minimum data spanning from 1937 to my NIR data (Mandel
1965, Africano et al. 1978, Longmore et al. 1981, Robinson et al. 1991, Horne &
Stiening 1985, Still et al. 1995, Rutten et al. 1992, and Mason et al. 1997). The
large error on the NIR data in Figure 3.18 is caused by the eclipse time which is

inferred from spectral data fitted with a sinusoid rather than being measured directly
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using an eclipse profile.

0.010] ]

0.005 F -

. i : . ]

%) L ¥ 1% « ¥ _
5 0.000 . — %ggﬁ

) - O .

L *x ) f _

L‘) L i

© _0.005F -

= Mandel IAfricono IHDW@ —

: I Robinson I Still :

~0.010F | - 1 .

7\ | | | | | | | | | | | | | | | | | | | | | | | | ]

3.0x10%  3.5%x10% 4.0x10% 45x10% s.0x107

Julian Date (+2400000)

Figure 3.18: O-C diagram for the ephemeris given by Robinson et al. (1991). Data points are
obtained from Mandel (1965 - red), Africano et al. (1978 - black), Longmore et al. (1981 - cyan),
Robinson et al. (1991 - magenta), Horne & Stiening (1985 - purple), Still et al. (1995 - blue),
Rutten et al. (1992 - yellow), ultraviolet data from Chapter 2 (orange), and NIR data from this
Chapter (green). The error bars for each data set are shown at the bottom of the plot using the
same colour key.

Only the inner accretion disc and white dwarf emit in the ultraviolet, there-
fore the continuum is relatively small in size and is likely to give a more accurate
measurement of the primary star eclipse. However, there is no previous ultraviolet
eclipse minimum to compare the HST data points to, therefore NIR and optical data
from previous authors must be used to formulate the ephemeris. The data points
in Figure 3.18 have a dispersion about the mean of up to 0.007 days. There is no
convincing cyclic variation with time in the O-C diagram; a linear fit to these data
is adequate (see Chapter 1 Section 1.3.1 for discussion).

In Figure 3.19 the individual spectra of RW Tri are plotted as a function of



CHAPTER 3. The Secondary Star of RW Tri 124

orbital phase, as in Figure 3.16, but with the best-fit absorption velocity shift taken
out (221429 km/s) and the orbital phase corrected (—0.040 4 0.020 orbital phase).
Figure 3.20 shows the velocity corrected average spectrum of RW Tri for each night,
and the scaled MO template GI 281. The Na I doublet and Ca I triplet are clearly
seen in both nights (Figures 3.19 and 3.20).

Secondary Star Absorption Features

To determine whether the absorption features in RW 'Tri vary in strength through the
orbital cycle, I compare the depth of the strongest features in the velocity corrected
spectrum of RW Tri with the values observed in the template star spectrum. I use
the G 281 template because it gave the best match to RW Tri in the I-band (Section
3.1.6). The combined regions around the Na I absorption feature (22010A - 22140A)
and the Ca I absorption feature (22570A to 22700A) are considered, masking out the
rest of the spectrum. Figure 3.21 shows a plot of the ratio of RW Tri versus template
star absorption feature deficit through the orbital cycle. There is some evidence that
the secondary features are strongest near phase 0.0 and weaker near phase 0.5. This
suggests that the centroid of the secondary features is shifted to the hemisphere
of the secondary that faces away from the disc. To a first approximation the best
sinusoidal fit to the data has an amplitude of 0.27 + 0.18 (solid line in Figure 3.21).
This sinusoidal fit implies that the secondary star contributes ~ 39% of the NIR
flux at phase 0.0, while at phase 0.5 this percentage is reduced to ~ 15%. Hence,
the absorption in the hemisphere of the secondary star nearest to the primary star
is ~ 0.4 times the strength of the absorption in the back hemisphere. If part of the
modulation in Figure 3.21 is due to the primary star and accretion disc eclipsing the
secondary star, the sinusoid will overestimate the degree of heating. In Chapter 4
I consider the strength of absorption in the front hemisphere of the secondary star
(hemisphere closest to the primary star) to be between 0 and 0.4 times the strength
of absorption in the back hemisphere derived from the sinusoidal fit (Chapter 4,
Section 4.3.3).
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Figure 3.19: Normalised RW Tri spectra with the secondary star velocity removed and corrected
orbit phase. Bottom: The normalised RW Tri spectra of the first night plotted in orbital phase
with the secondary star velocity removed. Top: The normalised RW Tri spectra of the second night
plotted in orbital phase with the secondary star velocity removed. In both plots the dotted lines
represent the rest wavelength of the Na I doublet (left) and Ca I triplet (right) as in Figure 3.14.
Each spectrum is vertically offset by 2.5 times its orbital phase.
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Figure 3.20: Average NIR RW Tri spectra of each night with the secondary star velocity removed.
The best-fit template G1 281 is flux scaled by a factor 1/170 and offset by 1.5mJy, and the average
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of Na I doublet (left), and the Ca I triplet (right).
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Figure 3.21: The total flux deficit in the Na I and Ca I RW Tri secondary star absorption
features, expressed as an equivalent width (EW), divided by the corresponding equivalent width
in the template star Gl 281. Each spectrum was corrected for secondary star velocity shift and
orbital phase. Night 1 is represent by *, and night 2 is represented by A. The solid line represents
the best sinusoidal fit to the data.
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Averaging over orbital phase the results suggest that the secondary star con-
tributes on average 29 + 13% of the K-band flux. This is considerably different from
the 65 £ 5% out-of-eclipse flux estimated by Dhillon et al. (2000). The AAVSO
quick look light curves of RW Tri at the time of my UKIRT observations show that
RW Tri was at a magnitude of m; ~ 13, but during the observations of Dhillon et
al. (2000) RW Tri appeared to be in a low state with a magnitude of my ~ 13.8.
Thus using

fm2

where f,,; and f,,2 are the fluxes relating to the magnitudes m; and my respectively.

me —my = 2.51og <@> : (3.12)

RW Tri was approximately a factor of 2 brighter during my observations than when
observed by Dhillon et al. (2000), accounting for the different estimates of the sec-
ondary star contribution. Assuming that the flux of the secondary star is constant,
the accretion disc and stream increased by a factor of ~ 4.1 in brightness between

the two observations (using Equation 3.12).

Secondary Star Rotational Velocity

The equatorial rotational velocity of the secondary star is defined as

27TR2

V;"ot = )
Porb

(3.13)

assuming that the secondary star is locked to the binary orbit due to tidal inter-
actions (Friend et al. 1990). Dividing Equation 1.9 (Chapter 1, Section 1.1.1) by
Equation 3.13, and substituting in Equations 1.12, 1.15 and M = M;+ M, (Chapter
1, Section 1.1.1) leads to

Ko _ [(1+q) (@) o (3.14)

Vot SIN ¢ a

where ¢ = My /M is the mass ratio of the system, Ry is the radius of the secondary
star, a is the binary separation, and V,,; sin¢ is the projected rotational velocity as

determined from the spectral broadening of the secondary star lines.
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The radial velocity of the secondary star can be calculated in the NIR by artifi-
cially broadening the template star spectra which are assumed to have low V., sin z,
and fitting it to the RW Tri spectra. The method used to obtain the rotational
velocity of the secondary star was similar to that described by North et al. (2000).

At orbital phases other than 0 the absorption features are altered by irradiation,
so I considered the velocity corrected NIR RW Tri spectra close to phase 0 (0.9—1.1),
along with each template spectrum. The continuum was removed from the RW
Tri and template spectra using a low order polynomial after masking out strong
absorption features. Each template spectrum was then artificially broadened in the
velocity range V,usini = 10 — 200km/s in steps of 10km/s, assuming a range of
limb darkening coefficients from 0.0 — 1.0 using MOLLY. The template and RW Tri
spectra were rebinned onto the same wavelength scale and cross-correlated, then
the broadened template spectra were shifted by the cross-correlation lag results.
Residual spectra were produced by subtracting a constant that was multiplied by the
shifted broadened template with each RW Tri spectrum; the constant was adjusted
to minimise the scatter on each residual spectrum. A boxcar average smoothing was
applied to the residual spectrum to eliminate any large-scale structure. The reduced
chi-squared (2 - Appendix B) was calculated between each residual and smoothed
spectrum in the wavelength regions containing the Na I feature (22040A to 22108A)
and the Ca I feature (22570A to 227004).

All template stars gave the same order of x? values around the phases 0.9 —
1.1, confirming that data is not template sensitive in this wavelength band. The
minimum x? values for given templates lead to a range of V,; sini. Table 3.5 shows
the range in V,.,; sin % when the average data of nights 1 and 2 for the Na I and Ca I
absorption features are considered, along with all template stars and limb darkening
coefficients of 0.0 — 1.0. These results show that the limb darkening coefficient does
not greatly effect the final results, although a value of 0.0 generally produces a lower
limit to V,,; sin¢ while 1.0 leads to an upper limit.

Figure 3.22 shows the minimum y? values produced for the MO template Gl
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Limb darkening || Na I feature | Ca I feature
coefficient (km/s) (km/s)
0.0 120 - 150 90 - 100
0.5 130 - 160 90 - 100
1.0 140 - 170 100 - 110

Table 3.5: V., sini results for different limb darkening coefficients, corresponding to a range of
template stars. The results for each feature contain the average for nights 1 and 2.

281. The black, cyan and magenta lines indicate the average Na I and Ca I results
for the limb darkening coefficients of 0.0, 0.5 and 1.0 respectively; the dashed line
represents the average data of all the templates. Figure 3.22 shows how a change
in the limb darkening coefficient produces a lower and upper limit for V. sini.
Based on the x? distribution in Figure 3.22 and Table 3.5, I estimate a best guess
Vot sing = 120+20km/s. I checked that the V,,; sini of each template was ~ Okm/s,
by cross-correlating the templates against each other.

When using V,,sini = 120km/s to broaden the template stars and reproduce
the skew maps in the FR and the velocity curve in NIR, the velocity results were not
affected. This is because rotational broadening affects the profile of the absorption
lines, but not the position of the line centroids, which govern the cross-correlation

peak positions.

3.3 Conclusions

I have calculated the radial velocity amplitude of the secondary star in RW Tri using
the methods of skew-mapping in the FR and cross-correlation in the NIR. It is the
first time that the NIR has been used to measure the secondary star velocity using a

direct cross-correlation technique. The results of 235+47 km/s (in FR) and 221+29
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Figure 3.22: Plot of x2 obtained when the NIR MO template GL 281 was artificially broadened
by V;o¢ sini in the range 10 — 200km /s. This shows the minimum x2 for limb darkening coefficients
0.0 (black - offset by 0.1x2), 0.5 (cyan - offset by 0.2x2) and 1.0 (magenta - offset by 0.3x2), where
the Na I and Ca I results have been averaged. The average data of all the templates is represented
by the dashed line.

km/s (in NIR) agree within the errors. The spectral type for the secondary star is

found to be MO in the FR, but there is little variation in the relative strengths of

the absorption features in the NIR, making the data insensitive to spectral type.
Using the NIR data I find a V4 sini = 120 4+ 20km/s using the Na [ and Ca I

secondary star features, and a range of limb darkening coefficients.



Chapter 4

The Component star masses of

RW Tri

Since first being observed as an eclipsing variable (Protitch 1937) multi-wavelength
studies of RW Tri have provided much insight into the system but have yet to yield
an accurate measurement of the masses of the two component stars. By observing
the velocity of the component stars, their masses can be calculated using Kepler’s
third law (Chapter 1, Section 1.1).

In this Chapter I use the radial velocity amplitudes of 235 km/s in the far red
and 221 km/s in the near infrared found in Chapter 3. I use these velocities with
V.ot sini results of Chapter 3 and proposed white dwarf velocities found by other
authors (Kaitchuck et al. 1983, Still et al. 1995 and Mason 1999), to calculate the

mass ratio and individual masses of the component stars within RW Tri.

4.1 Calculating the Mass

To calculate the masses of the two component stars in the system, the mass ratio

(q) is used
K
B _ M (4.1)

Q—KZ—E,

131
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where K; and K, are the radial velocity amplitudes of the primary and secondary
stars respectively, and M; and M, are the primary and secondary star masses re-
spectively.

The inclination angle (7) of the system also needs to be determined. RW Tri is an
eclipsing system, therefore the eclipse width leads to an estimate of the inclination

angle.

4.1.1 Eclipse Width

The geometry of an eclipsing binary system is controlled by the inclination angle (7)
and the mass ratio (¢). Since the mass ratio defines the size and shape of the Roche
lobe (Chapter 1 Section 1.1.2). Chanan et al. (1976) numerically calculated the
white dwarf eclipse half width (¢;/2) as a function of the inclination angle and mass
ratio using Roche lobe geometry. Their results are shown graphically in Figure 4.1,
where curves of ¢/, are plotted as a function of inclination angle for various values

of mass ratio.
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Figure 4.1: A plot of eclipse half angle (¢;/2) versus orbital inclination (i) for 21 fixed values of
mass ratio (g) for a point-mass-Roche-lobe-filling binary, from Chanan et al. (1976).
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Three assumptions were made by Chanan et al. (1976) to obtain this relation-
ship; 1. the gravitational potential of the component stars are point mass potentials,
2. the binary system rotates as a rigid body around its centre of mass, and 3. the
secondary star fills its Roche lobe.

Horne (1993) produced a relationship between mass ratio and inclination angle
for different values of the white dwarf eclipse duration (A®); this can be seen in

Figure 4.2.
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Figure 4.2: Relationship between mass ratio (¢) and inclination angle (i) for different eclipse
phase widths (A®), from Horne (1993).

The main difference between Figures 4.1 and 4.2 is the parameterisation of the
eclipse width. Chanan et al. (1976) considered the white dwarf half width in units
of degrees (¢1/2), whereas Horne (1993) considered the full duration of white dwarf
eclipse in units of orbital phase (A®). Therefore

AG = 2012 (4.2)
360

Both authors obtain the eclipse width in the same way using Roche lobe geometry
to calculate where the observers’ line of sight just touches the limb of the secondary

star.
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For binary systems with orbital period F,; > 0.13 days, the optical light from
the system is normally dominated by the accretion disc (Bailey 1990), but there are
exceptions where the optical light is dominated by the secondary star (e.g. AE Aqr -
van Paradijs 1989). To reduce contamination from the accretion disc, Bailey (1990)
used the eclipse width at half-light as a good approximation of the white dwarf
eclipse duration. In the ultraviolet only the hot inner parts of the accretion disc are
seen, therefore the ultraviolet eclipse width at half light is a better approximation
of the white dwarf eclipse duration.

For RW Tri the width of eclipse at half-light in the ultraviolet (the FWHM) is
A® = 0.077+0.022 orbital phase (Chapter 2, Section 2.1.1). A curve for A® = 0.077

can be calculated in terms of the inclination angle (i) and the mass ratio (¢) using

R 0.49¢%/3
2 1 , (4.3)
a  0.6¢%3 +1In(1+ ¢'/3)
and
Ry\? . 9 2 2 .
(—) =sin“ TA® + cos” TAD cos” i. (4.4)
a

Equation 4.3 defines the volume-equivalent radius of the Roche lobe which is close
to the equatorial radius of the secondary star as seen during eclipse (Eggleton 1983).
Equation 4.4 as given by, for example Smith et al. (1998) using simple geometry.

This curve can be seen in Figure 4.3.

4.1.2 Masses

The mass function of the component stars can be derived by considering the circu-
lar motion of the component stars around the centre of mass of the binary system
and Kepler’s third law (Chapter 1, Section 1.1.1). Using the mass functions (Equa-
tions 1.13 and 1.14, Chapter 1) and Equation 4.1 the masses of the primary and
secondary stars can be calculated using

Po'rbKZ

Ms.s.:
L 2rG

(K1 + K)?, (4.5)
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Figure 4.3: Relationship between mass ratio (¢) and inclination angle (i) for A® = 0.077 £0.022
using Equations 4.3 and 4.4. The solid line represents the curve of A® = 0.077, the dotted lines
represent the curves of A® = 0.077 £ 0.022 orbital phase.

and
PorbKl
2rG

where P, is the orbital period of the system, and G is the gravitational constant

(6.673 x 107" Nm?kg~?).

My sin® i = (K1 + Ky)?, (4.6)

4.2 Primary Star Velocity Measurements

There have been a number of different estimates of K; which have produced a
range of values for K;. Hydrogen and Helium accretion disc emission lines are
produced from regions surrounding the white dwarf, these lines should reflect its
orbital motion. The centroids of these emission lines are likely to be contaminated
by the secondary star, the accretion stream, and the bright spot; the wings of these

features represent the gas closest to the white dwarf and hence should map its motion
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most precisely. Doppler maps of RW Tri (Kaitchuck et al. 1983) show that the He II
M686A emission arises from the inner accretion disc region. He I M471A emission
is found further out in the accretion disc, and HB and H~y emission originates from
the outer regions of the accretion disc and the inner face of the secondary star.

Still et al. (1995) obtained K; values of 208 & 8 km/s from H/, 223 &+ 11 km/s
from He, and 216 4 9 km/s from He II (A4686A) using Doppler maps. The He II
measurement of Still et al. (1995) is consistent with the 197+ 20 km/s measurement
of Kaitchuck et al. (1983), who also found a K velocity of ~ 170420 km/s for He I.
Still et al. (1995) also used the convolution technique of Schneider & Young (1980)
to measure the wings of H3, Hy and He II emission lines. When comparing these
velocities to Doppler maps of RW Tri, their measured values were not consistent with
the likely white dwarf velocity coordinates. These inconsistencies were probably due
to absorption affecting the wings of the accretion disc emission lines.

Recently HST data has been used to measure the velocity of narrow absorption
features in the ultraviolet (UV). Mason et al. (1997) detected velocity shifts in the
UV absorption lines and found they had the same orbital phase as that expected
for the white dwarf. The simple disc model I produce in Chapter 2 using this data
suggests that these absorption features are coming from a region within the accretion
disc and may therefore mirror the white dwarf motion. By cross-correlating each
series with the average spectrum through the orbital cycle, Mason (1999) found
K, =296 + 5 km/s (Chapter 2, Section 2.1.2).

4.3 Secondary Star Velocity Measurements

4.3.1 Far red Data

The tomographic technique of skew-mapping (Chapter 3, Section 3.1.1) was used to
analyse far red data provided by Robert Smith. A velocity of 235 + 47 km/s was
obtained from these data (Chapter 3, Section 3.1.6).
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4.3.2 Near Infrared Data

Time resolved spectroscopy of RW Tri was obtained using the United Kingdom
Infra-Red Telescope and analysed using the method of cross-correlation. These ob-

servations produced a velocity of 221 + 29 km/s (Chapter 3, Section 3.2.3).

4.3.3 Factors affecting Secondary Star Velocity

The value of Ky may be affected by heating, line quenching, and line contamination
(Friend et al. 1990). Heating of the secondary star occurs due to hard photons
from the accretion disc. Roche and doppler tomography of Na I lines shows the
non-uniform appearance of the secondary star, which can be attributed to heating
(Watson et al. 2003 and Cataldn et al. 1999). Line quenching occurs due to the
ionisation of the atoms by flux from the disc and has been attributed to the decrease
in Na I line flux observed by Wade & Horne (1988). Both irradiation and line
quenching can deplete the absorption line strength on the surface of the secondary
star that faces the accretion disc and would therefore shift the apparent centroid
of the absorption line region to the hemisphere facing away from the disc. This
would lead to an over-estimate of the Ky value. The magnitude of this effect may
be reduced if the accretion disc has a thick rim, which shields the secondary star.
This appears to be the case in RW Tri (Mason et al. 1997). Line contamination
may occur due to weak accretion disc features. This could also lead to variations in
the strengths of the absorption lines through the orbit. This has been suggested by
Mukai & Charles (1987) and Cataldn et al. (1999).

Wade & Horne (1988) produced a rough estimate for the likely correction required
for the radial velocity amplitude of the secondary star. This ‘K-correction’ is given
by

AK = ﬁKz = @Kg, (4.7)

a9 as
where AR is the displacement between the effective centre and the centre of mass

of the secondary star, R, is the secondary star radius, |f| < 1 is a weighting factor
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representing the strength of the absorption feature, and as is the distance of the

centre of mass of the secondary star from the centre of mass of the system given by

_a
1+4q’

az (4.8)

where a is the separation of the component stars and ¢ is the mass ratio (¢ =
M,y /M) A full derivation of the ‘K-correction’ can be seen in Appendix F.

To estimate the rough magnitude and uncertainty of the correction I use f =
% ~ 0.25, where the front hemisphere of the secondary star has ~ 0.4 of the
absorption of the back hemisphere. This is based on the measured change in the
amplitude of the absorption features with orbital phase from Chapter 3 (Section
3.2.3). A full derivation of f = % is given in Appendix G. Each hemisphere is
assumed to have uniform absorption, and Ry/a is related to the mass ratio using

Equation 4.3.

4.4 Calculating the Mass Ratio

The mass ratio of RW Tri is calculated using the various component star radial
velocity amplitudes. When combined with my best estimate of the secondary star
velocity (221 & 29km/s), the primary star velocity amplitudes discussed in Section
4.2 lead to a range of mass ratios seen in Table 4.1 (Column 4).

The K; velocity values that most likely reflect the motion of the white dwarf
are the UV absorption lines of Mason (1999) (Section 4.2) and the He II emission
lines of Still et al. (1995) that originate in a region close to the white dwarf. These
velocities therefore give a ‘most likely’ mass ratio in the range 1.0 —1.3. To consider
the effects of the ‘K-correction’ on this most likely mass ratio range, Equation 4.7, 4.3
and f ~ 0.25 are used. This results in a AK range of ~ 19% to ~ 24%. Thus the
worst-case minimum value of Ky in RW Tri is ~ 178km/s, implying a revised mass
ratio (¢) in the range 1.2 — 1.7 (Table 4.1, Column 5).

The rotational broadening of the secondary star can also be used to calculate
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Features K Ky q using q using
(km/s) | (km/s) K, AK ~ 24%
UV absorption || 296 +5 | 221 +29 || 1.34 £0.18 | 1.66 4+ 0.27
Ho emission || 223 +£11 | 221 £29 || 1.01 +0.14 | 1.25+0.21
He II emission | 216 £9 | 221 £29 | 0.98 +0.14 | 1.21 +0.20
Hp emission 208+8 | 221+29 | 094+£0.13 | 1.17£0.20
He I emission || 170 £20 | 221 £29 || 0.774+0.14 | 0.96 +0.19

Table 4.1: Mass ratio results for different combinations of K; and K.
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Figure 4.4: Radial velocity of the secondary star (K3) versus a range of mass ratios (¢ = K, /K>).
The solid black curved line represents K calculated using V;.o¢ sini = 120km/s, and Equations 4.3
and 3.14 (Chapter 3, Section 3.2.3). The dotted curved lines represent K, using V.t sini =
120 &+ 20km/s. The dashed straight lines represent the variation of K-corrected Ko = 221km/s
(Section 4.3.3) as a function of mass ratio, when AK = 0% and AK = 24%. The thick cyan and
magenta lines represent the mass ratio range of He IT and UV respectively, using AK = 0% and
AK = 24% from Table 4.1.
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the mass ratio ranges using Equation 3.14 where Ry/a is found using Equation 4.3.
The results are shown in Figure 4.4 where the solid and dotted lines represent
Vietsing = 120 + 20km/s (from Chapter 3, Section 3.2.3) as a function of mass
ratio between ¢ = 0.2 and ¢ = 2.0. The dashed lines in Figure 4.4 represent
the variation of K-corrected K, = 221km/s as a function of the mass ratio when
AK = 0% and AK = 24%. From Figure 4.4, I find a value of ¢ in the range 0.5—0.8
when no correction for possible heating effects is applied (AK = 0%). This is not
consistent with either of the He II or UV mass ratio ranges (cyan and magenta
lines in Figure 4.4 respectively). When AK = 24%, I find a mass ratio range of
¢ = 0.6 — 1.1 (Figure 4.4) which again does not overlap the He II or UV range.
This can be more clearly seen in Figure 4.5 where the derived values of ¢ are
expressed as a function of AK. The solid and dotted black lines in Figure 4.5
represent the mass ratio range where the Ky value implied by V., sini = 120 +
20km/s coincides with the K-corrected Ky = 221km/s as a function of AK, and the
cyan and magenta lines represent the mass ratio derived from the He IT and UV line
estimates of K; as a function of AK. For V,,sini to be consistent with the He II
mass ratio range, AK > 34%. This strongly suggests that the velocities found using
the UV absorption and He II emission lines may contain a non-orbital component.
If T assume that the K; velocities using the UV and He II features are correct, I
can predict the expected V., sin¢ for given Ky values. This is shown in Figure 4.6
where the solid curved black lines represent V,,;sini using K; = 295km/s (UV data)
and K; = 216km/s (He II data). Using a range of AK from 0% to 24%, V. sini of
200 — 210km /s and 155 — 165km /s is found using K; = 295km /s and K; = 216km/s
respectively. These ranges lie above the measured value of V., sin ¢ = 120 4 20km /s
found in Chapter 3 (section 3.2.3). The calculated V., sini ranges all have larger
values due to K, so reducing K; will reduce V,, sin¢. These results show that K;
calculated from the UV and He II lines are overestimates, assuming my measured

value of V. sini = 120km/s is correct.
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Figure 4.5: The possible mass ratio ranges of RW Tri (¢ = Ms/M;) as a function of the ‘K-
correction’ of the secondary star (AK) due to heating effects. The solid black curved line represents
the mass ratio (g) found when a K using V,.,¢ sini = 120km/s (solid back cured line in Figure 4.4)
coincides with a K-corrected K2 = 221km/s (dashed lines in Figure 4.4), as a function of AK. The
dotted curved lines represent the mass ratio as a function of AK using V., siné = 120 & 20km/s.
The magenta and cyan lines represent the mass ratio range of He II and UV respectively, as a
function of AK using Equation 4.7.

4.5 The Mass Results for the Component Stars
in RW Tri

To calculate the masses using Equations 4.5 and 4.6, the inclination angle (7) needs
to be calculated. Using the relationship between i, ¢ and the eclipse duration (A®),
a set of inclination angles can be calculated using Figure 4.3. The inclination angle
ranges from 68° to 72° for the mass ratio range 1.1 — 2.0.

The results derived using UV and He II K velocities are shown in Figure 4.7.
Using the UV measurement, both the uncorrected and K-corrected mass ratios lie
above the critical value (gq) of 4/3 (Chapter 1 Section 1.1.3) in the region of

the diagram where mass transfer is unstable. The upper mass of the primary star
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Figure 4.6: V., sini of the secondary star versus a range of mass ratios (g = K1 /K>). The solid
curved black lines represent V.. siné calculated using K; = 295km/s (top) and K; = 216km/s
(bottom). The dotted curved black lines represent V,.; siné calculated using K7 = 295 £ 5km/s
(top) and K; = 216 + 9km/s (bottom). The vertical magenta lines represent ¢ calculated using
K, = 295km/s combined with Ky = 221km/s (AK = 0% - dashed line) and Ky = 178km/s
(AK = 24% - solid line). The vertical cyan lines represent ¢ calculated using K; = 216km/s
combined with Ky = 221km/s (AK = 0% - dashed line) and Ky = 178km/s (AK = 24% - solid
line).

exceeds the Chandrasekhar mass limit of 1.44M, and the secondary star mass is
also very large and inconsistent with that of a main-sequence star. This reinforces
my suspicions that the UV velocities contain a non-orbital component. A reduction
of Ky below the K-corrected value of 178km/s would decrease the secondary mass
but further increase the mass ratio.

Adopting instead the K; measurements derived from He II data, I find values
of ¢ that broadly lie between ¢.;; = 4/3 and ¢u4, = 1 (Figure 4.7). The masses of
the primary and secondary stars lie in the range of 0.8 — 1.1M, and 0.9 — 1.1M
respectively. The white dwarf mass is well within the Chandrasekhar mass limit of

1.44 Mg, and includes the mean primary mass of 0.8 M, for CV systems with P,.; > 3
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Figure 4.7: The mass of the component stars in RW Tri is derived by combining the measurement
of K> with different estimates of K; (represented by %) and V.. sin¢ (represented by O). In each
case I show values corrected for the effects of heating of the secondary star using AK =~ 24%
(K2 = 178km/s - Section 4.4) as well as values with no correction for heating (221 + 29km/s -
Chapter 3, Section 3.2.3). A straight line links these values. The upper set of results are obtained
using the UV absorption K7 = 296 &+ 5 km/s velocity (Mason 1999), and the middle set of results
are obtained using the He II accretion disc emission K1 = 216 + 9 velocity (Still et al. 1995).
The error bars combine the uncertainties in K; and K5. The lower set of results show the mass
values derived from the K> measurement combined with V,.,; sini = 120+ 20km/s. The error bars
are calculated using the +20km/s uncertainty on V,.o sini. The vertical solid line represents the
1.44M¢ Chandrasekhar mass limit for white dwarf stars. The two dashed lines represent the locus
of masses calculated when Ky = 178km/s and K = 221km/s respectively with varying K values;
the tick marks on the two dashed lines mark K velocity values of 50km/s, 100km/s, 200km/s,
250km/s and 300km/s. The four dotted lines represents the ger;z = 4/3 thermal mass transfer
limit, gqq4,rc = 1 adiabatic response with a radiative core, ¢ = 5/6 and gqq,5. = 2/3 fully convective
adiabatic response limit respectively (Chapter 1, Section 1.1.3).

hrs (Smith & Dhillon 1998). The lower limit for the secondary star, however, exceeds
the predicted mass of 0.52M based on the main-sequence mass-radius relation for

an orbital period of 5.25 h (Smith & Dhillon 1998).
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Given the evidence for a non-orbital component in the UV absorption line ve-
locities, other optical emission line velocities may also be similarly affected. Forcing
the secondary star to its equivalent main sequence value 0.55M, predicts a primary
star velocity of 152 — 169km/s for K, = 221 — 178km/s. This is closer to the K;
value of 170 + 20km/s derived by Kaitchuck et al. (1983) from the He I emission
line. The implied mass ratio for a K; velocity of 170km/s lies in the range 0.8
(AK = 0%) to 1.0 (AK = 24%) and is consistent with the results obtained using
rotational velocity of the secondary.

Alternately, I can obtain mass values using the combination of V,.,;sin¢ and Ky
without any assumption about K5, which is preferable due to the uncertainty of K;
(Smith & Dhillon 1998). Using the mass ratio values of 0.6 —1.1 for the AK = 24%,
and 0.5 — 0.8 for AK = 0% from Section 4.4, and assuming K, values of 178 and
221 km/s respectively, the stellar masses can be calculated using Equations 4.1, 4.5
and 4.6. Figure 4.7 shows the results. The most likely masses of the primary and
secondary stars lie in the ranges 0.4 — 0.7M; and 0.3 — 0.4M respectively for
the range of AK = 24 — 0% and better agree with the expected masses for the
component stars in a CV. The expected value of K; based on these results is in the
range 120 — 130 km/s with an upper limit of approximately 190 km/s.

The mass of the secondary star can also be estimated from V,.,; sin 4 directly using

M, Viot Sin 3
) =0.043 (222 Py, 4.9
(M@) (100km/s> " (4.9)

(Smith & Dhillon 1998), where P, is the orbital period of the system in hours.
Equation 4.9 results in an My of 0.41 + 0.12M,, which lies within the calculated

range of secondary star masses.

4.5.1 Secondary Star Mass

My results using the UV absorption feature and He II emission feature (Figure 4.7)
suggest that the secondary star in RW Tri is more massive than the MS predictions

of My = 0.55M, (Echevarria 1983). The observed spectral type is also later than
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the MS predictions of spectral type K6 (Echevarria 1983). This difference is puzzling
because over-massive secondary stars in a CV are expected to be smaller and hence
hotter than a main-sequence star of the same mass. This paradox was also found in
studies of U Gem (Friend et al. 1990 and references therein). This scenario could
occur due to the evolutionary effects on the binary system. For example, during the
‘propeller phase’ of CV evolution (Chapter 1, Section 1.1.6), the outer atmosphere
of an originally more massive secondary star may be stripped off, leaving a more

dense, less luminous secondary star core.

4.6 Conclusions

I combine the secondary star rotational velocity of 120 4+ 20km/s found in Chapter
3, with the secondary star radial velocity corrected for non-uniform heating (178 +
29km/s) derived from the variation in the absorption line strengths. I find a mass
ratio range of 0.6 — 1.1 which contains the lower adiabatic response limit (g4, 7. =
2/3).

Considering the radial velocity amplitudes of the secondary star with the best
candidate radial velocities of the primary found using He II emission (Still et al.
1995) and UV narrow absorption (Mason et al. 1997), I obtain a range of mass
ratios of 1.0 — 1.3 and 1.2 — 1.7 respectively when considering a range of possible
heating effects (AK = 0—24%). The UV mass ratio range lies above the critical mass
ratio (g.ri+ = 4/3); this range is also inconsistent with the rotational velocity results,
suggesting that the UV velocity may contain a non-orbital component. The He 11
mass ratio range broadly lies below ¢, = 4/3 but is inconsistent with rotational
velocity results; its mass ratio range lies above gqq,7c = 2/3.

The results obtained using the combination of V,.,; sinz and K, are more reliable
because they make no assumption about K. Using the rotational broadening I find
primary and secondary mass ranges of 0.4 — 0.7M¢ and 0.3 — 0.4M respectively

for a range of possible heating effects.



Chapter 5

OY Car in X-rays

In Chapter 2 ultraviolet wavelengths were used to detect features in the accretion
disc. In this Chapter I use X-ray wavelengths to probe deeper into the hotter
boundary layer! region. The dwarf nova OY Car is an eclipsing system and is
therefore ideal for investigating the boundary layer. By studying the eclipse profile,
the X-ray emitting boundary layer can be located.

Dwarf novae have relatively low flux levels; therefore a large collecting area is
needed to obtain eclipse profiles with good time resolution and high signal-to-noise.
XMM-Newton (Jansen et al. 2001) provides a large collecting area allowing eclipse
profiles of dwarf novae to be investigated in detail. OY Car was observed as part
of the performance verification phase of XMM-Newton. Two papers on the initial
results have been published. 1. Initial analysis of the optical and X-ray light curves
(Ramsay, Poole et al. 2001a). 2. Initial analysis of the spectral data (Ramsay et al.
2001b). This Chapter is devoted to the X-ray timing studies which I undertook using
the XMM-Newton observations of OY Car. I re-analysed the originally reduced data
published in the paper by Ramsay, Poole et al. (2001a) to further investigate eclipse

profiles and periodic variations.

'Where the accretion disc is decelerated and merges with the white dwarf (Chapter 1, Section

1.1.5).

146
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5.1 XMM-Newton

The effective collecting area of each nest of 58 coaxial confocal mirrors (Aschen-
bach et al. 1987) in XMM-Newton is far larger than any previous mission. Fig-
ure 5.1 compares the effective areas of the XMM-Newton EPIC instruments that I
use with those of previous X-ray satellites ROSAT and ASCA. Another new feature
of XMM-Newton is the Optical Monitor telescope, which enables the observer to

obtain simultaneous ultraviolet/optical observations.
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Figure 5.1: The effective area of XMM-Newton EPIC PN and MOS cameras (red and orange
respectively), with the missions of ROSAT (blue) and ASCA (green).

XMM-Newton carries three X-ray telescopes and an optical /ultraviolet telescope.
There are three types of scientific instrument on XMM-Newton. 1. European Photon
Imaging Camera (EPIC - 0.1 — 12.0keV), consisting of three cameras of 2 different
types; 1 pn chip array camera (PN) and 2 Metal Oxide Semi-conductor chip array
cameras (MOS), for X-ray imaging and moderate resolution spectroscopy (Striider

et al. 2001, Turner et al. 2001 respectively). 2. Reflection Grating Spectrometer
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(RGS - 0.35 — 2.5keV), consisting of two spectrometers for high resolution X-ray
spectroscopy (den Herder et al. 2001). 3. Optical Monitor (OM - 170 — 650nm), a
microchannel-plate pre-amplified CCD detector for optical/ultraviolet imaging and
grism spectroscopy (Mason et al. 2001). The six instruments can be operated
independently and in different modes of data acquisition.

This Chapter discusses the XMM-Newton EPIC detector observations. The next

section looks at the two different EPIC cameras in more detail.

5.1.1 European Photon Imaging Camera

The three EPIC cameras can perform extremely sensitive imaging observations over
a field of view of 30 arcmin and the energy range 0.1 — 12.0keV, with moderate
spectral resolution (E/AE ~ 20 — 50) and angular resolution (FWHM~ 6arcsec,
HEW?~ 15arcsec). Figure 5.2 shows the focal plane organisation of the MOS and
PN chip arrays.

Figure 5.2: The layout of the CCDs of EPIC PN and MOS. Left: EPIC MOS - 7 CCDs each
10.9 x 10.9 arcmin. Right: EPIC PN - 12 CCDs each 13.6 x 4.4 arcmin adapted from Figure 15 in
Ehle et al. (2001). The shaded circle depicts the 30 arcmin diameter field of view.

*HEW=Half Energy Width
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Each MOS consists of an array of 7 CCD chips, each chip with 600 x 600 pixels.
The chips are built and wired individually and then arranged into the pattern seen
in Figure 5.2 (left). The MOS chips physically overlap one another; the central chip
being located slightly behind the 6 chips forming the outer ring (Figure 5.2, left) to
allow more of the CCDs to be in focus. The dead space between the MOS chips are
not gaps, they are unusable areas at the edges of the detectors (Ehle et al. 2001).

The PN CCDs are new technology X-ray CCDs consisting of an array of 12
chips, each chip with 64 x 200 pixels. The 12 chips are produced on a single wafer
(Figure 5.2, right), and not assembled later as in the case of each MOS. The PN
chip array is slightly offset with respect to the axis of its X-ray telescope so that the
nominal on-axis observing position does not fall on the central chip boundary. This
ensures that an on-axis point is observed on one PN chip only.

The two main differences between the MOS and PN chip arrays are the readout
time and illumination of the chips. Each pixel column in the PN has its own readout
mode, enabling time resolution of 73.3ms in full window mode, where the readout
speed of a MOS CCD is 2.6s in the same mode. MOS chips are front-illuminated
and PN chips are back-illuminated which affects the detector quantum efficiencies
(QE). The QE of the MOS limits the energy bandpass at high energies (QE drops
off around 5 — 6keV) whereas the PN detects photons with high efficiency up to
12keV. Figure 5.1 shows that PN has the greater effective area of the two types of

camera.

5.1.2 Science Analysis System

The Science Analysis System (SAS) is the software package used to reduce and
analyse XMM-Newton science data (Gondoin 2000). The SAS contains reduction
pipelines and a set of file manipulation tools. The reduction pipelines produce
calibrated event lists for the X-ray cameras, and flat-fielded OM sky images. The

SAS tools allow the observer to generate appropriate instrument response matrices,
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and extract spectra, light curves, images and source lists from the X-ray event lists.

5.2 OQObservations

QY Car was observed using XMM-Newton on 29th-30th June 2000 and the 7th
August 2000, as part of the performance verification phase of the mission. OY Car
was an ideal target because of its short binary period of P,, = 1.51hrs. An optical
outburst was observed by the AAVSO (Mattei 2000a) on 24th-25th June reaching
~ 12 mag, and fading below ~ 15 mag by June 27th, prior to the first XMM-
Newton observation. OM Observations of OY Car on June 29th (Ramsay, Poole
et al. 2001a) show V~ 16.0 — 16.2 mag, indicating a rapid decline in brightness
after outburst. Further OM observations show that OY Car was at a similar optical
brightness during the August 7th observations (Ramsay, Poole et al. 2001a). The
AAVSO observations (Mattei 2000b) of OY Car, show that there is typically 180
days between outbursts of duration > 7 days (Ramsay, Poole et al. 2001a). This
suggests that it was unlikely that there were any outbursts between the two XMM-
Newton observations.

Observations were made with each EPIC camera (PN, MOS1 and MOS2), and
the exposures were taken in the full window mode using the medium filter (used
to prevent optical contamination from point sources brighter than my, =~ 8 — 10).
Towards the end of the EPIC exposures a significant particle background was seen
and removed before analysis. Figure 5.3 shows the EPIC MOS1 and EPIC PN
images after removing the high particle background.

The raw data were processed using the SAS released on 12th June 2000, and then
light curves were extracted from the EPIC cameras. Table 5.1 shows the duration
of the resultant EPIC observations, along with the mean background subtracted
count rates. OY Car faded by a factor of ~ 2 between the two X-ray observations
(Table 5.1). In total 11 eclipses were observed in the EPIC PN camera (9 in June

and 2 in August), and 12 eclipses were observed in the EPIC MOS cameras (9 in
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Figure 5.3: EPIC MOS1 and PN images of OY Car. Left: EPIC MOS1 image of OY Car. Right:
EPIC PN image of OY Car. The bright vertical line in the PN image is due to out of source events,
and the black vertical lines are due to chip edges and bad columns in the chips. Both images had
time intervals in which the particle background was high and therefore removed. The yellow circles
outline the position of OY Car.

June and 3 in August).

5.2.1 Extracting the Light Curves

The light curves of OY Car were extracted from the three EPIC cameras using
XMMSELECT (Gondoin 2000). The light curves were extracted using an aperture
radius of ~ 30 arcsec centred on OY Car. This encompassed ~ 90% of the inte-
grated PSF (Aschenbach et al. 2000). Background light curves were extracted using
aperture radii of ~ 96 arcsec for PN and ~ 112 arcsec for MOS1 and MOS2 from
a source free region of the same CCD on which OY Car was detected. Background
light curves were then scaled and subtracted from the light curves centred on OY
Car.

There were timing discrepancies between the three EPIC camera light curves,
and a time gap in the PN light curve where no counts were recorded. These timing

discrepancies were caused by an error in the SAS reduction tools and were corrected
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29th/30th June 2000 | 7th August 2000
orbit 102 orbit 121

PN 48 ks, 1.09 counts/s | 7 ks, 0.56 counts/s
MOST || 51 ks, 0.43 counts/s | 14 ks, 0.20 counts/s
MOS2 || 51 ks, 0.41 counts/s | 14 ks, 0.22 counts/s

Table 5.1: The duration of the EPIC observations, and the mean background subtracted count
rates.

at a later stage in the mission. The time gap was removed from the PN data. Cross-
correlating the three light curves and using the lag timings to align the eclipse ingress
and egress removed time discrepancies. The three light curves were then added
together to increase the signal-to-noise. The summed light curve was phased on the
orbital period, and aligned so that phase 0.0 occurred at the centre of the eclipse

profile.

5.3 Results

Figure 5.4 shows the summed EPIC light curves of the first XMM-Newton observa-
tion split into 0.1—1.0keV and 1.0—4.0keV energy bands, and the 0.1 —1.0keV/1.0—
4.0keV hardness ratio. In the soft band (0.1 — 1.0keV) there is a significant varia-
tion in the light curve from cycle-to-cycle, but there is little variation in the hard
band (1.0 — 4.0keV) apart from the eclipses. The variation in the soft X-ray band
is manifested in the hardness ratio. The 4.0 — 12.0keV energy band is not included
in Figure 5.4 because of the low signal-to-noise of the light curve in this band.

The signal-to-noise in the second observation was not sufficient to examine the
light curve in the energy bands of Figure 5.4 in detail. However, Figure 5.5 shows

the light curve of the second observation in the full 0.1 —12.0keV EPIC energy range,
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Figure 5.4: The summed EPIC light curves of the first XMM-Newton observation. Bottom:
0.1 — 1.0keV soft energy band, binned into 10s bins and offset vertically by 1.7 counts/s. Middle:
1.0 — 4.0keV hard energy band, binned into 10s bins and offset vertically by 2.5 counts/s. Top:
Hardness ratio of 0.1 — 1.0keV /1.0 — 4.0keV, binned into 10s and offset vertically by 2.0 counts/s.
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illustrating a variation similar to that seen in Figure 5.4.
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Figure 5.5: The summed EPIC light curves of the second XMM-Newton observation in the full
energy band (0.1 — 12.0keV) binned into 10s.

5.3.1 Periodic Variations
The Periodogram

To understand the origin of the modulations seen in the discrete EPIC data, time
series analysis was undertaken using the discrete Fourier transforms (DFT) defined
by
No
FTx(w) =Y X(t;) exp(—iwt;), (5.1)
j=1
for an arbitrary sampled data set {X(¢;),7 = 1,2,...N,}, where ¢; is the set of

observations times, [Ny is the number of points in the data set, and w is the period.

The periodogram is then conventionally defined as

2 2
1 1 No No
Px(w) = —|FTx(w)]* = — || D X(¢j) coswt; | + (D X(t)sinwt; | |,
Ny Ny
=1 i=1

(5.2)
(Schuster 1898, Thompson 1971, Deeming 1975, Scargle 1982).
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The classical periodogram (Equation 5.2) is exactly equivalent to the least squares
fitting of sine waves of various periods to the data. Therefore a power level, zy, can
be defined, such that peaks in the periodogram above z; are significant. Scargle

(1982) defined z, using the false alarm probability (py) as
2=—In[l1—(1-p)""], (5.3)

where N is the number of frequencies searched (= Ny/2). For a 90% confidence
level py = 0.1.

The periodograms in Figure 5.6 were produced using EAGLE written by Darragh
O’Donoghue. Only the first six eclipse profiles in the first XMM-Newton observation
were used due to the time gap in the PN data. The data were normalised by
dividing the original data by the mean. This was done to reduce red noise resulting
from sampling at low frequencies. The DFT was then calculated. The first plot in
Figure 5.6 (top of top panel) shows the results in the energy range 0.1 — 12.0keV,
and indicates contamination from the harmonics of the orbital period, P,;, (marked
by the red ticks in the plot). Harmonics are seen due to the nature of the eclipse
profile. The eclipse profile is a box function, so to fit this function the program
uses a number of sine waves (Equation 5.2) with different amplitudes and harmonic
frequencies. This results in peaks at the fundamental (P,,;) and the harmonics of
the fundamental. The window function can be seen in the fourth plot of Figure 5.6
(top of bottom panel).

To investigate the nature of these harmonics I simulated a light curve with six
consecutive eclipses using the average eclipse profile with a fixed out-of-eclipse level.
I also used two sinusoids representing the highest peaks of the observed data peri-
odogram positioned at frequencies of 0.31mHz (3266s) and 0.45mHz (2233s) from
Figure 5.6 (top of top panel). A periodogram of this light curve was produced using
the same method as above. The result can be seen in the third plot of Figure 5.7
(top of bottom panel). The first harmonic of the orbital period gave the highest am-
plitude followed by the fundamental, then the second, third, and fourth harmonics
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Figure 5.6: Periodograms of OY Car. Top of top panel: 0.1 — 12.0keV of first XMM-Newton
observation. The red tick marks indicate the harmonic frequencies of the orbital period. Middle
of top panel: 0.1 —1.0keV (magenta), 1.0 —4.0keV (cyan) and 0.1 — 12.0keV (black) of first XMM-
Newton observation with orbital period harmonics removed. The horizontal lines represents zg at
the 90% (blue) and 68% (orange) confidence limit. Bottom of top panel: Pre-whitened spectrum
with the periods 2233s and 3266s. Periods marked and labelled are those discussed in Section
5.4.1. Top panel: The solid vertical line represents P, the orbital period of 5453.65s. The dotted
vertical line represents P, the super-hump period of 5584.12s found by Krzeminski & Vogt (1985).
The dashed vertical lines represent Psa33, the 2233s period, and Psag6, the 3266s period. Top of
Bottom panel: The window function of 0.1 — 12.0keV. Bottom of bottom panel: The window
function of 0.1 — 12.0keV with eclipse profile removed.
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having similar values. The observed data (Figure 5.6 top of top panel) have the first
harmonic with the highest amplitude and the second, third, and fourth harmonics
all with similar amplitudes like the simulated data, but the fundamental in the real
data has a significantly reduced amplitude unlike the simulated data. A closer look
at the light curve of QY Car folded on the orbital period (Figure 5.8) reveals that
there is a dip around 0.5 orbital phase. This dip will add power to the first har-
monic causing the respective peak amplitude in the periodogram to increase. The
0.5 phase dip in the folded light curve was added to the simulated data (Figure 5.7
bottom of top panel) using a box function, and the resulting periodogram can be
seen in the fourth plot of Figure 5.7 (bottom of bottom panel). This periodogram
shows that the peak amplitude of the first harmonic does increase due to the dip in
the folded light curve; this dip also reduced the fundamental and affects the higher
harmonics. There are other dips seen in the folded light curve of Figure 5.8 (notice-
ably at 0.9 phase) which will correspond to higher harmonics, resulting in increases
in the respective peak amplitudes of the periodogram.

The P,.;, harmonics were removed by subtracting the averaged eclipse profile from
the 10s binned light curves before normalisation. The DFT was then calculated. The
second plot in Figure 5.6 (middle of top panel), shows the results of the energy ranges
0.1—-1.0keV, 1.0—4.0keV, and 0.1 —12.0keV, with the eclipse profile removed. Two
peaks lie above the zy 90% confidence limit (blue vertical line) and correspond to
frequencies of 2233 4 10s and 3266 & 10s. The error on the peaks was calculated
using the Cash statistic (Cash, 1979) adapted to EAGLE by Mark Cropper. These
peaks are more prominent in the soft band. The data were split into two halves and
the resulting periodograms show the 2233s and 3266s signals. The window function
can be seen in the fifth plot of Figure 5.6 (bottom of bottom panel).

There is a third peak with a frequency of 3797s that lies above the 68% confidence
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Figure 5.7: Simulated data of OY Car and resulting Periodograms. Top of top panel: Simulated
light curve of OY Car using the average eclipse profile with a fixed continuum and two sinusoids
relating to the frequencies at 0.31mHz (3266s) and 0.45mHz (2233s) seen in the observed data
(Figure 5.6). Bottom of top panel: Simulated light curve of OY Car using the average eclipse
profile with a fixed continuum, a box function for the dip at 0.5 orbital phase, and two sinusoids
relating to the frequencies at 0.31mHz (3266s) and 0.45mHz (2233s) seen in the observed data
(Figure 5.6). Top of bottom panel: Periodogram of simulated data in top of top panel. Bottom
of bottom panel: Periodogram of simulated data in bottom of top panel. Bottom panel: The tick
marks indicate the harmonic frequencies of the orbital period. The solid vertical line represents
P,.1, the orbital period of 5453.65s. The vertical dotted line corresponds to the 90% confidence
limit. The dashed vertical lines represent the frequencies at 0.31mHz (3266s) and 0.45mHz (2233s)
seen in the observed data (Figure 5.6).
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limit (orange line) in the second plot (Figure 5.6, middle of top panel). After pre-
whitening® the data on the 2233s and 3266s periods (third plot in Figure 5.6, bottom
of top panel), the 3797s peak reduced to well below the 68% confidence limit, and
is therefore no longer considered as a significant period.

The window functions (Figure 5.6 bottom panel) show the effects of spectral
leakage. Leakage of power to nearby frequencies is due to the finite interval over
which data is sampled, whereas leakage of power to distant frequencies is due to the
finite size of intervals between samples. The window functions in Figure 5.6 (bottom
panel) show a small amount of leakage to nearby frequencies, which is enough to
reduce the peak near 3781s to below the 68% confidence line in the pre-whitened
data (Figure 5.6 bottom of top panel). Humps are seen in the window function
of the data with the average eclipse profile removed (Figure 5.6 bottom of bottom
panel); these humps occur at 5454s and 2727s, and are due to the removal of the
eclipse.

The amplitude spectrum of the second XMM-Newton observation did not show
any significant periods because the exposure time was not long enough for many
orbits to be observed. Significant periods of less than 100s, that may indicate the
presence of dwarf nova oscillations (DNOs) were not found in either the first or

second XMM-Newton observations.

Folded Light Curves

The summed EPIC light curve of the first XMM-Newton observation in the energy
band 0.1 — 10.0keV was folded on the orbital period (5454s). As well as the eclipse
profile, Figure 5.8 shows that there is a noticeable dip in the folded light curve at
0.5 orbital phase; this may be due to X-ray absorption in accretion disc material
with significant vertical height above the orbital plane. This dip may be related to
light curve dips seen in dwarf nova U Gem (Mason et al. 1988b).

3Pre-whitened data has had a least one period and its harmonics removed from the periodogram.
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Figure 5.8: The summed EPIC light curve of the first XMM-Newton observations in the energy
band 0.1 — 10.0keV (<), folded on the orbital period.

Eclipse profiles were removed from the summed EPIC light curves from the first
XMM-Newton observation to reduce orbital period effects. These light curves were
then folded on the 2233s and 3266s periods. Figure 5.9 shows the folded light curves
in the energy bands 0.1 — 1.0keV, 1.0 — 4.0keV and 4.0 — 10.0keV. Even though the
1.0 —4.0keV energy band has a higher count rate than the 0.1 —1.0keV energy band
for both periods, it has a lower amplitude modulation* of ~ 30% (2233s period)
and ~ 33% (3266s period) compared to ~ 55% (2233s period) and ~ 58% (32665
period) for the 0.1 — 1.0keV energy band. The 4.0 — 10.0keV light curve shows no
significant modulation in both cases. This confirms the energy dependence of the

amplitude spectra shown in Figure 5.6 (middle of top panel).

Stability of the Periodic Variations

To investigate the stability of the 2233s and 3266s modulation, the summed EPIC
data for the first XMM-Newton observation was phased on these periods. Figure 5.10
shows the variation in the modulations. There are cycles in which there is virtu-

ally no variation and others where there is significant variation, showing that the

4The amplitude modulation is defined as, maximum-minimum/mean.
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Figure 5.9: The folded light curves of the summed EPIC data with the eclipses removed, from
the first XMM-Newton observation in the energy ranges 0.1 — 1.0keV (O), 1.0 — 4.0keV (A) and
4.0 — 10.0keV (x). Errors are 1lo. Top: Data folded on 2233s period. Bottom: Data folded on
3266s period.
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amplitude and possible the shape of the oscillations are varying. All of the broad
maxima for the 2233s period in Figure 5.10 appear to be centred on the phase range
of 9933 = 0.7 — 1.2, whereas the maxima appear throughout the cycle for the 3266s
period. The possible origins for these modulations are discussed further in Section

5.4.1.

5.3.2 Eclipse Profiles

When studying the mean eclipse profiles of different energy bands, only the first
XMM-Newton observations were considered because the second XMM-Newton ob-

servations had a lower signal-to-noise.

Mean Eclipse Profile

The mean eclipse profile of the energy bands 0.1 — 1.0keV and 1.0 — 4.0keV can be
seen in Figure 5.11. The eclipse duration is 295 + 5s from first contact to fourth
contact, the FWHM (A®) is 260 + 5s, and the ingress and egress time is 30 £ 5s
(Chapter 1, Section 1.2.1). These short duration eclipse times are discussed further
in Section 5.4.2.

There are two differences between the mean soft and hard eclipse profiles seen
in Figure 5.11. Firstly there is marginal evidence that the 0.1 —1.0keV energy band
eclipse profile is eclipsed before the 1.0 — 4.0keV energy band profile, but this is
within one bin width. The FWHM of the 0.1 — 1.0keV (0.047 & 0.001) and the
1.0 — 4.0keV (0.049 + 0.001) eclipses agree within the errors. The second difference
is the non-zero flux during the later part of the 0.1 — 1.0keV energy band eclipse
(phase 1.01 — 1.02), which is discussed further in the next section.

Mid Eclipse Flux

During the first XMM-Newton observation eclipse times, the EPIC PN camera shows

the presence of a faint source at the location of OY Car (Figure 5.12). The summed
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Figure 5.10: Top: The summed EPIC data from the first XMM-Newton observation in the energy
band 0.1 — 1.0keV, phased on the 2233s period. Bottom: The summed EPIC data from the first
XMM-Newton observation in the energy band 0.1 — 1.0keV, phased on the 3266s period. Time
increases from left to right. Data have been binned into 10s, and offset vertically by 2.0 counts/s
every three cycles.
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Figure 5.11: The eclipse profile obtained from the summed EPIC data in the energy ranges
0.1 — 1.0keV and 1.0 — 4.0keV. The data are binned in 5s bins.

EPIC background subtracted count rates of 0.006 £+ 0.004 counts/s in the 1.0 —
12.0keV band and 0.027 £ 0.004 counts/s in the 0.1 — 1.0keV band, suggest that
there is a residual low energy X-ray flux during the eclipse; confirming the non-
zero flux seen in the eclipse of energy band 0.1 — 1.0keV at phase 1.01 — 1.02 in
Figure 5.11.

To investigate this further, the source and background light curve of each eclipse
in each of the detectors was examined. In the PN detector there was a very short
(~ 30s) small increase (within 20) in the object flux during eclipse 2. This was
not seen in either of the MOS detectors. A 30 increase in flux was detected to-
wards the end of eclipse 9 in MOS2 which was not seen in PN or MOS1. These
observed values are statistically acceptable. These two eclipses were excluded and
the background subtracted summed count rate during eclipse was recalculated as
0.003 +0.003 counts/s for the 1.0 — 12.0keV energy band and 0.024 + 0.004 counts/s
for the 0.1 — 1.0keV band. The count rate in the 0.1 — 1.0keV band is significant at
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Figure 5.12: Eclipse image from the EPIC PN camera in the energy band 0.1 — 12.0keV. The
yellow circle outlines the position of OY Car.

the 60 level. The origin of this non-zero flux is discussed further in Section 5.4.3.
There was no detection of an increase in the flux level in the 4.0 —12.0keV energy
band. No significant flux was observed in the eclipse profiles of OY Car during the

second XMM-Newton observation.

Individual Eclipse Profiles

In Ramsay, Poole et al. (2001a), only the mean eclipse profile and the mid eclipse flux
were discussed. Here I investigate the individual eclipse profiles of each observation
to search for unusual features.

Figure 5.13 shows the eclipse profiles of the first (top) and second (bottom)
XMM-Newton observations increasing in ¢go33 phase order (A). Figure 5.14 shows
the eclipse profiles of the first (top) and second (bottom) XMM-Newton observations
increasing in ¢3¢ phase order (A). The magenta ‘+’s in Figures 5.13 and 5.14 are
eclipse profiles mirrored around phase 1.0, so that the ingress of an individual eclipse

profile can be directly compared to the egress of that same eclipse profile. The
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first XMM-Newton observation eclipse profiles are considered in the energy range
0.1 — 1.0keV where the system is more variable (Figure 5.4), and the second XMM-
Newton observation eclipse profiles are considered in the energy range 0.1 —12.0keV
due to the reduced signal-to-noise in this observation.

Consider the first XMM-Newton observations (Figure 5.13 and 5.14, top) where
nine eclipse profiles are observed through the 2233s cycle. Eclipses where the phase
of the 2233s modulation (¢9933) is 0.67 and 0.76 (¢3266= 0.86 and 0.55) show a slight
asymmetry in ingress and egress, with the egress being slightly steeper than the
ingress in both cases. In contrast, eclipses with ¢g933 = 0.56, 0.89, 1.01 and 1.45
(¢3266=1.20, 1.21, 0.87 and 0.54) all have symmetric profiles. The most asymmetric
profiles are those of eclipses with ¢33 = 1.12, 1.24 and 1.33 (¢3266= 0.53, 1.19 and
0.88) which occur half a ¢9933 cycle after the first asymmetry seen in eclipses 0.67 and
0.76 (¢p3266= 0.86 and 0.55). Eclipse 1.12 (¢3266=0.53) shows the clearest asymmetry
with a much steeper egress to ingress. Eclipse 1.33 (¢3266=0.88) shows the reverse
of eclipse 1.12 (d3266=0.53) where the ingress is steeper than the egress. The two
eclipse profiles from the second XMM-Newton observations (Figure 5.13 and 5.14,
bottom) show an eclipse of ¢9933 = 0.59 (P3266 = 0.94) with a symmetrical profile,
and an eclipse of ¢33 = 1.15 (P36 = 1.44) with an asymmetrical profile; the
shape of these profiles fits into the pattern that emerges in the first XMM-Newton
observations folded on the 2233s period, but not the 3266s period. The ingress and
egress of the eclipses are very rapid, ranging from 20s in eclipses @033 = 0.89 and
1.45 (p3266=1.21 and 0.54) to 50s in eclipse o933 = 0.67 (¢3066 = 0.86).

The asymmetries seen in Figures 5.13 and 5.14 could potentially be due to some
sort of brightening within the X-ray boundary layer, comparable to the accretion
regions seen on the surface of the white dwarf in IPs (Chapter 1, Section 1.2.1). The
variations in the eclipse profile may alternatively be due to flickering. Generating a
normally distributed set of random numbers to represent flickering, and adding them
to the average eclipse profile tested this. The standard deviation of the mean ‘out-

of-eclipse’ flux level was used to define the full width half maximum of the normally
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Figure 5.13: Summed EPIC eclipse profiles of OY Car in order of ¢a233 phase. Top: The first
XMM-Newton observations in the energy band 0.1 — 1.0keV. Bottom: The second XMM-Newton
observations in the energy band 0.1 — 12.0keV. The magenta ‘*’s are mirrored eclipse profiles. The

data is binned into 10s bins and is vertically offset by 1.3 counts/s.
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Figure 5.14: Summed EPIC eclipse profiles of OY Car in order of ¢3266 phase. Top: The first
XMM-Newton observations in the energy band 0.1 — 1.0keV. Bottom: The second XMM-Newton
observations in the energy band 0.1 — 12.0keV. The magenta ‘*’s are mirrored eclipse profiles. The
data is binned into 10s bins and is vertically offset by 1.3 counts/s.
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distributed random numbers using Equation 3.7 (Chapter 3, Section 3.1.3). This
was repeated 150 times producing a range of reduced chi-squared values of 0.4 to
1.3 for the eclipse profiles (Appendix B). These results do not greatly differ from
the expected reduced chi-squared value of 1 £ (.18, so the variations in the eclipse

profile are probably due to flickering.

5.4 Discussion

Optical observations using the Optical Monitor (Ramsay, Poole et al. 2001a) show
that OY Car was at the same optical brightness for both observations, but the
XMM-Newton EPIC observations show that the X-ray flux had reduced by a factor
~ 2. The higher X-ray flux in the first observation may be due to the residual effects

of the outburst prior to the first X-ray observation.

5.4.1 What is the Nature of the 2233s and 3266s Periods?

In Section 5.3.1 I showed evidence for 2233s and 3266s periods (cf. orbital pe-
riod=5454s). It is possible, though unlikely, that these periods may have been due
to an instrumental effect. To investigate this, EPIC observations of the source RX
J0720-31 (in XMM-Newton orbit 78) that had similar exposure to OY Car were
studied to search for similar periods/amplitudes (Ramsay, Poole et al. 2001a). We
found no evidence for periods similar in time scale in the RX J0720-31 data, hence
it is almost certain that the 2233s and 3266s periods are intrinsic to OY Car.
There are a number of possible origins for the 2233s and 3266s periods. These

possibilities are:

1) Quasi-Periodic Oscillations (QPOs)
There are a number of periods seen in dwarf nova other than the binary period,

including dwarf nova oscillations (DNOs), and quasi-periodic oscillations (QPOs).
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DNOs are rapid (10 — 30s) coherent oscillations similar to oscillations seen in mag-
netic CV systems, whereas QPOs are thought to originate in the accretion disc or in
magnetically-controlled accretion on time scales of 1 —30mins (Warner 1995). DNOs
and QPOs produce a variation in luminosity that is observed as modulations in the
light curve of a system. The 2233s and 3266s periods are too long to be associated
with DNOs, but are the same order of magnitude as X-ray QPOs seen in the Inter-
mediate Polar GK Persei of 3000s (Watson et al. 1985) and 5000s (Hellier & Livio
1994). Watson et al. (1985) postulate that these unusually long QPOs are the result
of variation in the rate of accretion of material onto the white dwarf, but Hellier
& Livio (1994) suggest that the QPOs are the result of the accretion stream from
the secondary star overflowing the accretion disc, causing vertical structure where
the stream collapses back onto the accretion disc at a radius which corresponds to
a Keplerian orbital period of ~ 5000s.

Both QPOs and DNOs are seen in the outburst phase of dwarf novae (although
QPOs of ~ 600s have been observed in the dwarf nova VW Hyi at minimum light
by Warner & Woudt 2001); the XMM-Newton observation of OY Car is seen in
quiescence, and therefore the two oscillations that are observed are probably not

due to the same phenomenon as the QPOs seen in the outburst of GK Persei.

2) Particle Resonance

An alternative explanation is a resonance in the outer parts of the accretion disc
around the white dwarf. Tidal effects from the secondary star at the resonance
radius affect the luminosity of the region, producing modulations in the light curve

of the system. Disc particles will be trapped in a resonance orbital motion if

P _(n—-1)
Po  n (5.4)

where P, is the particle period and n is an integer (Vogt et al. 1980, Lin & Pa-
paloizou 1979). For a particle period of 2233s my observations give a ratio of 2:5;

this is not consistent with the resonance Equation 5.4 which gives ratios of 1:2, 2:3,
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3:4 and 4:5 etc. For a particle period of 3266s my observations give a ratio of 3:5,
which again is not consistent with Equation 5.4. Therefore I conclude that neither

the 2233s or the 3266s periods arise from a particle resonance.

3) New class of Intermediate Polars (IPs)

A new class of Intermediate polars (IPs) below the period gap has been sug-
gested by King & Wynn (1999). This new class includes EX Hya (P,;, = 5880s,
Py = 4020s; Vogt et al. 1980). King & Wynn’s calculations predict that EX Hya

represents a new equilibrium spin state of

Ps in
SIS 0.53; (5.5)

orb

this is comparable with the observational value of 0.68 for EX Hya (Cérdova et al.
1985b). The equilibrium spin state for a typical non-magnetic system below the pe-
riod gap is ~ 0.07 (King & Wynn 1999 and references therein), making the results
on EX Hya eight times greater than typically expected. Another possible candidate
for this new class of IPs is RX J1238-38 (P, = 5077s, Py = 2147s; Buckley et al.
1998), with an equilibrium spin state of 0.42. Considering the 2233s/3266s periods
as the spin period of the white dwarf, OY Car would have spin equilibrium states
of 0.41 or 0.60 respectively; both of these values seem reasonable when considering
the results of EX Hya and RX J1238-38 above. This would put OY Car into the
new class of objects. The mechanism causing the modulations in an IP system is
the change in visibility of the accretion regions on the surface of the white dwarf

caused by occultation and absorption.

The best explanation for the origin for both the 2233s and 3266s period from
these three possibilities is 3), to include OY Car in the new class of IPs with EX
Hydrae and RX J1238-38. This would mean that the DNOs observed by Marsh &
Horne (1998) (Chapter 1, Section 1.4.3) would not be due to the spin period of the

white dwarf, as they suggest. An alternative source for the DNOs found by Marsh
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& Horne (1998) may be a beat period between the outer layers of the white dwarf
and the inner accretion disc.

If OY Car is indeed magnetic, the eclipse profiles should show accretion on to
regions governed by the magnetic field of the white dwarf; this type of accretion
implies asymmetry in the eclipse profiles due to the ever-changing nature of the
accretion region (Chapter 1, Section 1.2.1). An asymmetry is seen in Figure 5.13
(Section 5.3.2), but the results suggest this is attributed to flickering. Non-magnetic
systems are assumed to have symmetric eclipse profiles due to uniform accretion on
to the white dwarf.

In the case of IPs, the accretion region on the white dwarf irradiates the disc.
The disc-heated region rotates at a Keplerian velocity that is different from the

accretion region velocity, setting up a beat period (Pyeqt). Using

Lo 1o (5.6)
Pbeat Pspin Pm'b ‘

and an orbital period of 5454s for OY Car, beat periods of 3781s and 1584s (Pspin, =
2233s), or 8142s and 2043s (P, = 3266s) can be calculated. All these periods are
close to peaks in the periodogram of Figure 5.6 (Bottom of top panel). Periods close
to both the 1584s and 2043s are weak in comparison to the orbital, 2233s and 3266s
periods, but the 3781s and 8142s periods lie close to the second and third highest
peaks in the pre-whitened data respectively.

The beat period values, along with the equilibrium state calculation, imply that
the 2233s period may be the spin period of OY Car. The variation in the profiles
of the 2233s modulation from cycle-to-cycle (Figure 5.10) could be due to the ac-
cretion disc obscuring at least part of the X-ray emission region from time to time.
Obscuration could be due to vertical structure on the outer edge of the disc caused
by stream overflow, or the bright spot. The 3266s modulation also shows variations
in its profile form cycle-to-cycle, further implying obscuration.

I attribute the 3266s period to a new oscillation, which may be produced by

perturbations in the accretion disc (Chapter 1, Section 1.4.2). This oscillation may
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also be obscured in the same way as the spin period, and may beat with the spin
period. Substituting 2233s and 3266s in Equation 5.6 produces beat periods of 1326s
and 7060s. The 1326s period does not lie close to any peaks in the periodogram
(Figure 5.6), but the 7060s period lies close to the third highest peak in the pre-
whitened data.

The question remains - do other dwarf novae show similar X-ray periods when
observed with XMM-Newton, or is OY Car an unusual magnetic dwarf nova system?

This can only be answered by further investigations of similar systems.

5.4.2 Origin of the X-ray Emission

The ingress/egress times of the X-ray eclipses in OY Car are typically 20 — 40s
(Figure 5.11 and Figure 5.13), suggesting that the X-ray emission originates from
the white dwarf. These ingress/egress times are unlike the X-ray ingress times
of less than 10s seen in magnetic CVs (e.g. Steiman-Cameron & Imamura 1999).
Therefore the X-ray emission in OY Car is not coming from small accretion regions
on the white dwarf, but more likely originates from an equatorial boundary layer
with small (<< R;) height above the surface of the white dwarf as illustrated in
Figure 5.15.

To determine the extent of the X-ray emitting region in the orbital plane (R,),
consider Equations 2.7 and 2.8 (Chapter 2, Section 2.2.3). OY Car is a fully eclipsed

system, so by assuming cos?i ~ 0 these two equations can be simplified to

R, _ Tle

—_ D

a P, orb

= 0.017 + 0.006, (5.7)

where a is the binary separation, P,,, = 5454s is the orbital period, and ¢, = 30+10s
is the ingress/egress X-ray time. Considering a white dwarf mass of 0.83M; and
a mass ratio of 0.1 (results from Section 5.5), leads to a secondary star mass of
0.083M using the mass ratio, and a white dwarf radius of R; = 0.0097R using
the mass radius relation of Nauenberg (1972). The masses of the component stars

can then be substituted into Kepler’s third law, Equation 1.1 (Section 1.1, Chapter
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White Dwarf

Accretion Disc Boundary Layer

Ny Y

R,

R,

Figure 5.15: Tllustration of the equatorial boundary layer. The extent of the boundary layer in
the orbital plane from the centre of the white dwarf is given by R,, and the radius of the white
dwarf is R;. The ‘height’ of the boundary layer above the surface of the white dwarf is given by
R, — Ry, and is exaggerated in this illustration.

1) resulting in @ = 0.647Ry. Using the results of Equation 5.7 and a = 0.647R,,
leads to R, = 0.011£0.004R. Therefore the maximum extent of the X-ray emitting
material is 1.13 4+ 0.21 R;; the height of the boundary layer above the surface of the
white dwarf is 13% =+ 21% of the radius of the white dwarf, so the boundary layer
could have a negligible height above the white dwarf considering the error. OY Car
has an inclination angle of less than 90°, so the height of the boundary layer above
the white dwarf will decrease. Setting the inclination angle to 83° (Wood et al.
1989, Wood & Horne 1990) leads to a boundary layer with negligible height above

the surface of the white dwarf.

5.4.3 Origin of the Non-Zero X-ray Flux during Eclipse

A non-zero X-ray flux in the soft energy band was observed in the eclipse profiles
of OY Car during the first XMM-Newton observation, but was not evident in the
second observation (Section 5.3.2). There are several possibilities for the origin of
this excess of emission.

1) The secondary star.
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The secondary star in OY Car is assumed to be a low mass late type main sequence
star (Ritter 1980b). This type of secondary star is expected to have a luminosity of
L, < 4 x10% ergs/s using the L,/Ly, saturation of 1 x 10~ (Randich et al. 1996),

and the mass-luminosity relationship

Ly,
log (L” l) = —2.961 (5.8)

®
(Malkov, Piskunov & Shpil’Kina 1997) for M, = 0.1M, (Section 5.5), where Ly, is
the bolometric luminosity of the secondary star and L is the luminosity of the Sun.
In Ramsay, Poole et al. (2001a) we calculated the in-eclipse luminosity of OY Car
as 4.5 x 10 ergs/s by assuming that the secondary star has a softer spectrum than
the integrated spectrum of OY Car by a factor of ~ 2. The observed luminosity of
OY Car (4.5 x 10%erg/s) thus exceeds the expected luminosity of the secondary star
(< 4 x 10%"erg/s), therefore it is unlikely this excess X-ray flux can be attributed to
the secondary star. Also, if this excess X-ray flux is from the secondary star, it should
have also been present in the second XMM-Newton observation, and throughout
primary eclipse. The excess X-ray flux is not seen in the second XMM-Newton
observation, or throughout primary eclipse, therefore is most probably not due to
the secondary star.
2) The weak remnant of a large corona.
During a previous outburst of OY Car, a large (Roche lobe sized) X-ray corona was
observed by Naylor et al. (1988). These authors found that any optically thin X-ray
emitting region must have temperatures of the order 10°~7K, which agrees with the
observed energy band of 0.1 — 1.0keV. The excess X-ray flux seen in eclipse during
the first XMM-Newton observation may be due to a weak remnant of the OY Car
outburst occurring 4 days before, but this scenario does not explain the asymmetry
of the non-zero flux observed during eclipse.
3) An X-ray region fixed in the binary frame.
The non-zero flux may be produced from an asymmetric X-ray emission region close

to the white dwarf, at a fixed position in the binary frame offset from the line of
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centres. The mechanism generating this flux is not clear, but two possibilities are
stream overflow or magnetically controlled accretion. If the accretion stream from
the secondary star overflows the outer edge of the accretion disc, it can impact
the accretion disc closer to the white dwarf. The mechanism producing the soft
X-ray emission in this case would be the conversion of the stream’s kinetic energy
as it passes through the shock generated at the impact point. Alternatively, if the
magnetic field of the white dwarf is strong enough (Chapter 1, Section 1.2.3) it will
channel the accreting material onto the surface of the star via columns or curtains.
In this case lower energy radiation is absorbed by the photosphere of the white
dwarf, thermalised and then re-emitted as soft X-rays (Warner 1995). If the white
dwarf in OY Car is weakly magnetic it would asynchronously rotate, and therefore
the position of the X-ray region would slip slightly from cycle-to-cycle; this may be
observed in Figure 5.13 where a small excess flux does shift slightly during the eclipse
minimum at @933 of 0.67, 0.76, 1.01 and 1.45, but this could also be attributed to
flickering (Section 5.3.2).

5.5 Calculating the Mass of the Component Stars
in OY Car

Although the inclination angle (7) of OY Car is widely accepted as 83° (Wood et al.
1989, and Wood & Horne 1990), there is a large variation in the reported masses of
the primary star of 0.30 — 1.26 M, (Ritter 1980b and Cook 1985), and the secondary
star of 0.07 — 0.15M (Wood et al. 1989 and Vogt et al. 1981); for a more detailed
discussion see Chapter 1, Section 1.4.3. However, the mass ratio of OY Car has
recently been better constrained to 0.10 — 0.11 (Wood et al. 1989). Using the
eclipse timings from Section 5.3.2, some of the physical parameters of OY Car can
be constrained.

Using Figures 4.1 and 4.2 (Chapter 4, Section 4.1.1), 1 = 83°, and A® = 0.048 +
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0.001 orbital phase (or ¢/, = 8.6 & 0.2°) from FWHM of the mean eclipse profile
(Section 5.3.2), a mass ratio of ¢ = 0.1 is found; this value is in good agreement
with the previous results of 0.10 — 0.11 (Wood et al. 1989). The results of Section
5.4.2 show that the boundary layer could have a negligible height above the white
dwarf considering the error. Assuming the shape of the boundary layer is a flat disc
of radius Ry, and using the full X-ray eclipse duration of 295 + 5s (= 0.055 + 0.001
orbital phase) from Section 5.3.2, an R;/a of 0.0173 + 0.0029 can be calculated by
tracing the Roche lobe of the secondary through the binary system. The volume-
equivalent radius of the Roche lobe has been approximated by Smith & Dhillon

(1998) as
R 3

and is accurate to less than 3% for CVs with 0.01 < ¢ < 1.0. From the R;/a value
and Equation 5.9 (Ry/a = 0.2113 for ¢ = 0.1), a ratio of the component stars can

be calculated as

2 —124420. (5.10)

assuming the secondary star fills the Roche lobe.

To find the set of R; and R, values that satisfy Equation 5.10, a range of primary
(M) and secondary (M) star masses were considered. A, values from 0.70 to 1.00
were used, providing a range of M, values from 0.070 to 0.100 using ¢ = 0.1. R;
and R, were then calculated using the following mass-radius relationships. R; was

calculated using

M1 :|—2/3 [ ]\4’1

10° 11
A A ) x 10”cm (5.11)

R, =0.779 ([

(Nauenberg 1972), where M, is the Chandrasekhar mass of 1.44M,. R, was calcu-
lated using

Ry = M2367 (5.12)
for 0.08 M < My < 1.0M (Warner 1995) assuming the secondary star is a main

sequence star.
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Figure 5.16 shows a plot of R; vs Ry. The area between the two dashed lines in
Figure 5.16 represents the acceptable results of Equation 5.10, leading to the mass
ranges of M; = 0.85 £ 0.07M and My = 0.085 + 0.007M. If the boundary layer
has a non-negligible height, then the primary star radius will be smaller, increasing

the primary mass.
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Figure 5.16: Plot of Ry vs Ry (). The solid black line represents the Ry/R; = 12.4 gradient
(Equation 5.10), and the dashed lines represent the +2.0 error on that gradient. Any radius
combination that lies inside the dashed lines is an acceptable result.
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Previous optical observations of OY Car in quiescence have led to white dwarf
eclipse times of 0.0562 & 0.0010 orbital phase (Vogt et al. 1981), 0.0577 £ 0.0010
orbital phase (Cook 1985), and 0.0580 + 0.0004 orbital phase (Wood et al. 1989);
measured as the full duration of the eclipse. These optical eclipse times are larger
than the X-ray eclipse time (0.055 + 0.001 orbital phase), which is what is expected
if the X-ray continuum is being produced by an equatorial boundary layer rather
than the primary star as I suggest. Using the average of these three optical eclipse

widths (0.0573+0.0007 orbital phase) and ¢ = 83°, leads to Ry/a = 0.0200+0.0017,
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and hence a radius ratio of Ry/R; = 10.6 £ 0.9 using Equation 5.9 with ¢ = 0.1.
From Figure 5.16, a decrease in Ry/R; leads to a decrease in Ry and an increase in
R, and hence a decrease in the masses of the component stars. Using the optical
data I calculate a range of primary and secondary star masses of 0.78 +0.04M and
0.078 4+ 0.004 M, respectively, which overlap with the X-ray results within error.
Comparing the X-ray and optical eclipse widths, the optical eclipse is 6% + 3%
larger than the X-ray eclipse. This is consistent with the X-ray eclipse resulting from
the occultation of an equatorial boundary layer with very little height (R, — R;)
above the surface of the white dwarf. Therefore the mass results obtained using the
optical eclipse widths are more accurate because the primary star eclipse is directly

observed, unlike the X-ray observations where a boundary layer is eclipsed.

5.6 Conclusions

I have presented XMM-Newton X-ray timing studies of OY Car, which have allowed
me to investigate the X-ray eclipse profile of this dwarf nova system in more detail.
The most important result to come from this study is the short ingress/egress times
of the eclipse profiles that suggest that the boundary layer has a very small extent
above the white dwarf.

The total eclipse duration of 295 + 5s was found using the average eclipse profile
of OY Car, and was used to constrain the mass of the component stars within the
system. Roche lobe geometry was used to constrain the radii of the component
stars, hence producing mass ranges using mass-radius relationships. The masses of
the primary and secondary stars using the X-ray data, are confined to the ranges of
M, =0.78—0.92M and My = 0.078 — 0.092M, assuming an empirical mass radius
relationship. Considering the previous optical observations of Vogt et al. 1981, Cook
1985, and Wood et al. 1989, leads to a range of primary and secondary masses of
0.74 — 0.82M and 0.074 — 0.082 M, respectively.

The average eclipse profile of OY Car in the soft energy band showed a non-zero
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flux. X-rays from the secondary star are ruled out as a possible solution due to the
high level of this flux. An extended X-ray corona produced in a previous outburst of
QY Car is also ruled out due to the asymmetric nature of the non-zero flux. A more
plausible solution is an X-ray emission region resulting from either stream overflow
or a magnetic white dwarf, which is fixed in the binary frame.

Another important result obtained from this study is the detection of oscillations
with underlying periods of 2233s and 3266s. The 2233s modulation is most probably
due to the spin period of the white dwarf, therefore suggesting that OY Car may
belong to the new class of IPs below the period gap (King & Wynn 1999). The
question remains whether OY Car is an unusual dwarf nova system, or if other dwarf

nova systems show evidence of magnetism. This is discussed further in Chapter 6.
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Conclusions

6.1 RW Tri

The eclipsing nova-like system RW Tri is very interesting to study because of its
many different observable features. In particular, RW Tri is very active in the ul-
traviolet; with spectra showing broad emission features attributed to extended colli-
mated winds, and unusual narrow absorption features that appear in emission during
eclipse. In Chapter 2 I produce a simple absorption model, including the physical
nature of the UV continuum and the inclination angle of the system. This model
was used to fit an absorption line profile to a narrow feature observed at A\1335A
in the ultraviolet Hubble Space Telescope observations of Mason et al. (1997). The
results of this model confirm that at an orbital phase close to 0.5, the material
producing the absorption feature is confined to an arc, that has a height above the
orbital plane with an inner radius at a distance of 0.3 R from the centre of the white
dwarf, and an azimuthal thickness of 0.01R. Although this does not tell us how
these narrow absorption features are produced, it goes a long way in pinpointing
the position of the material creating the absorption features within the system. To
further investigate the geometry of this absorbing material a more complex model

was discussed to include the effects of the underlying emission features observed
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during eclipse, and multiple orbital phase analysis to predict the behaviour of the
features during eclipse.

The UV continuum of the Hubble Space Telescope observations of Mason et al.
(1997) was also modelled in Chapter 2. A radial velocity line-free continuum light
curve was extracted from the observations and then fitted using a steady-state black-
body accretion disc model. This lead to a blackbody UV continuum with an effective
extent of 0.234R; which is 20 times larger than the white dwarf radius and over
half the accretion disc radius.

At longer wavelengths, the effects of the secondary star of RW Tri can be ob-
served. The velocity of the secondary star plays a key role in calculating the mass
of the component stars within the system, and is therefore an important value to
constrain in any CV. In Chapter 3, I calculate the radial velocity amplitude of the
secondary star in RW Tri using time resolved spectroscopy and a range of late-type
spectral template stars. The method of skew-mapping is used on the far red data
of Smith et al. (1993), due to the low signal-to-noise of the data. The method
of cross-correlation is used on the near infrared data I obtained using the United
Kingdom Infra-Red Telescope. The final results of 2354+47 km/s (in the far red) and
221 £ 29 kin/s (in the near infrared) agree within the errors. The spectral type for
the secondary star of MO in the far red agrees with the statistical prediction of K943
(Smith & Dhillon, 1998), but in the near infrared the spectral type of the secondary
is indistinguishable. Using the near infrared data I find a V., sini = 120 4+ 20km/s
for the projected rotational velocity of the secondary star.

To understand the accretion processes and geometry of RW Tri, it is vital to
constrain the masses of the system. The masses of the component stars in RW Tri
have been poorly constrained, but with component star velocities, their masses can
be calculated using Kepler’s third law. In Chapter 4 I combine the secondary star
velocity of RW Tri from the near infrared results in Chapter 3, with the white dwarf
velocities of other authors (ultraviolet features - Mason 1999, H and He emission

- Still et al. 1995, H and He emission - Kaitchuck et al. 1983). I find a range of
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mass ratio values of 0.8 to 1.3. Using the He II emission (Still et al. 1995) which
originates in a region close to the white dwarf, primary and secondary star masses of
0.8 —1.1Mg and 0.9 — 1.1M,, are found respectively. The ‘K-correction’ of Wade &
Horne (1988), based on the absorption feature results of Chapter 3, is also considered
in the mass calculation.

Difficulties in calculating the velocity of the primary star contribute to the large
range of masses I find. The main problem with calculating the primary star velocity
is finding a feature that represents the velocity of the white dwarf. Up until now,
H and He disc emission features have been used to estimate this velocity, producing
a large range of values from 223km/s for Hy (Still et al. 1995) to 170km/s for He
I (Kaitchuck et al. 1983). The main difficulty with using these features is that
they originate from accretion disc and secondary star regions, and therefore their
velocities are affected by the motions of the secondary star, stream material, bright
spot and accretion disc. The wings of these emission lines will represent gas closest
to the white dwarf, but velocity measurements using the wings of these lines in RW
Tri were not consistent with Doppler maps (Still et al. 1995). Recently Mason
(1999) found that ultraviolet narrow absorption features mirrored the orbital phase
of the white dwarf, but the resulting mass ratio is too high to produce a stable mass
accreting system, therefore these features probably do not reflect the white dwarf
velocity.

The rotational velocity of the secondary star found in Chapter 3 is also used to
calculate the masses of the component stars. This method does not consider the
velocity of the primary star, and therefore produces more reliable results. Using
Vrot = 120 £ 20km/s and secondary star velocities of 178km/s and 221km/s leads to
primary and secondary masses of 0.4 — 0.7M and 0.3 — 0.4M respectively. These
results better agree with the expected masses of component stars within CVs.

The secondary star velocity is well constrained from my infrared data, but will
vary depending upon the region over which the secondary star is being irradiated

by the accretion disc; my results show evidence that the secondary star absorption
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features are stronger when observing the hemisphere that faces away from the ac-
cretion disc. This phenomenon has been taken into consideration when calculating

the mass ratio range for RW Tri using the ‘K-correction’ of Marsh & Horne (1988).

6.2 OY Car

In Chapter 5 I use X-ray observations to probe the extent of the boundary layer in
OY Car. Using XMM-Newton 1 have been able to study the X-ray eclipse profile
of the system in detail, allowing me to resolve the boundary layer. The eclipsing
dwarf nova system OY Car is an ideal system to study this phenomenon due to its
short period and total eclipse. The short ingress/egress times of the eclipse profiles
and the full eclipse width time, suggest a boundary layer with a very small extent,
which is extended in azimuth around the white dwarf.

For the first time, the X-ray light curves of OY Car also show energy dependent
quasi-sinusoidal variability’s. These variability’s have underlying periods of 2233s
and 3266s, which may be due to the spin period of the white dwarf. This suggests
that OY Car may belong to a new class of intermediate polars below the period gap
(King & Wynn 1999).

Asin RW Tri, it is important to be able to constrain the masses of the component
stars within OY Car. At X-ray wavelengths the duration of eclipse provides vital
information about the size of the component stars. The total eclipse duration of
295 4+ 5s for OY Car was used to confine the secondary and primary star masses to
ranges of My = 0.078 — 0.092M and M; = 0.78 —0.92M, respectively. Considering
the previous optical observations of Vogt et al. 1981, Cook 1985, and Wood et
al. 1989 leads to a range of primary and secondary masses of 0.72 — 0.80M, and
0.072 — 0.080M, respectively.
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6.3 Future Work

This work carried out on RW Tri and OY Car provides a strong foundation for
constraining the masses of the component stars within each system. It also provides
the first steps to understanding specific features seen within each system. These
foundations can be built up to provide a more accurate knowledge of nova-like and
dwarf nova systems, as well as fine tuning the methods of confining the component

star masses within CV systems.

6.3.1 RW Tri (and UX UMa)

The nova-like CV UX UMa is very similar in nature to RW Tri. Narrow absorption
features in ultraviolet Hubble Space Telescope data of UX UMa have a velocity of
~ 100km/s, which is smaller than the same ultraviolet features seen in RW Tri
(Mason 1999). UX UMa was observed in the far red by Vande Putte et al. (2003).
It would be very interesting to observe UX UMa in the near infrared to further
investigate the radial velocity amplitude of the secondary star. This data, along
with the results from Vande Putte et al. (2003) could then be used to check the
ultraviolet results, limit the masses of the component stars to see how they differ

from RW Tri, and build on the knowledge already gained about these systems.

The Narrow Ultraviolet Absorption Features in RW Tri

The simple absorption model I produce in Chapter 2 was only used to fit the single
narrow absorption feature seen at 1335A and orbital phase close to 0.5. The model
should also be tested more rigorously using other orbital phases and other features.
The model results could also be improved by considering the effects of the underlying
emission feature observed at eclipse.

The possible origin of the narrow absorption line region is discussed in Chapter
2, Section 2.7. Further investigation of these ideas should be undertaken to try to

understand how and why these features come about.
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Further Constraining the Masses in RW Tri

Currently, the best method for determining the mass of the component stars in an
eclipsing CV system is by using a combination of the radial and rotational velocity
of the secondary star. These parameters only depend upon the assumption that the
secondary star fills its Roche lobe, and can be easily obtained if the secondary star
is observable.

The main problem with using the primary star velocity to calculate the mass ratio
of the system is the difficulty in identifying white dwarf line features (as discussed in
Section 6.1). Better measurements of the white dwarf velocity are needed. Still et
al. (1995) had problems measuring the wings of H and He features due to absorption
features. If it is possible to mask these line features out using a modelled template,
a more accurate velocity may be found using the wings of emission lines.

Another approach to confine the masses of RW Tri is the method I use in Chapter
5, using the X-ray eclipse duration to confine the size of the white dwarf. To date,
RW Tri has been observed to have a ROSAT PSPC count rate of 0.007 &+ 0.003
counts/s in the energy range 0.1-2.4keV (Van Teeseling et al. 1996). With the
larger collecting area and energy range of XMM-Newton better observations of RW

Tri will be possible in the X-ray regime.

6.3.2 OY Car
Is OY Car a Magnetic System?

In Chapter 5 I have shown evidence that OY Car may be a magnetic system, but
further investigation is needed to confirm this finding. Magnetic fields are observed
at optical wavelengths in CV systems in three ways (see Hellier 2001 for review). 1.
Cyclotron humps. 2. Polarisation. 3. Zeeman splitting.

There have been no observations to date that provide evidence for these phenom-
ena in QY Car, but a thorough investigation of previous observations may uncover

evidence that has previously been overlooked.
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Source Orbital Visible Right Declination | References
Period | Magnitude | Ascension

OY Car || 1.5149 | 15.6 - 12.4 | 10 06 22.43 | 70 14 04.9 1,2,3,4

Z Cha 1.788 | 16.0-12.4 | 08 07 28.2 | -76 32 01 1,5,6,7,8

WX Hyi | 1.796 | 14.7-12.5 | 02 09 50.65 | 63 18 39.9 || 1,9, 10, 11

CU Vel 1.855 | 15.5-11.1 | 08 58 32.87 | -41 47 50.8 || 1, 12, 13, 14

YZ Cnc 2.086 | 14.4-11.9 | 08 10 56.62 | 20 08 33.6 1, 15, 16
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Table 6.1: Eclipsing dwarf novae with similar properties to OY Car. References: 1. Downes et
al. 1997, 2. Vogt 1979a, 3. Bruch et al. 1996, 4. Berriman 1984, 5. Mumford 1969, 6. Mumford
1971, 7. Harlaftis et al. 1992, 8. Rayne & Whelan 1981, 9. Schoembs & Vogt 1981, 10. Bateson
1988, 11. Kuulkers et al. 1991, 12. Bateson 1977, 13. Ritter 1990, 14. Downes & Shara 1993,
15. Elsworth & Jameson 1986, 16. Shafter & Hessman 1988. The orbital period in column 2, is
measured in days.

Is OY Car Unique?

The question remains - “Is OY Car a unique system, or are there other dwarf novae
below the period gap that show quasi-periodic variations on the same time scales as
OY Car?” A further study of other eclipsing dwarf nova systems below the period
gap can be undertaken using XMM-Newton. Possible sources are listed in Table 6.1,

and are all observable by XMM-Newton.

6.4 In Conclusion

The masses of the component stars in the nova-like system RW Tri and the dwarf
nova system OY Car have been further constrained. The mass ratio and masses
of RW Tri were calculated using the rotational velocity and the radial velocity am-

plitude of the secondary star from near infrared observations. The mass ratio and
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masses of OY Car were calculated using X-ray and optical eclipse timings.

In addition to constraining the masses of these two systems, I have investigated
specific features within RW Tri and OY Car. A simple absorption model was fitted
to ultraviolet spectroscopic observations of RW Tri, to show that narrow absorption
features may be found in an arc, defined by a cylindrical region centred on the white
dwarf. From X-ray observations of OY Car, I have been able to limit the boundary

layer of the system to a region very close to the white dwarf.
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Appendix A

The derivation for the equation of radiative transfer was taken from a selection of

references,

e Carroll & Ostlie, 1996
e Lang, 1974
e Rybicki & Lightman, 1985

o Zeilik, Gregory & Smith, 1992

The change in intensity of a ray of light at wavelength, A\ as it travels through
a gas is a combination of the decrease in intensity due to absorption radiation

(—kapI dS) and the increase produced by emission (j,pdS), given by
d],\ = —/{)\pI,\dS + ],\pdS, (61)

where dI, is the change in intensity, k) is the absorption coefficient of the gas, p is
density of the gas (kg m™3), I, is the intensity at wavelength A, dS is the change in
optical path length through the gas, and j is the emission coefficient (cm.s™%s.T™1).

The change in optical depth (dry) is defined from the absorption and density of
the gas, and the change in optical path length through the gas, and is given by

dTy = KpdS. (6.2)
The source function (S)) is defined by the ratio of emission to absorption coefficients,

Sy = l‘i—’\ (erg.s"tem™*Sr71). (6.3)
A
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APPENDIX A. The Radiative Transfer Derivation

Dividing both sides of Equation 6.1 by xpdS leads to

dl '
A = _I)\ + j_)\a
KapdS K

and then substituting in Equations 6.2 and 6.3 gives

dly
—2 =8, — I,
dT)\ A A

Multiplying both sides of Equation 6.5 by e™ and rearranging leads to
dl )\€T>‘
dr py

4
d’T)\

db\e” = S)\6T)‘d7')\.

™ — )
+I)\€ —S)\e y

[Ixe™] = She™,

Integrating both sides of Equation 6.8 gives

I(7x) ()
/ GTAdI)‘ = S,\/ €T>‘d7',\,
I(0) 0

e 16)) = Sale™ 3,
I)\(T,\)ETA - I(O) = S,\(e” - 1),

which leads to the solution,

I)\(T,\) = ](0)67”‘ + S)\(l - e*”).
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Absorption Only

From Equation 6.1 absorption is given by,
dI)\ = —K,)\pI)\dS. (613)

Dividing both sides of Equation 6.13 by k)pdS and substituting in Equation 6.2

gives
dl,
=1 6.14
kxpdS o (6.14)
dl
2 — ], (6.15)
dT)‘

Multiplying both sides of Equation 6.15 by ™ and rearranging leads to

dly .

A — [ em 1
dT)\e A€, (6 6)

dI, .

—e” Le™ =0 6.17

dne + Ie , ( )
4 inen =0, (6.18)
dT)\

Integrating both sides of Equation 6.18 gives

I(7y)
/ endly = 0, (6.19)
1(0)
[hen i) =0, (6.20)
I)\(T,\)GTA - ](0) = 0, (6.21)

which leads to the solution,

I)\(T)\) = I(O)e_”. (622)



Appendix B

Chi-squared (x?), is the weighted mean of the square of the fractional difference
between two frequency distributions. When considering this ‘best-fit’ method, a
normal distribution of errors around the model is assumed. The chi-squared statistic

is given by

5 (Eops(ne) — Frnoa(ne))? (6.23)

2
X = )
Eobs

Ne
where n, is the number of events, Fy,, is the observed frequency distribution, F},,,4
is the model frequency distribution, and F,,, is the variance on each value in the
observed frequency distribution (i.e. ou(n.)?). For the Poisson distribution, the
variance (oqs(ne)?) is equal to the mean of the distribution, therefore E,, can be
estimated from the data as Fi,s (Bevington & Robinson 1992).
The reduced chi-squared (x2) is given by

2 o\ 1/2
=X =1+ (—) , (6.24)
14 14

where v is the number of degrees of freedom given by
v =n—p, (6.25)

where p is the number of free parameters in the model.
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Appendix C

The final model of Chapter 2 was comprised of the following stages,

e splitting up the UV continuum into equal segments and calculating the inten-

sity of each segment (Iy),

e tracing the light path of each UV continuum segment through the absorbing
material to calculate a path length (S),

e splitting the path length through the absorbing material up into elements
and calculating the wavelength and intensity of each element to produce an

intensity-wavelength profile (I, — A.),
e calculating the total absorption profile by summing the profile of each element,
e fitting the model profile to the observed absorption profile,
e calculating a chi-squared error for the absorption fit,

e writing results to a file.

The following program shows the FORTRAN code ABSOR _FIT.F developed
to produce the absorption profile. This program also calculates a chi-squared fit to

the observed data, and writes the results into the file,

e absor_fit_results.dat - Normalised model results.
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APPENDIX C. Program for the Ultraviolet Absorption line Model

(C 3k ok sk sk sk ok ok ok ok ok sk ok 3k ok ok ok ok ok ok ok 3k 3k 5k ok ok ok 3k 3k 5k 5k ok ok ok sk 5k 5k ok ok sk 3k 3k 5k ok ok ok sk sk 3k 5k ok ok ok ok 3k >k >k >k ok %k %k 5k >k >k

C MAIN PROGRAM

(O ok sk sk sk ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok sk sk ok ok ok ok sk sk ok ok ok ok sk sk ok ok ok ok sk sk sk ok ok ok ok sk sk sk ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok k

PROGRAM ABSOR_FIT

(O ok sk sk sk ok ok ok ok ok sk sk sk ok ok ok ok ok ok ok ok sk sk ok ok ok ok sk sk ok ok ok ok ok sk ok ok ok ok sk sk sk ok ok ok ok sk sk sk ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok k

C Program Name: Absor_fit

C Author
C Date
C Description

C

Function

(@} (@} (@} (@} (@} (@} (@

: Tracey Suzanne Poole

17th October 2003

: The program models light from the UV continuum

of RW Tri as it passes through a cylindrically
shaped absorption material column that is
centered on the centre of the UV continuum.
The primary star and accretion disc are both

assumed to contribute to the UV continuum.

: BINVAL - Function to calculate the wavelength

bin in which the intensity of an element in

the absorption material should be added.

(C ok ok sk sk sk ok ok ok ok ok sk ok 3k ok ok ok ok ok ok ok 3k 3k 5k ok ok ok 3k 3k 5k 3k ok ok ok sk 5k 5k ok ok sk ok 3k 3k ok ok ok sk 3k 3k 5k ok ok ok ok 3k >k >k >k ok k %k 5k >k >k

C Counters
C Counter

C

(@} Q (@} (@} (@} (@} (@} (@

e
|

1 to NUMM, counts around the maximum
number of elements in along the maximum
path length distance.
M - 1 to NUM, counts around the main loop
to iterate around each UV continuum
annulus.
J - 1 to NUMS, counts around the second loop
to loop around the number of segments

in the current annulus.

oo
1

1 to NUMB, to loop around WAVEARY for
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wavelength that corresponds to the

C output to screen.

C P - 1 to NUME, loops around the number of

C elements in the absorbing material.

C I - 1 to NUMB, to loop around in the

C chi-squared calculations.

C L - 1 to NUMO, to loop around observed data.
C COBS - Counter to find the observed data

C

C

first model wavelength bin.

(C ok sk sk sk k ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok sk sk ok ok ok ok ok sk ok ok ok ok ok sk ok ok ok ok sk ok sk ok ok ok ok sk sk sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok k

C Constants

C Physical : GRAV - Gravitational constant (dyn cm”2 g~-2).
C constants STEFAN - Stefan’s constant (erg cm™-2 K™-4 s”-1).
C PLANCK - Planck’s constant (erg.s).

C BOLTZ - Boltzmann’s constant (erg K~1).

C C - Speed of light (cm s™-1).

C PI - pie.

C ANGLE1 - 90 degrees in radians.

C ANGLE2 - 270 degrees in radians.

C ANGLE3 - 360 degrees in radians.

C System : MASS - Mass of the primary star (g).

C parameters INC - Inclination angle of the system

C (radians).

C RADWD - Primary star radius (cm).

C RADUV - UV continuum radius (cm).

C RADOUT - Outer radius of the accretion disc (cm).
C MDOT - Accretion rate (g s”1).

C TEMPWD - Temperature of the primary star (K).

C DISTO - Distance to the system from the
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UV/absorbing: NUM -
material SEGL -

parameters ELES -

Wavelength : WAVED -

parameters
BIN -
NUMB -
WAVE1 -
Input : INR -

parameters RTHICK

CONST

PAR -

NUMO

Calculations: OUTR

with SINI

constants WAVEC

BINHF

INTWD
WAVEOCM-
coNA -

aQ QO QO QO QO O QO O O QO QO O O QO O O QO O a o Q O o a0 o o o a @

CONB -

observer (cm).

Number of UV continuum annuli.

Length of an UV continuum segment (cm).
Length of an absorbing material element
(cm) .

Rest wavelength (wavelength of central
peak in Angstroms).

Size of wavelength bins (Angstroms).
Number of wavelength bins.

Start wavelength for the first bin
(Angstroms) .

Inner radius of the absorbing material
(cm) .

Radial thickness of the absorbing
material (cm).

Optical depth constant of the absorbing
material (cm™-1).

Number of free parameters.

Number of data points in the original

data file.

Outer radius of absorbing material (cm).

Sine of the inclination angle.

Rest wavelength divided by the speed of
light (s).

Half a wavelength bin (Angstroms).
Intensity of the primary star.

Rest wavelength in cm.

Accretion disc temperature constant.

Accretion disc intensity constant.
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(@} (@} (@} (@} Q

CcONC
MAXPL

NUMM

Accretion disc intensity constant.
Maximum path length through the
absorbing material.

Maximum number of elements in the

absorbing material.

(O ok sk sk sk ok ok ok ok ok ok sk sk ok ok ok ok ok ok ok ok sk sk ok ok ok ok sk sk ok ok ok ok ok sk ok ok ok ok sk sk sk ok ok ok ok sk sk sk ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok k

C Variables
C Distances

C

Q (@} (@} (@} (@} (@} (@} (@} (@} (@} (@} Q (@} (@} (@} (@} (@} (@} (@} (@}

: DELR

INVR
RPERPS

DISTS

XVAL1

XVAL2

PATHOP

Thickness of an individual UV Continuum
annulus.

Radius of the an annulus from the
centre of the UV continuum.

Inversion of R.

Perpendicular distance of a UV
continuum segment in the orbital plane
of the system.

Distance around the circumference of a
UV continuum annulus, to a segment in
the UV continuum.

Distance parallel to the observers line
of sight from the centre of the primary
star to the inner radius of the
absorbing material in the orbital plane
of the system.

Distance parallel to the observers line
of sight from the centre of the primary
star to the outer radius of the
absorbing material in the orbital

plane of the system.

Path length through the absorbing
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Angles

UV segment

variables

aQ QO QO O QO QO QO O QO QO O O QO O O O QO o a O o a a a o

C
C Absorbing
C material

C elements

DISTOP

RADE

INVRE

: THETA

SINT
SINEL

THMAXE

: WAVES

TEMPS

INTS
NUMS

NUMSR

DIFFN
INVWS

: NUME

material in the orbital plane of the
system.

Distance from the inner radius of the
absorbing material to the current
element in the orbital plane.

Radial distance of an element in the
absorbing material.

Inversion of RADE.

Angle increment of a UV continuum
segment in radians.

Sine of THETA.

The sine of the angle subtended from
the line of sight of the observer, to
the current element in the absorbing
material.

Maximum SINEL value.

Wavelength of a UV continuum segment.
Temperature of a UV continuum segment
in the accretion disc.

Intensity of a UV continuum segment.
Number of segments in an annulus
(INTEGER value).

Number of segments in an annulus
(REAL value).

Difference between NUMS and NUMSR.
Inversion of WAVES.

Number of elements in the absorbing
material along the path length in the

direction for the observers line of
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(@} (@} (@} (@} (@} (@} (@} (@} (@} Q (@} (@} (@} (@} (@} Q

Error
analysis

variables

: MINOBS

NUMER

DIFFNE

BINE

WAVEE

INTE

MINMOD

FACTOR

CSQu

RCSQU

FPAR
ECHI -

sight.

NUME as a real value.

Difference between NUME and NUMER.
Wavelength bin in which an element in
the absorbing material belongs.
Wavelength of an element in the
absorbing material.

Intensity of an element in the
absorbing material.

Minimum intensity of observed data.
Minimum intensity of model data.
Factor to multiply the intensity of
the model data by.

Chi-squared value.

Reduced chi-squared value.

Number of free parameters.

Error on the reduced chi-squared value.

(C ok ok sk sk sk ok ok ok ok ok sk ok 3k ok ok ok ok ok ok ok 3k 3k 5k ok ok ok 3k 3k 5k 5k ok ok ok sk 5k 5k ok ok sk 3k 3k 3k ok ok ok sk 3k 3k 5k ok ok ok ok 3k >k >k >k ok k %k 5k >k >k

C
C
C
C
C
C
C
C
C
C
C

Arrays
Observed

data

Model data

: OBSW

ONSI

ERROR

: ABSCOEF

WAVEARY
INTARY
INTARYFIN

- Wavelength values of the observed
data.

- Intensity values of the observed
data.

- Error values of the observed data.

— Absorption coefficient look up table
array.

- Wavelength values of the model data.

- Intensity values of the model data.

Final intensity values of the model
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C data after fitting to the observed
C data.
C Chi-squared : CHI - Array to help calculate chi-squared.

Cokokook ok ok ok sk sk ok sk sk ok sk sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk sk ok sk sk ok ok ko sk okok skok ok ok ok
C Defining integers, real variables and constants, and arrays.
C

IMPLICIT NONE

INTEGER A,M,J,B,P,I,L,COBS
INTEGER NUM,NUMB,NUMS,NUMO,NUMM, NUME
REAL*8 GRAV,STEFAN,PLANCK,BOLTZ,C,PI,ANGLE1,ANGLE2,ANGLE3
REAL*8 MASS,INC,RADWD,RADUV,RADOUT,MDOT, TEMPWD,DISTO
REAL*8 DELR,SEGL,ELES
REAL*8 WAVEQO,BIN,WAVE1
REAL*8 INR,RTHICK,CONST,PAR
REAL*8 OUTR,SINI,WAVEC,BINHF,INTWD
REAL*8 WAVEOCM,CONA,CONB,CONC,MAXPL
REAL*8 R,INVR,RPERPS,DISTS
REAL*8 XVAL1,XVAL2,PATHOP,DISTOP,RADE, INVRE
REAL*8 THETA,SINT,SINEL, THMAXE
REAL*8 TEMPS,WAVES, INTS,NUMSR,DIFFN,INVWS
REAL*8 NUMER,DIFFNE,BINE,WAVEE,INTE
REAL*8 MINOBS,MINMOD,FACTOR,CSQU,RCSQU,FPAR,ECHI
REAL*8 ABSCOEF (50000) ,WAVEARY (23) ,INTARY(23) ,INTARYFIN(23)
REAL*8 0BSW(114) ,0NSI(114),ERROR(114)
REAL*8 CHI(23)
C
Cokokook ok ok ok ks sk ok ok ok ok ok sk sk ok ok ok ok ok ok ok ok ok ok ok sk sk ok ok ok sk sk sk ok sk ok ok ok ok sk ok ok sk ok ok sk ok ok ok ok k ks ok ok ok k ok ok

C Defining function.
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INTEGER BINVAL
C
(C ok sk 5k sk sk 5k ok ok 5k 5k ok 3k ok ok 3k 5k 5k ok 3k 5k ok 5k 3k ok 5k 3k >k 5k 3k 5k 3k 5k >k ok 3k 5k ok 3k 5k ok 3k >k ok 3k >k >k 3k >k >k 3k >k >k 3k >k >k 3k 5k >k %k 5k >k %k %k ¥
C Define common blocks so that the Subroutines and Function can
C use the constant values as well as the main program.
C

COMMON/CONSTANTF/WAVE1,BIN
C
(C ok ok 5k sk sk 5k ok ok 5k ok ok 3k ok ok ok 5k ok ok 3k 5k ok 5k 5k ok 5k 3k ok 5k 3k ok 3k 5k ok ok 5k ok >k 3k 5k >k 3k >k >k 3k >k >k 3k >k >k 3k >k >k >k >k >k >k 5k >k %k 5k %k % %k ¥
C Defining constants.
C

GRAV=6.67259E-8

STEFAN=5.67051E-5

PLANCK=6.6260755E-27

BOLTZ=1.380658E-16

C=2.99792458E10

PI=3.141592654

ANGLE1=PI/2.0

ANGLE2=3.0%PI/2.0

ANGLE3=2.0%PI

MASS=1.49449E33

INC=76.86% (ANGLE3/360.0)

RADWD=7 .656E8

RADUV=1.629E10

RADQUT=2.79792E10

MDOT=2.8E18

TEMPWD=20800.0

DISTO0=1.052326E21
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SEGL=2.0E7
ELES=2.0E7
NUM=815
WAVEO=1335.0
BIN=0.59
NUMB=23
WAVE1=1328.445
PAR=3.0
THMAXE=0.0
C
Cokkok sk sk ok ok ok ook o ok o oK ok 3ok ook ook ok oK oK ook ok 3ok o K ok ok ook o oK ok ook oK ok o ok ook ok ook ook ok ok ook ok ok o ok
C Prompt for the inputing values needed.
C
WRITE(*,*) "Please input the optical depth constant (cm~{-1})"
READ (*,*) CONST
33  WRITE(*,*) "Please input thickness of the absorbing material (cm)"
READ(*,*) RTHICK
22  WRITE(*,*) "Please input the inside radius of the material (cm)"
READ(*,*) INR
C
C Calculate the outer radius of the absorbing material (OUTR).
C
OUTR=INR+RTHICK
C
C Check that input parameters fit with limits, if not then end
C the program.
C
IF (INR.LT.RADUV) THEN

WRITE(*,*) "Inside radius is too small"
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GOTO 22
ENDIF
IF (OUTR.GT.RADOUT) THEN
WRITE(*,*) "Thickness + Inside radius is too big"
GOTO 33
ENDIF
C

Ok ok ok ok ok ok sk ok sk ok ok ok sk sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok 5k ok ok 5k ok ok ok 5k ok ok ok ok ok ok ok ok sk ok ok sk sk ok sk sk ok sk ok

C Calculate the sin value of the inclination angle (SINI), the
C rest wavelength divided by the speed of light (WAVEC), half a
C bin width (BINH), intensity of the primary star (INTWD), and
C constants for accretion disc temperature and intensity
C calculation (CONA, CONB, CONC).
C
SINI=SIN(INC)
WAVEC=WAVEQ/C
BINHF=BIN/2.0
INTWD=STEFAN* (TEMPWD**4) *RADWD*RADWD/ (PI*DISTO0*DISTO)
WAVEOCM=WAVEQO*1.0e-8
CONA=(3.0*GRAV*MASS*MDOT) / (8. 0*PI*STEFAN)
CONB=2.0*C*C*PLANCK
CONC=(PLANCK*C) /BOLTZ
C

Corskskokokskok ok skok sk ok skskskok ok sk skoskok sk sk sk ok sk sk sk o sk oksksk ok sk sksksk ok sksk sk ok sk sk sk ok sk sksk ok sk ok sk o ok
C Calculate a look up table for the absorption coefficient
C (ABSCOEF) for the calculation of the intensity of an element
C in the absorbing material.
C
MAXPL=SQRT ( (RADOUT*RADOUT) - (RADUV*RADUV) )



APPENDIX C. Program for the Ultraviolet Absorption line Model 216

NUMM=MAXPL/ (ELES*SINI)

C
DO A=1,NUMM
ABSCOEF (A) =EXP (- (A*CONST*ELES) )
ENDDO
C

Ok ok ok ok ok ok sk ok sk ok ok ok sk sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok 5k ok ok 5k ok ok ok 5k ok ok ok ok ok ok ok ok sk ok ok sk sk ok sk sk ok sk ok

C Reading in the original data.

C
NUMO=114
OPEN (UNIT=1,FILE=’new_profile.dat’,STATUS="0LD’)
DO L=1,NUMO
READ(1,*) OBSW(L), ONSI(L)
ERROR(L)=1.197e-14
ENDDO
C

Gk ok ok sk sk ok ok ok ok ok ko ok o ok ok oK oK KoK 3 ok ok Kok Kk ok ok ok ok ko o ok ok ok ok K o sk ok ok ok ok ok ok ok ok K ok ok ok ok ok ok
C Calculating width of a UV continuum annuls (DELR).
C
DELR=RADUV/NUM
C
Cokook ok sk sk sk o ok ok ok ok ok ok ok o o ok ok ok ok sk ok o ok ok ok ok ok ok ok ok ok ok ko o ok ok ok ok sk o ok ok ok sk ok ok ok ok ok ok o o ok ok ok ok ok
C Main loop to iterate around each UV continuum annulus.
C
DO M=1,NUM
C
C Calculate radius of the current annulus from the centre of the
C UV continuum (R), and the inversion of the current radius

C (INVR).
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(@}

aQ Q Q @

aQ QO O aQ Q

aQ QO QO a Q

R=(M-0.5) *DELR
INVR=1.0/R

Calculate the number of segments in the current annulus (NUMS).

NUMS=2*PI*R/SEGL+1
NUMSR=2*PI*R/SEGL+1
DIFFN=NUMSR-NUMS
WRITE(*,*) M,R,NUMS,NUMSR

Second loop to loop around the number of segments in the

current annulus.

DO J=1,NUMS

Calculate the distance to the current segment around the
circumference of the current annulus, if the current segment

is a full segment.

IF (J.LT.NUMS) THEN
DISTS=SEGL*(J-0.5)

Calculate the distance to the current segment around the
circumference of the current annulus, if the current segment

is a the last partial segment.

ELSEIF (J.EQ.NUMS) THEN
DISTS=((NUMS-1)*SEGL)+(DIFFN/2.0)

217
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ENDIF
C
C Calculate the angle increment of the current segment in
C radians (THETA).
C
THETA=DISTS*INVR
SINT=SIN(THETA)
C
C Calculate the perpendicular distance of the current segment
C (RPERPS) in the orbital plane of the system (make sure this
C value is positive).
C

RPERPS=R*SINT

(@}

C Calculate the wavelength of the current segment (WAVES).

WAVES=WAVEQ+(WAVEC*SQRT (GRAV*MASS*INVR) *SINT*SINI)
INVWS=1/WAVES

Calculate the intensity of the UV continuum at the current
segment (INTS).
1. Within the radius of the primary star.

2. In the accretion disc.

aQ QO O a a Q Q@

IF (R.LE.RADWD) THEN
INTS=INTWD
ELSE
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TEMPS=(CONA* (INVR*#*3) * (1-SQRT (RADWD*INVR)) ) **0 .25
INTS=CONB* (INVWS**5) * (1/ (EXP (CONC*INVWS/TEMPS)-1))
ENDIF

Take into account the last segment begin a fraction of a whole

segment.

Q QO aQ @

IF (J.LT.NUMS) THEN
INTS=INTS

ELSEIF (J.EQ.NUMS) THEN
INTS=DIFFN*INTS

ENDIF

Calculate the path length through the absorbing material in

the orbital plane of the system (PATHOP).

aQ QO Q Q

XVAL1=SQRT ( (INR*INR)- (RPERPS*RPERPS))
XVAL2=SQRT ( (QUTR*OUTR) - (RPERPS*RPERPS) )
PATHOP=XVAL2-XVAL1

Calculate the number of elements (NUME) along the path length
in the direction for the observers line of sight (where path

length is PATHOP/SINI).

aQ QO O aQ Q

NUME=PATHOP/ (ELES*SINI)+1
NUMER=PATHOP/ (ELES*SINI)+1
DIFFNE=NUMER-NUME

Q

Loop around the number of element along the path length to
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C calculate the intensity of each element along the path length

C (INTE) and add it to the intensity array INTARY.

DO P=1,NUME

C Find the radial distance of the current element (RADE).

(@]

Note that the distance from the inner radius of the absorbing

¢ material (INR) to the current element in the orbital plane is

C DISTOP. There are two considerations for DISTOP,
C 1. when the current element is a full element (1 to NUME-1)
C 2. when the current element is the last partial element (NUME)
C
c1.
IF (P.LT.NUME) THEN
DISTOP=(P-0.5)*ELES*SINI
C 2
ELSEIF (P.EQ.NUME) THEN
DISTOP=((P-1.5)*ELES*SINI)+(SINI*DIFFNE/2.0)
ENDIF
C
RADE=SQRT ( (RPERPS*RPERPS) + ((XVAL1+DISTOP) **2) )
INVRE=1.0/RADE
C
C Calculate the sine of the angle subtended from the observers
C line of sight to the current element (SINEL). Also calculate
C the maximum SINEL (THMAXE).
C

SINEL=RPERPS*INVRE
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IF (THMAXE.LT.SINEL) THEN
THMAXE=SINEL
ENDIF

(@}

Calculate the wavelength of the current element (WAVEE).

(@}

WAVEE=WAVEQ+ (WAVEC*SQRT (GRAV*MASS*INVRE) *SINEL*SINI)

Call a function to calculate which wavelength bin (BINE) this

intensity should be added into.

aQ Q Q @

BINE=BINVAL (WAVEE)

IF (BINE.LE.0.OR.BINE.GT.56) THEN
WRITE(*,*) "BINE is bad",WAVEE

ENDIF

Calculate the intensity of the current element (INTE)
considering when,
1. current element is a full element (1 to NUME-1)

2. current element is the las partial element (NUME)

aQ QO O Q a a Q

IF (P.LT.NUME) THEN
INTE=INTS*ABSCOEF (P)

ELSEIF (P.EQ.NUME) THEN
INTE=INTS*EXP (-CONST* ((P-1) *ELES+DIFFNE) ) *xDIFFNE
ENDIF
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C Add the intensity into the correct bin in the INTARY array.

C
INTARY (BINE)=INTARY(BINE)+INTE
C
C End the loop that loops around the number of elements in the
C absorbing material.
C
ENDDO
C
C End loop that loops around each ring.
C
ENDDO
C

C End main loop.

ENDDO
C
Cokokok sk ok sk ok sk sk ok sk sk ok sk sk ok sk ok sk sk ok ok sk ok o sk sk ok sk ok ok sk sk ok sk sk sk ok sk ok sk sk sk sk ok sk sk ok sk ok ok ok ok
C Calculate the central wavelengths for each wavelength bin and
C put them into the wavelength array WAVEARY. Print wavelength

C and relative intensity information to the screen.

C
INTARY=-INTARY
DO B=1,NUMB
WAVEARY (B) =WAVE1+ (BIN* (b-1) ) +BINHF
WRITE(*,55) WAVEARY(B),INTARY(B)
ENDDQ
C

222
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C
C

FORMAT(3(E14.5),F10.2)

(C ok ok sk sk sk ok ok ok ok ok ok ok 3k ok ok ok ok ok ok ok ok 3k 5k ok ok ok ok 3k ok ok ok ok ok sk ok ok ok ok sk ok 3k ok ok ok ok ok sk 5k ok ok ok ok ok 3k ok ok >k ok ok 5k ok ok ok k

C Rescaling the simulated absorption data.

C

C

MINMOD=0.0

DO I=1,NUMB
IF (INTARY(I).LE.MINMOD) THEN
MINMOD=INTARY (I)
ENDIF
ENDDO

MINOBS=0.0

DO L=1,NUMO
IF (ONSI(L).LE.MINOBS) THEN
MINOBS=0NSI(L)
ENDIF
ENDDO

FACTOR=MINOBS/MINMOD

DO I=1,NUMB

INTARYFIN(I)=FACTOR*INTARY (I)
ENDDQ

(C ok ok sk sk sk ok ok ok ok ok ok ok 3k ok ok ok ok ok ok ok ok 3k 5k ok ok ok 3k 3k 5k ok ok ok ok sk 5k 5k ok ok sk ok 3k 5k ok ok ok sk sk 3k ok ok ok ok ok 3k ok >k >k ok ok %k 5k >k >k

223
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C Finding original data that corresponds to the first bin.

C
DO L=1,NUMO
IF (OBSW(L) .LE.WAVEARY(1)) THEN
COBS=L
ENDIF
ENDDO
COBS=COBS+1
C

O3k sk sk sk k ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok sk sk ok ok ok ok sk sk ok ok ok ok ok sk ok ok ok ok sk ok sk ok ok ok ok sk sk sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok k

C Calculating chi-squared.

C
CSQU=0.0
C
DO I=1,NUMB
CHI(I)=((ONSI(I+COBS)-INTARYFIN(I))**2.0)/
& (ERROR (I))*%2.0
CSQU=CSQU+CHI (I)
ENDDO

C

C Calculating the reduced chi-squared.

C
FPAR=FLOAT (NUMB) -PAR
RCSQU=CSQU/FPAR
ECHI=SQRT(2.0/FPAR)
C

O3k sk sk sk sk ok ok ok ok ok sk ok sk ok ok ok ok ok ok ok sk sk ok ok ok ok ok sk ok ok ok ok ok sk ok ok ok ok sk ok sk ok ok ok ok sk sk sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok k

C Outputting the errors to the screen.

C
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WRITE(*,*) "Chi squared is ",CSQU,"(",FPAR,")"
WRITE(*,*) "Reduced chi squared is ",RCSQU,"+/-",ECHI
C
C Writing out factor (FACTOR) and maximum element angle (THMAXE)

Cc in degrees.

C

THMAXE=ASIN(THMAXE)*360.0/ANGLE3
C

WRITE(*,*) "Factor is " ,FACTOR

WRITE(*,*) "Maximum element angle is " ,THMAXE
C

Corkoksrokokokok kokokokokskokokosk kb kol stk stk sokokok stk okl kol sk ok ok stk kol ok skosk ok skok o skok ok ok
C Writing the data to the output file ‘absor_fit_results.dat’.
C
OPEN(UNIT=2,FILE=’absor_fit_results.dat’,STATUS=’NEW’)
DO I=1,NUMB
WRITE(2,10) I,WAVEARY(I),INTARY(I),INTARYFIN(I)
ENDDO
C
10  FORMAT(I2,F10.2,2(E14.5))
C
Corokokskoskok ko ki sk kb sk ok sk sk ok sk ok sk sokok sk ok sk o kskoskok skok ok ok sk sksk sk ok sk ok sk ok ok sk ok sk sk ok sk ok o kok ok ok
C End the main program.
C
CLOSE(1)
CLOSE(2)
STOP
END
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C
(O ok sk sk sk ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok sk sk ok ok ok ok sk sk ok ok ok ok sk sk ok ok ok ok sk sk sk ok ok ok ok sk sk sk ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok k

(O ok sk sk sk ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok sk sk ok ok ok ok sk sk ok ok ok ok sk sk ok ok ok ok sk sk sk ok ok ok ok sk sk sk ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok k

C FUNCTION - Function to calculate the wavelength bin in
C which the current element intensity should be
C added.

Cotokokookokok ok okok ok kok ok kok ok okokokokokokokkokokok skokokok ok sk sk skokok ok kokokokokokok ok ok kokokokokokok
C

INTEGER FUNCTION BINVAL(WAVEE)
C

C ok ok sk sk sk ok ok ok ok ok ok ok 3k ok ok ok ok ok ok ok ok 3k 5k ok ok ok 3k 3k 5k ok ok ok ok sk 5k ok ok ok sk ok 3k 5k ok ok ok sk sk 3k ok ok ok ok ok 3k ok ok >k ok ok %k 5k >k >k k

C Function Name : Binval

C Author : Tracey Suzanne Poole

C Date : 20th October 2003

C Description : This function calculates the wavelength bin in
C which an element in the absorbing material
C contributes too.

C Variable : WAVEE - Wavelength of an element in the

C absorbing material.

C Common block : WAVEl - Start wavelength for the first bin
C constantf (Angstroms) .

C BIN - Size of wavelength bins (Angstroms).

(O ok sk sk sk ok ok ok ok ok sk sk sk ok ok ok ok ok ok ok ok sk sk ok ok ok ok sk sk ok ok ok ok ok sk ok ok ok ok sk sk sk ok ok ok ok sk sk sk ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok k

C Defining external real variables and arrays.
C
IMPLICIT NONE

REAL*8 WAVEE
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(C 3k ok sk sk sk ok ok ok ok ok sk ok 3k ok ok ok ok ok ok ok 3k 3k 5k ok ok ok 3k 3k 5k 5k ok ok ok sk 5k 5k ok ok sk 3k 3k 5k ok ok ok sk sk 3k 5k ok ok ok ok 3k >k >k >k ok %k %k 5k >k >k

C Defining common blocks.

C

REAL*8 WAVE1l, BIN
C

COMMON/CONSTANTF/WAVE1,BIN
C

Gk o R ko ok o ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok K K K K K kK 3k 3k ko ok ok ko ok ok ok ok
C Calculate the bin value BINVAL.
C
BINVAL=(WAVEE-WAVE1) /BIN+1.0
C
G KKK RO K K K o oK ok ok ok ok ok ok ok ok oK ok ok 3k ok oK K K 3K 3K 3 K K K K K K K o ok ok ok ok
C Exit the function.
C
RETURN
END



Appendix D

To produce the skew maps each spectrum must have a linear velocity scale. This is
achieved by considering
Av  A)

- — 2
= (6.26)

where Av is the change in velocity, ¢ is the speed of light (2.99 x 10° km/s), A\ is
the change in wavelength, and A is the wavelength.
Integrating both sides over the limits 0 — v, and A\, — Ay, Where v, is the

radial velocity, A, is the rest wavelength, and A\, is the observed wavelength.

vr v Aobs d\
“ o e 2
/0 c PP (6.27)
1 A
—[olyr = [InAl, (6.28)
c
1
E['U,. — 0] = [InAgps — InAs], (6.29)
Uy )‘obs
— =1 6.30
" [ o ] , (6.30)
)\obs
r = cl . .31
v, = cln l N ] (6.31)
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Appendix E

The following figures are the skew map results for the near infrared data provided

by Robert Smith at the University of Sussex.
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-200

-400 -200 0 200 400
Vx (km/s)

Figure 6.1: RW Tri with template gl653.
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Figure 6.2: RW Tri with template gl717.
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Figure 6.3: RW Tri with template gl673.
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Figure 6.4: RW Tri with template gl488.
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Figure 6.5: RW Tri with template gl383.
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Figure 6.6: RW Tri with template gl281.
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Figure 6.7: RW Tri with template gl908.



Appendix F

This derivation for the ‘K-correction’ is taken from Wade & Horne (1988). The
value of the actual radial velocity amplitude (Ky.) is Ks. The observed radial
velocity amplitude (K ) is displaced from the centre of mass of the secondary star
due to the heating effects of the accretion disc, which alter the line strength of the

secondary absorption features. The size of this displacement is defined by
AR = fR,, (6.32)

were R is the radius of the secondary star, and f < 1 is a weighting factor repre-
senting the strength of the absorption feature.

The effective centre of the secondary star will lie at ay + AR from the centre of
mass of the binary system, were ay is the distance between the centre of mass of the

binary system and the secondary star. Hence K,,; can be defined as
(GQ -+ AR) K2

a2

Koy = (6.33)

The ‘K-correction’ is the difference between the observed and actual radial ve-

locity amplitude and is therefore given by

AK = Ky — Ky, (6.34)
AR)K
AK = M — K, (6.35)
D)
ARK
AK = — 2 (6.36)
2

Using Equation 6.33, Equation 6.36 becomes
[Ry K

Qa2

AK = (6.37)
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Appendix G

The weighting factor |f| < 1 in the K-correction analysis of Wade & Horne (1988)
is a measure of the offset of the centre of light of the star due to the absorption
effects of the star. This weighting factor can be calculated by considering the disc
of the secondary star, due to projection effects. From Chapter 3, Section 3.2.3,
the different hemispheres of the secondary star have different absorption effects,
therefore the disc of the secondary star must be split up into two semi-circles so
that absorption effects can be taken into account.

The first step of this derivation is to calculate the centre of light of a semi-circle.
Consider the semi-circle in Figure 6.8, where the centre of light lies on the x-axis,
and is positioned at a distance of T from the y-axis. The weight per unit area of the
semi-circle is w, hence the weight of the semi-circle is w%m‘?. Also, the equation of
a circle is

22 +y? =12 (6.38)

where r is the radius of the circle. From Figure 6.8 consider a strip of thickness dz
and length 2y at a distance x from the y-axis. Therefore the weight of strip is given
by w2ydz.

Considering the moments about the y-axis gives

2 r

w—T = > w2ydz z. (6.39)

z=0

Expressing the right hand side of Equation 6.39 gives

> w2ydx = /T w2yxdz. (6.40)
0

=0
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y-axis A

Y

X-axis

Figure 6.8: Semi-circle with the x-axis as the axis of symmetry. 7 is the radius of the semi circle
and dz represents the thickness of a thin strip.

Substituting in

y=Vr:— a2 (6.41)
from Equation 6.38, leads to
> w2ydz z = w/ 2x(r? — 22)'/2dz. (6.42)
=0 0
Defining ¢ = r? — 22, therefore $¢ = —2z. Then Equation 6.42 becomes
> w2ydz z = —w/ t1/2dt. (6.43)
=0 0
Integrating Equation 6.43 leads to
r 2t3/2 T
> w2ydzr z = —w [ ] . (6.44)
=0 3 0
Substituting in ¢ = r2 — 22 gives
d 2. 9 o]
> w2ydz z = —w [—(7‘ —z) , (6.45)
=0 3 0
T 2 3
> w2ydz x = wgr. (6.46)

=0
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Substituting Equation 6.46 into Equation 6.39 gives

2
2
w%f = wgr?’, (6.47)
4
T=—r. 6.48
T=gr (6.48)

So the centre of light of a semi-circle lies on the axis of symmetry, at a distance of

4

5.7 from its plane face.

The second step in this derivation is to consider the absorption effects in each
hemisphere of the secondary star. If the back hemisphere has an absorption effect
of unity, the centre of light due to the absorption in the back hemisphere is at a

distance T, from the centre of the secondary star, and is given by

4
= —7
3T

g

b (6.49)

using Equation 6.48. The NIR results (Chapter 3, Section 3.2.3) show that the
strength of the secondary star absorption feature Ca I in the hemisphere closest to
the primary star is ~ 0.4 times the strength of the absorption in the back hemi-
sphere. Therefore the centre of light of the front hemisphere can be calculated using
Equation 6.39, where the weight per unit area of the strip will be 0.4w. So the
distance to the centre of light of the front hemisphere (Z) is given by

mr 4
w—-Tf ;ZO T ydzx x, (6.50)
29_ -
wrr® Ty = > w2yzdz. (6.51)
=0

Substituting in Equation 6.46 leads to

3 2
wzwrsz = wgr?’, (6.52)

8

= 6.53
157rr ( )

Ty =

The third and final step in this derivation is to calculate the effective centre

of light of the two hemispheres combined. Consider Figure 6.9, where X is the
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. A
y-axis

AR

X X Xf X-axis

Figure 6.9: Tllustration of the position of the effective centre of light (X) of the secondary star
due to absorption effects. X; and X are the centres of light of the back and front hemisphere
respectively. xp is the distance between the the centre of light of the back hemisphere and X. zy is
the distance between the the centre of light of the front hemisphere and X. AR is the displacement
defined by Wade & Horne (1988).

effective centre of light of both hemispheres combined, and AR is the displacement
between the effective centre of mass due to the absorption, and the true centre of
the secondary star, as defined by Wade & Horne (1988).

From Figure 6.9, AR can be defined as

AR = Ty — Tp, (654)

and

ARZZ‘f—Tf. (655)

Substituting Equations 6.49 and 6.53 into Equations 6.54 and 6.55 respectively, leads

to
4

AR = 3.7 T (6.56)
and

AR =z — i7‘ (6.57)

BT '
Considering the moments about X in Figure 6.9 leads to
2 4 2
wﬂxb =0T (6.58)

—————Xyf.
2 10 2
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Hence, z, = %xf. Equating Equations 6.56 and 6.57, and substituting for z; in

terms of x, gives

4 10z 8
=0 6.59
st 'T 4 1hr (6.59)
8
Substituting z;, (Equation 6.60) into Equation 6.56, leads to
4 8
AR= —r — — 6.61
3t 151 (6.61)
AR= 2 (6.62)
= —7. i
om

Therefore the weighting factor that is calculated from the results of the NIR absorp-

A4

tion feature analysis (Chapter 3, Section 3.2.3), is £-.



