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Abstract

Over the years, substantial effort has gone into calculating models of the intrinsic popu-
lation of galactic Cataclysmic Variables (CVs). However, comparison with the observed prop-
erties of the known CV sample has consistently failed to match the predictions put forward by
the ‘disrupted magnetic braking’ model of CV evolution. Some of the discrepancies have been
blamed on the heterogeneous set of known CVs, which are not well-suited for a quantitative test
of the population models.

The Sloan Digital Sky Survey (SDSS) has dramatically improved the observational side
of CV population studies. Sampling a large volume inugriz colour space and extending deeper
than any previous large-scale survey, SDSS provides the most homogeneous and complete sam-
ple of CVs to date.

At the time of writing, the sample of SDSS CVs contains 213 systems, of which 177
are new discoveries. Establishing the detailed propertiesof these CV is a major task. The work
presented in this thesis is part of a larger effort to derive the orbital period distribution of SDSS
CV sample.

In this thesis, I present my contribution and results of time-series photometric and spec-
troscopic observations of a total of 29 SDSS CVs. I provide a discussion of their properties and
determine orbital periods for 20 systems. I also provide a quantitative analysis of the new sample
of CVs from SDSS and compare their intrinsic qualities with the previously known population
of CVs.

The results show that the period distribution of the SDSS CVsdiffers from that of the
previously known CVs at a 3-σ level. A substantially larger fraction of below-the-gap toabove-
the-gap systems is observed, accompanied by a prominent accumulation of CVs at the orbital
period minimum. This result is important, as the accumulation of systems at short orbital peri-
ods has been long theorised but never proved observationally. More specifically, the origin of
the 80–86 min period spike is entirely due to the new CVs identified in SDSS. The systems in
the period spike also differ in spectral morphology and accretion activity from the longer-period
CVs. Indeed∼ 20% of the CVs identified by SDSS have white-dwarf dominated spectra indi-
cating low mass transfer rates and late spectral type donors, the majority of which have been
found close to the period minimum.

A homogeneously selected sample of CVs, with well defined parameters has been long
overdue and the results from SDSS are very promising. With this improved observational evi-
dence, theoretical models can be modified to re-address the discrepancies in the current theories
that have long plagued our understanding of CV evolution.

xiii



Chapter 1

Introduction

1.1 The Nature of Cataclysmic Variables

Observational evidence has shown that the majority of starsin the Universe are either formed

and/or exist in multiple systems. As a consequence, a large fraction of these will interact at

some point in their lifetime. (∽ 50% according to Iben 1991). In the case of ‘wide’ binary

systems, with large orbital separations, the presence of anadditional component is unlikely

to significantly influence the stellar evolution. However in‘close’ or interacting binaries, the

decrease in orbital separation and/or the expansion of a star and subsequent mass transfer will

alter the evolution of each stellar component. As a result the initial mass of a star on the zero age

main sequence (ZAMS) is no longer the sole parameter determining its evolution (Iben 1991;

Postnov & Yungelson 2006).

The importance of observing close and interacting binary stars cannot be over-estimated.

These systems are precursors to some of the most exotic phenomena in the Universe: binary

black hole candidates, milli-second pulsars, candidates for Type Ia supernovae – used as extra-

galactic distance indicators, and double degenerate systems – thought to be sources of gravita-

tional radiation and possible progenitors of gamma-ray bursts. Systems in which mass transfer

via an accretion disc can be observed provide ideal laboratories for an understanding of the ac-

cretion onto compact objects, formation of young stellar objects (YSOs) and planet formation,

as well as providing insight into the mechanisms responsible for powering much larger-scale

phenomena such as active galaxies and quasars.

1



Interacting binaries of particular value are Cataclysmic Variables (CVs). These systems

are composed of a white dwarf (WD) ‘primary’, accreting material via an accretion disc from a

late-type main-sequence ‘secondary’.

The majority of observed CVs have magnitudes, 12. V . 20, with short periods, most

of which are between 80min. Porb . 6hr. They are also numerous, which allows for systematic

population studies to be carried out on them. In fact a large arsenal of analytical methods can be

used to derive their properties in detail: time-resolved photometry and spectroscopy (from X-ray

to IR), Doppler tomography, eclipse mapping, polarimetry and stellar atmosphere modelling. All

these methods can be used to determine distances, masses, densities, magnetic field strengths,

temperatures, orbital and spin periods etc. providing a wealth of information for astronomers on

stellar evolution.

The geometry and shape of the stellar components of a CV is defined by the Roche

potential dictated by the mass ratio of the component starsq = M2/M1, whereM1 is the mass of

the white dwarf primary (WD),M2 is the mass of the secondary, anda is the binary separation.

The critical equipotential surface of a Roche lobe defines the maximum volume in space within

which orbital material is gravitationally bound to that star. It is also the surface at which the two

lobes touch at the inner Lagrangian point (L1), which lies along a line joining the centres of the

binary components. At the L1 point, the gravity of the stellar components and the centripetal

force in the rotating system cancel.

An illustration of the Roche lobe geometry of a CV is shown in Figure 1.1, including

the Lagrangian pointsL1 − L5. The Lagrangian points, are locations where the forces within

the system cancel out.L1, is the inner Lagrangian point encompassed by the Roche lobe– the

saddle point through which matter can flow from the secondaryinto the gravitational well of the

WD. L2 or ‘outer Lagrangian’ point is the easiest gateway by which matter can escape from the

gravitational field of the system.L3 located on the opposite side is a region of higher potential

to L2. The points of greatest potential are atL4 andL5.

Using the centre of the primary as the origin for a Cartesian co-ordinate system (x,y,z),

the z-axis is parallel to the rotation axis and the x-axis lies along the line joining the centres of

the two stars. The y-axis lies perpendicular to the other twoaxes. The position of the secondary

lies at (a, 0, 0), with the centre of mass at (µa, 0, 0), whereµ = M2/(M1+M2). The total potential

2



Figure 1.1:Roche lobe geometry and equipotential surfaces for a Cataclysmic Variable withq = 1/3.
M1 is the white dwarf primary (WD),M2; the secondary. The locations of the Lagrangian pointsL1− L5,
where the forces within the system cancel out are also shown.Provided by B. Gänsicke

in the Roche equipotentials,Φ = constant, is given by the sum of the gravitational potentialof

both stars plus the rotational potential (Pringle & Wade, 1985).

Φ = −
GM1

(x2 + y2 + z2)1/2
−

GM2

((x− a)2 + y2 + z2)1/2
−
Ω2

2
[(x− µa)2 + y2] (1.1)

G = 6.67× 10−11m3kg−1s−2, is the gravitational constant.

Ω = 2π/Porb

The relationship between the orbital separationa and orbital periodPorb of the binary about the

common centre of mass is given by Kepler’s 3rd law.

a3 =
G(M1 + M2)P2

orb

4π2
(1.2)

The radius of the secondary varies due to its distorted shape. In accordance to Eggleton (1983)

a sphere containing the same volume as the Roche lobe has a radius:

RL(2) =
a0.490q2/3

0.6q2/3 + ln(1+ q1/3)
for all q (1.3)
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The criterion for Roche lobe overflow for an object of an average density ¯ρ with a

volume-equivalent radius for the Roche lobe,RL(2), as shown by Eggleton (1983) is:

ρ̄ =
M2

4π
3 R3

L(2)

= 1.07× 105P−2
orb(h) [kgm−3] (0.01≤ q ≤ 1) (1.4)

Due to the relatively small separation between the two stellar components, the secondary is

able to fill its Roche lobe and a mass transfer stream forms at the L1 point. An immediate

consequence of this Roche lobe filling is that the spin periodof the donor star in the CV becomes

tidally locked with the orbital period, i.e.Porb = Pspin. The material is initially propelled by the

thermal pressure from the stellar atmosphere of the secondary and on passing through theL1

point, is then under the gravitational influence of the whitedwarf. The material carries with it

excess angular momentum which must be lost in order for it to be accreted onto the WD. The

result is the formation of an accretion disc where viscous interactions allow for the dissipation

of energy. Angular momentum is transferred outwards so thatmaterial is able to flow onto the

surface of the white dwarf. The total potential energy released during the accretion of matter

onto the WD is given by:

Lacc=
GMwdṀ

Rwd
(1.5)

Mwd = white dwarf mass

Rwd = white dwarf radius

Ṁ = accretion rate.

1.2 CV Evolution

Binaries destined to become CVs begin as systems consistingof an intermediate-mass main-

sequence star (1− 10M⊙) with a low-mass companion (M . 1M⊙), with orbital periods on the

order of years. As the more massive star evolves, it expands to become a red giant filling its

Roche lobe transferring its outer layers onto its companion.

However, mass transfer in this configuration from a massive companion to the lower-

mass counterpart is dynamically unstable. The transferredmaterial moving away from the centre
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of mass gains momentum, so the binary compensates by a decrease in separation. This allows

for mass transfer to continue as the massive companion maintains Roche lobe contact.

As more material is transferred, a runaway feedback loop is triggered and the entire

envelope of the red giant is dumped onto the companion. The material now fills both Roche lobes

forming a cloud encompassing both stars – this is the ‘CommonEnvelope’ phase (Paczynski,

1976; Iben & Tutukov, 1993).

The effect of orbiting in such an environment causes drag on the stars dissipating their

orbital energy. The stars then spiral inwards transferringa significant amount of angular mo-

mentum to the envelope. This extremely efficient process means the binary is able to decrease

its separation from∼ 100R⊙ to ∼ 1R⊙ in as little as 103 years. If the energy deposited in the

envelope exceeds the binding energy, the envelope will be ejected into interstellar space.

On emerging from the common envelope phase, the system is noweither a CV or a pre–

CV, which is essentially a detached white dwarf plus main–sequence binary. There is no mass

transfer in a pre–CV as there is no Roche lobe contact. The system evolves towards shorter

orbital periods and into Roche lobe contact and stable mass transfer through further loss of

angular momentum.

The evolution of cataclysmic variables is determined by therate at which angular mo-

mentum (̇J) is lost from the binary orbit. In a CV we have a case where massis being transferred

from a low-mass companion onto a higher-mass WD. The secondary is therefore further away

from the centre of mass and, due to the conservation of angular momentum, the binary com-

pensates for the transfer of mass by increasing the stellar separation. As a result, the secondary

detaches from its Roche lobe and mass transfer ceases. In order for Roche lobe contact to be

maintained and stable mass transfer to continue, the orbital separation must decrease, and this

occurs through the loss of angular momentum.

There are at least two mechanisms by which CVs lose angular momentum, gravitational

radiation and magnetic braking.

1.2.1 Magnetic Braking

The cause of magnetic braking is the interplay between the ionised stellar wind of the secondary

and the stellar magnetic field. The mechanisms by which thesefields are produced - perhaps by
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a dynamo action deep within the star, where convection forces bubbles of gas to move in circular

motions - is poorly understood. Many stars are observed to possess strong magnetic fields. It

also appears that rapid rotation of a star enhances the strength of the magnetic field. Since tidal

forces ensure that the spin of a secondary is locked to the orbital period, giving a rotation period

of hours as opposed to a similar type single star with a rotational period of days, the secondaries

in CVs are thought to be highly magnetic.

As matter in a stellar wind is forced to flow along and to co-rotate with the magnetic

field lines, it is accelerated off to greater distances and then thrown off into space taking with it

a substantial amount of angular momentum.

The effect of the angular momentum loss is to brake the rotation of the secondary. Since

the star’s rotational period is locked to the orbital period, the angular momentum is supplied by

the orbit which then shrinks in consequence. The rates of mass transfer via magnetic braking

are typically 10−9 − 10−8M⊙yr−1 (Howell et al., 2001).

The efficiency of magnetic braking is uncertain (Section 2.2). However the rate at which

angular momentum is lost from the system, following the standard scenario of magnetic braking

of Verbunt & Zwaan (1981) and Rappaport et al. (1983), the angular momentum loss (AML)

due to magnetic braking is given by:

J̇MB = −3.8× 1030M2R4
⊙

(

R2

R⊙

)γ ( 2π
Porb

)γ

(1.6)

whereγ governs the efficiency of the magnetic braking process.

Figure 1.2 shows alternative angular momentum loss prescriptions for a Cataclysmic

Variable with a WD of 0.6M⊙ (Schreiber & Gänsicke, 2003). The dotted lines represent the two

different versions of the ‘standard’ disrupted magnetic braking (Verbunt & Zwaan, 1981) where

γ = 2 andγ = 4. γ = 2 is the most frequently used in the context of CV evolution. The solid

line in the plot represents the revised empirical angular momentum loss prescription derived by

Sills et al. (2000) from open cluster data of single stars. The abrupt decrease iṅJ corresponds to

the ‘shut-off’ in magnetic braking for a donor of massM2 < 0.3M⊙. The dashed line represents

angular momentum loss by gravitational radiation only, andrepresents a lower limit oṅJ.

6



Figure 1.2:Alternative angular momentum loss prescriptions for a Cataclysmic Variable with a WD of
0.6M⊙ (Schreiber & Gänsicke, 2003). The dotted lines represent the two different versions of the ‘stan-
dard’ disrupted magnetic braking (Verbunt & Zwaan, 1981). The revised empirical angular momentum
loss prescription is represented by the solid line (Sills etal., 2000). The decrease iṅJ corresponds to
the shut-off in magnetic braking. The dashed line represents angular momentum loss by gravitational
radiation only.

The corresponding timescale for angular momentum loss (Kolb & Stehle, 1996) is:

τMB = −

( J

J̇

)

MB
= 2.2× 109 M1M2

(M1 + M2)1/3
R−4

2 P10/3
orb (d) [years] (1.7)

1.2.2 Gravitational Radiation

As systems evolve to shorter periods gravitational radiation becomes a more significant source

of angular momentum loss. The repetitive orbit of two stars causes a rhythmic warping in space,

which ripples outward in a periodic wave. As the energy to generate the wave is extracted from

the binary orbit, the stars slowly spiral inwards. The rate of mass transfer due to gravitational

radiation is around 10−10M⊙yr−1 in short-period CVs (Howell et al., 2001).

The rate at which angular momentum is lost to radiation of gravitational waves, from

Einstein’s quadrupole formula is:
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J̇GR = −
32G7/3

5c5

M2
1M2

2

(M1 + M2)2/3

(

2π
Porb

)7/3

(1.8)

The corresponding timescale for both angular momentum lossvia gravitational radiation and

magnetic braking respectively (Kolb & Stehle, 1996) is:

τGR = −

( J

J̇

)

GR
= 3.8× 1011(M1 + M2)1/3

M1M2
P8/3

orb(d) [years] (1.9)

In accordance with Kolb & Stehle (1996), CVs found above the gap are thought to be around

1.5x109 yr old whilst those below the gap are around 3− 4x109 yr old. Typical evolutionary

timescales for CVs to evolve fromPorb ≃ 10 hr to Porb ≃ 2 hr are∼ 108 yr, and∼ 109 yr to

evolve through the period gap.

1.3 Populations, Distributions and the Standard Scenario of CV

Evolution

The orbital period;Porb, of a CV is the most easily determined global parameter. As the period

of a CV changes on the mass transfer timescale, the distribution of CVs as a function of their

orbital period is an important marker of their evolutionarystatus. The current population of

CVs to date with known orbital periods is 675 (Ritter & Kolb 2003,V7.8). Figure 1.3 shows the

orbital period distribution of 531 CVs from Ritter & Kolb (2003),V7.3. A number of distinctive

features in this distribution are highlighted as follows:

(a). The number of systems dwindles at longer periods.

(b). There is a dearth of systems around 2-3 hrs, known as the period gap.

(c). There is a sharp cut-off of the number of systems around 80 minutes.

(d). There is approximately the same number of systems aboveand below the period gap.
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Figure 1.3:Orbital Period distribution of 531 CVs as listed in V7.3 of the Ritter & Kolb (2003) catalogue.
The 2-3 hr period gap is indicated in grey. The distribution for Porb . 65min contains degenerate Helium
WDs with shorter orbital periods, which are known as AM CVn stars. The discussion of these systems is
beyond the scope of this thesis.

The drop in the number of systems at longer periods is easily illustrated by recalling that

for stable mass transferq = M2/M1 . 1 – i.e. the secondary star has to be less massive than

the primary. Since the WD must be below the Chandrasekhar limit ≈ 1.4M⊙, this value also

provides the upper limit for the mass of the red dwarf. Constrained by ‘q < 1’ – as long as

the donor is not evolved, (see Equation 1.4) this leads to a limit in the orbital period of CVs to

around≈ 12hr.

The standard evolutionary model provided to explain the most prominent features of the

orbital period distribution is the theory of ‘disrupted magnetic braking’ put forward by Rappa-

port et al. (1983); Paczyński & Sienkiewicz (1983); Spruit& Ritter (1983).

A key attribute of this theory is that the evolution of CVs is divided into two distinct

phases dependent on the prevailing AML mechanism, and its success lies in its ability to explain

the 2-3hr period gap.

The evolution of the orbital periods of binaries reflects theevolution of the donor star.

This is governed by two competing mechanisms; the mass transfer which perturbs the thermal

equilibrium of the star causing it to expand – the rate of which is described by the mass transfer
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timescaleτṀ = −M2/Ṁ2, and the thermal relaxation time – which re-establishes thermal equi-

librium and contracts the star to a radius appropriate to itsnew mass. This is described by the

Kelvin-Helmholtz (thermal) timescaleτKH ≈ GM2/RL.

If τṀ ≫ τKH then the secondary is able to contract in response to the massloss, but if

τṀ ≪ τKH , then the star will not shrink rapidly enough, and will become over-sized for its mass.

Magnetic braking is deemed to be dominant for systems with periods Porb > 3hrs, in

which the secondary stars have radiative cores. Initially,τṀ ≫ τKH and the secondary is able to

respond quickly to the mass loss, evolving close to the main-sequence. As the mass (M2) of the

secondary decreases, so does its radius (R2) along with the orbital period;Porb. However as the

system continues to evolve,τṀ increases but not as fast asτKH due to its≈ M−2 dependency.

EventuallyτṀ ≪ τKH , and the star finds itself with a radius too large for its mass.Its has been

driven out of equilibrium.

At Porb = 3hrs, (M2 ≈ 0.3M⊙) the secondary stars are thought to become completely

convective and magnetic braking is deemed no longer ‘effective’. This results in the cessation of

mass transfer, allowing the secondary to shrink within the limits of the Roche lobe to its equilib-

rium. Roche lobe contact is lost and mass transfer ceases, the binary becomes detached and the

system evolves towards shorter orbital periods through angular momentum loss via gravitational

radiation. As there is no mass transfer these systems are relatively faint and difficult to observe.

A number of actively accreting CVs that are found within the period gap can be explained by

systems which achieve the first Roche lobe contact and hence begin mass transfer within the

period gap.

At Porb ≃ 2hrs, the binary separation has decreased through loss of angular momentum

via gravitational radiation, and the separation between the two stellar components is sufficient

for the secondary to fill its Roche lobe again, resuming mass transfer. This time, evolution is

driven solely by the less efficient AML mechanism of gravitational radiation (Paczyński, 1981;

Paczyński & Sienkiewicz, 1983) leading to longer evolutionary timescales and lower mass trans-

fer rates. As the system continues to evolve the binary separation continues to decrease. As

before, the mass transfer timescale increases but not as fast as the thermal timescale and the sec-

ondary is driven out of thermal equilibrium. Eventually, the mass of the secondary star becomes

so low (. 0.08M⊙) that hydrogen fusion ceases, and the secondary evolves towards a degenerate
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Figure 1.4:The evolution of a single CV with initial masses,M2 = 0.9M⊙, Mwd = 1.1M⊙. This system
comes into Roche lobe contact at Porb = 6 hr, and evolves through the period gap to the minimum in Porb

in 2.8x1010yr then evolves towards longer periods. The dotted lines have been added to provide a clearer
illustration of the positions of the onset of mass transfer,the upper and lower limit of the period gap and
period minimum. Modified from Howell et al. (2001).

state becoming a brown dwarf (BD), where an decrease in mass results in an increase in radius.

Consequently, there exists a minimum period, whereτṀ = τKH . After reaching this point, the

CV evolves back to longer periods.

Figure 1.4 provides illustrative support to the previous discussion. The plot shows the

evolution of a single CV with initial masses,M2 = 0.9M⊙, Mwd = 1.1M⊙. The system is shown

to come into Roche lobe contact at Porb = 6 hr evolving towards shorter orbital periods as its

evolution is predominantly driven by magnetic braking. Theperiod gap can be seen clearly

in the top panel, here the mass transfer rate drops to zero, but the binary still evolves towards

shorter orbital periods (via gravitational radiation) until the secondary fills its Roche lobe at 2

hours. Mass transfer recommences driven by gravitational radiation. This system reaches the

period minimum in around 2.8x1010 yr, then evolves towards longer periods.
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Figure 1.5: An illustration of two types of Cataclysmic Variable. (a) Anillustration of a disc-type
systems viewed pole on, with the two stars revolve anti-clockwise about the centre ofG, in the plane of
the diagram (b). A system with a strongly magnetised WD. In both diagrams the WD is three times the
mass of the secondary. The arrows indicate the direction of the flow of material. As shown in Pringle &
Wade (1985).

1.4 CV Classification

In the past the majority of CVs owed their discovery to their optical variability. As scientific and

technological advancements allowed for more detailed examination of these enigmatic systems,

CVs are now considered in terms of their intrinsic properties. The main physical properties

affecting the frequency, period and timescale of variability of a CV are the orbital period of a

system (determined by the orbital separation of a system), the mass transfer rate and the strength

of the magnetic field of the white dwarf. Schematics of the twomajor classes of CVs are shown

in Figure 1.5. I provide a brief discussion of the various classes and sub-types of CVs below.

1.4.1 Non-magnetic CVs

A non-magnetic CV is composed of a main-sequence secondary and a white dwarf primary with

a relatively weak magnetic field (B < 1.0MG). The dominant mechanism responsible for fluc-

tuations in the brightness of these systems is due to changesin the rate of mass transfer through

the disc affecting the thermal stability of the disc (Osaki, 1974; Smak,2002). Observations show

for systems with lower mass transfer rates, discs are unstable. In these systems, it is believed
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that mass transfer from the secondary star occurs at a constant, but higher rate than can be trans-

ported through the disc via viscous interactions. As a consequence, material piles up on the disc

increasing the surface density until it reaches a critical value. At this point the consequential rise

in the temperature has led to the partial ionisation of hydrogen which is extremely sensitive to

temperature (∝ T10). The disc is thermally unstable. A small rise in temperature means a rapid

rise in opacity boosting the viscosity and further increasing the transport of angular momentum

through the disc. The material is spread both outward and inward towards the white dwarf. This

increased accretion rate – ‘outburst’, enhances the luminosity of the system and drains the disc of

material. Eventually, the disc then drops back into a cooler, lower viscous state – ‘quiescence’,

where it is replenished by the mass transfer stream from the secondary repeating the cycle. This

mechanism is responsible for the eruptive phenomena observed in a class of systems known as

‘Dwarf novae’.

For systems with higher mass transfer rates, the disc is stable. An equilibrium is reached

at a higher surface density above the critical value. These systems exist on the hotter side of

the thermal instability. The discs are hotter and the hydrogen is fully ionised and they do not

undergo outbursts. These binary systems are therefore intrinsically brighter and are known as

‘Novalike’ variables.

The material then leaves the accretion disc via a transitionregion known as the boundary

layer. In order for material to accrete onto the WD surface, the velocity of the accreting mate-

rial must drop significantly. In the boundary layer, the kinetic energy of the slowing material is

converted to heat and radiated away, emitting up to half the total luminosity of the system. At

high accretion rates the boundary layer can contain enough material to block emerging radiation,

making it optically thick.

Dwarf novae (DN) represent the most populous CV sub-class (∼ 46% of known CVs)

and undergo recurrent fluctuations in brightness by 2–7 magnitudes on quasi-periodic timescales

that range from days to years. Examples of dwarf nova sub-types are;

Z Cam (Z Camelopardalis). These systems show periods of rapid outbursts interspersed

with periods of stable enhanced accretion known as ‘standstills’ similar to novalikes. The stand-
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stills are initiated by outbursts which allows for the system to exist on the hotter side of the

thermal instability where the brightness of the system is sustained mid-way to minimum bright-

ness, lasting from tens of days to years. All Z Cams lie above the period gap.

SU UMa (SU Ursae Majoris). Such binaries undergo less frequent but regular cycles of

sustained outbursts known as ‘super-outburst’, interspersed by normal dwarf nova type outbursts,

called ‘super-cycles’.

The photometry of super-outbursts reveals a peculiarity, ahump-shaped modulation ap-

pearing near super-outburst maximum, occurring at a few percent longer than the orbital period.

The origin of these ‘super-humps’ are thought to be due to tidal instabilities caused by the influ-

ence of the gravitational field of the secondary on the accretion disc. For systems with a small

enough mass ratio, i.e.q ≤ 0.33 (necessary for the disc to grow), resonance with the orbital pe-

riod of the secondary can drive the outer Keplerian orbits ofthe accretion disc elliptical, causing

it to precess. As the orbits in the outer parts of the accretion disc are no longer parallel to neigh-

bouring material, the orbits intersect. Collisions resultin the dissipation of energy, resulting in

the observed modulations of SU UMa light curves.

The SU UMa class is split into a further two sub-classes, WZ Sge (WZ Sagittae) and ER

UMa (ER Ursae Majoris), which is determined by the length of the super-cycle. For SU UMa,

these cycle are around a few hundred days, whereas ER UMa stars have super-cycles of 20-50

days, and WZ Sge have super-cycles lasting decades. The majority of SU UMa stars have orbital

periods below the gap.

U Gem (U Geminorum). These dwarf nova systems do not show standstills or super-

humps and super-cycles, which are the respective characteristics of Z Cam and SU UMa stars.

Novalike Variables (NL). These systems represent∼ 15% of CVs in the Ritter & Kolb

(2003) catalogue. Existing on the hotter side of the thermalinstability, these systems are stuck

in ‘permanent outburst’, also known as high states. Examples of Novalike sub-types are;

VY Scl (VY Sculptoris). These systems undergo periods of ‘low states’ and are some-
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times termed ‘anti-dwarf-novae’. In these low states, the systems fade by several magnitudes

during which the mass transfer rate drops dramatically or shuts off entirely for periods of several

weeks to years. During these low states, these systems look spectroscopically similar to quies-

cent dwarf novae, but do not undergo outbursts.

SW Sex (SW Sextantis). First proposed as a class by Thorstensen et al. (1991a), they rep-

resent nearly 40% of the total population of novalikes. The majority of SW Sex stars are eclips-

ing and are preferentially found at 3hr. Porb . 4hr (Rodrı́guez-Gil et al., 2007b; Rodrı́guez-Gil,

2005). These systems display several peculiar characteristics.

- Single-peaked emission lines, with absorption dips at particular phases.

- A high-velocity feature is seen to zig-zag across the line profiles moving with the orbital

cycle and extending far into the line wings.

- Odd V-shaped eclipse profiles in high-inclination systems.

- Spectra show moderately strong HeII 4686Å emission lines.

UX UMa (UX Ursae Majoris). The spectra of these systems display persistent broad

Balmer absorption line spectra, indicative of optically thick discs seen at low inclination. These

systems do not undergo low states.

1.4.2 Magnetic CVs

There are systems in which the magnetic field significantly affects the accretion process. These

systems are further subdivided into Polars, also known as AMHer (AM Herculis) stars, where

Bwd ∼ 10− 200MG and intermediate polars also known as IPs (Intermediate Polars), Bwd ∼

1 − 10MG. There is an overlap between the system types around theboundary values, deter-

mined by the interplay between the strength of the magnetic field and the rate of accretion, which

influences the size and extent of the inner magnetically-dominated region (magnetosphere) in re-

lation to the outer weaker magnetic region, which can be modelled as non-magnetic.
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AM Her (AM Herculis) . The strength of the magnetic field of the WD in these binaries

prevents the formation of an accretion disc. The field is so strong that it is able to interact with

the smaller magnetic field of the secondary, forcing the system to become spin-synchronised

with the WD and controlling the flow of stellar material via the magnetic field lines (Warner,

1995).

The material is channelled to one or two accretion spots nearthe poles at supersonic

velocities under free-fall via an accretion column on passing through a standing shock above the

surface of the WD. The column is composed of a hot dense plasmaof accreted material and is a

source of hard X-rays. Some of these X-rays and accreted material passing through the shock are

able to heat the surface of the WD where the re-radiated emission is in the form of soft X-rays.

It is this interaction of matter in the presence of a strong magnetic field and hot plasma

that gives rise to cyclotron radiation and polarisation that are the defining characteristic of AM

Her stars. There is preference of polars to be found below theperiod gap.

IPs (Intermediate Polars). These systems have the combined characteristics of a mag-

netic system and a non-magnetic system in one. They have accretion discs which are truncated

at smaller radii by the magnetic field of the WD. In an intermediate polar the magnetic field is

either too weak, or the separation between the stellar components too large, to synchronise the

orbital period of the secondary to the spin period of the WD. The WD often rotates with the spin

period ofPspin ∼ 0.1Porb (Patterson, 1994; Norton et al., 2004).

The nature of IPs are primarily confirmed by the pulses seen inthe X-ray lightcurves

occurring at the spin period and/or the beat period between the spin and orbital cycles due to the

accretion processes near the magnetic pole. There are currently 30 IPs known and their orbital

periods are concentrated above the gap (Norton et al., 2004).

Only five IPs have been found to emit polarised light, whereasin all polars the emit-

ted light is both linearly and circularly polarised, due to cyclotron emission processes near the

surface of the WD. A small number of IPs also show circular polarisation which gives hints of

cyclotron beaming effects (see Katajainen et al. 2007 and references therein).

Further analysis of the distribution of various classifications of CV sub-types within

the orbital period distribution from the Ritter & Kolb (2003) catalogue, were carried out by
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Figure 1.6:CV sub-types; their fractions and ratios from Ritter & Kolb 2003 (V7.5, 2005), as shown in
Aungwerojwit (2007).

Aungwerojwit (2007). A summary is provided in the form of Figure 1.6 where details of the

ratios of CV sub-types are detailed as follows:

Top panel: shaded grey region shows CVs within the orbital period range of∼ 1hr to

∼ 1day having removed all AM CVns (AM Canum Venaticorum). 262 systems out of 572 (46%)

are dwarf novae (DN), of which 166 (63%) havePorb . 2hr, 26 (10%) are found in the 2-3 hr

period gap, whilst 70 (27%) are found abovePorb& 3hr.

Bottom panel: displays all known DN according to their sub-types. 159 (61%) SU UMa,

37 (14%) U Gem, 18 (7%) Z Cam and 48 (18%) are unclassified (XX).For completeness the

SU UMa class includes 8 ER UMa stars (which have very short outburst cycles) and 19 WZ Sge

stars (which have extremely long outburst cycles. All confirmed U Gem and Z Cam stars lie

above the gap and a large majority of SU UMa stars (85%) lie below the gap

All the afore-mentioned systems, both magnetic and non-magnetic, can be precursors to

much more extreme phenomena;
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Classical novae (CN). The origin of a nova explosion is a thermonuclear runaway event

on the surface of the WD, caused by the ignition of hydrogen-rich material accumulated from

the secondary. During these explosions the brightness of the system can increase by 10 - 20

magnitudes, lasting for as long as weeks to years as the material is thrown outwards into the

interstellar medium. The recurrence timescale of a classical nova is∼ 103 − 104 years.∼ 12%

of systems in Ritter & Kolb (2003) are listed as classical novae.

Type Ia Supernova (SN Ia). In such cases, the WD primary has accreted enough ma-

terial from the secondary that it is pushed over the Chandrasekhar limit, 1.4M⊙. The pressure

and temperature increase cause the ignition of carbon within the WD resulting in a runaway

thermonuclear reaction which causes the star to explode.

1.5 Spectroscopic Properties of CVs

A great deal of information can be attained from observing the photometric variability of CVs.

However, for even greater detail relating to the intrinsic properties of the components of a CV,

spectroscopic observations are even more telling.

1.5.1 White Dwarf

White dwarfs in CVs have temperatures typically> 11000K (Gänsicke, 2000; Sion, 1999). As

a result the flux of the white dwarf rises steeply towards the UV wavelengths of the electromag-

netic spectrum. The spectra of a WD is particularly notable for the broad absorption features

originating from the WD atmosphere. This effect is due to the phenomenon of pressure broad-

ening. The high density and intense gravity on the surface ofthe white dwarf means that atoms

are constantly perturbed by neighbouring atoms, which enhance uncertainties in the energies of

electron orbits. Photons are able to interact with atoms over a larger range of wavelengths and

so the absorption lines are broadened out.
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1.5.2 Secondary Star

The majority of secondary stars in cataclysmic variables are K or M type stars, with tempera-

tures ranging from∼ 5200− 3900K and< 3900K respectively. Their flux increases towards

the red/infrared wavelengths. The low temperatures of these stars mean that molecules are re-

sponsible for many of the features seen in their spectra, apparent as a series of complex dips.

These stars show strong metal lines of iron (Fe ), titanium (Ti ), and calcium (CaI and CaII).

As one moves from M0 to M9, the strength of titanium oxide lines (TiO ) increase, becoming

particularly dominant in M type stars, manifesting themselves as a series of strong absorption

bands.

1.5.3 Accretion Disc

The temperature of an accretion disc is strongly dependent on the mass transfer rate of a system

and can vary from∼ 3000K at the outer edge of the disc, to≫ 30000K through the release

of gravitational potential energy close to the WD. The flux contribution is also dependent on

whether or not it is in outburst, quiescence or in a high or lowstate. Typically, the disc emission

of a cataclysmic variable can dominate in the UV, dropping off monotonically at longer wave-

lengths. Lines of low-ionisation species such as hydrogen,(Lyman, Balmer, Paschen), as well

as helium (HeI), calcium (CaII), also known as the calcium triplet, and iron (FeII) are observed.

Systems with higher mass transfer rates or strong magnetic fields can be identified by lines of

ionised helium (HeII) and Bowen fluorescence blend.

Figure 1.7 shows examples of spectra of various CVs, taken from the Sloan Digital Sky

Survey (SDSS) database1. These systems are; SDSS J0837+3830, a confirmed polar discussed

in Szkody et al. (2005) and Schmidt et al. (2005a). The systemshows cyclotron humps in

the blue plus Balmer emission lines, as well as an M star continuum at longer wavelengths.

SDSS J1137+0148 (RZ Leo); discussed in Szkody et al. (2003a), previously catalogued in

Downes et al. (2001). This systems shows strong doubled hydrogen Balmer lines (indicating

a high inclination system) flanked by broad absorption from the WD. Some HeI contribution

can be seen. Towards redder wavelengths emission from the secondary is apparent as well as

CaII emission from the disc. SDSS J1138+0322 (T Leo) also discussed in Szkody et al. (2003a)

1www.sdss.org
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Figure 1.7:From top to bottom. A selection of spectra of various SDSS CVs; SDSS J0837+3830 – a
polar, SDSS J1137+0148 (RZ Leo) – a high inclination system, SDSS J1138+0322 (T Leo) – a dwarf
nova in quiescence. SDSS J1339+4847 – a WD dominated system, SDSS J2143+1244 (HS2143+1244)
– a high accretion rate system.

and previously catalogued in Downes et al. (2001). This system shows typical characteristics of

a dwarf nova in quiescence. The system is dominated by its accretion disc, displaying prominent

hydrogen Balmer and helium lines as well as Ca emission in theinfra-red. SDSS J1339+4847

was discussed in Szkody et al. (2005). Further analysis and study of this system (Gänsicke

et al., 2006), shows it to contain a WD displaying non-radialpulsations. The spectrum of this

system is dominated by the WD showing broad absorption features around the Balmer lines.

SDSS J2143+1244 (HS2143+1244) was discussed in Szkody et al. (2005), where the natureof

this system was contemplated to be either a system in outburst or a high accretion rate novalike

with an optically thick disc. Further investigation, showing the flux to be similar during different

observations, indicate it to be the latter.
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Chapter 2

The CV Population, Observational

Selection Effects and Surveys

2.1 The Missing Period ‘Spike’ and the Missing CV Population

Whilst the main merit of the ‘disrupted magnetic braking’ model is in its ability to provide

an explanation for the period gap, there is a significant scientific drawback: thus far there has

been no observational evidence for a discontinuous change in spin-down rate due to magnetic

braking between late-type field stars that are fully convective and those that have a radiative core

(Andronov et al., 2003; King & Schenker, 2002).

There are, in fact, a number of severe disagreements betweenthe predictions of the stan-

dard model and observational evidence. The response to these failings has been the proposal of

several modifications/alternatives (King & Kolb, 1995; Kolb et al., 1998; Patterson, 1998; Kolb

& Baraffe, 1999; King et al., 2002; King & Schenker, 2002; Andronov etal., 2003; Barker &

Kolb, 2003), none of which have been completely successful in matching all the features ob-

served in the current CV period distribution.

(1) The predicted period minimum is ≈ 65 min, whilst the observed value is≈

80 min (Kolb & Bara ffe, 1999; Paczýnski, 1971).

The period minimum is a prominent feature of the observed period distribution and is
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thought to occur whenτṀ = τKH (Paczyński, 1971; King, 1988). This is the point in the evolu-

tion of a binary where the consequence of mass loss has resulted in the transition of the donor

star from a main sequence star to a degenerate, brown dwarf. As mass loss continues, the BD

responds by expanding adiabatically, as the binary separation increases to compensate for the

mass transfer. Roche lobe contact is maintained by the expanding BD, and the system evolves

towards longer periods.

The actual periodPmin at which CVs ‘bounce’ depends on the ratioτ = tKH/tṀ . If τ is

small, thenPmin is short. ThusPmin is sensitive to the orbital angular momentum loss rate which

determines the rate of mass transfer−Ṁ2 and also, to the interior structure of the donor.

Paczyński was the first to point out thatPmin ≈ 80 min, if gravitational wave radiation

drives the mass transfer. Since then, stellar models with different input physics have been em-

ployed to verify a quantitative agreement between the observed and calculatedPmin. However

a number of calculations have thrown a spanner in the works: Kolb & Ritter (1992); Howell

et al. (1997); Kolb & Baraffe (1999) notoriously givePmin at≈ 65 min instead of the observed

≈ 80 min.

(2) Population synthesis models show that there should be a significant accumu-

lation of systems near the period minimum, (Paczýnski & Sienkiewicz, 1983; Paczýnski,

1971) and that 99% of CVs should have orbital periods below the period gap (Howell

et al., 1997; Kolb, 1993), whilst the period distribution plot shows similar numbers of CVs

above and below the period gap.

The probability of finding a system within a given period range is proportional to the

time taken to evolve through this region,N(P) ∝ 1/|Ṗ| (King & Schenker, 2002).

SinceṖ = 0 at Pmin, then N(P) must clearly have a significant maximum. Thus com-

pared to the rapid evolution above the period gap, where highmass transfer rates are driven

by magnetic braking, there should be large accumulation of systems, corresponding to the slow

velocity in period space, driven by a lower mass transfer rates attributed to gravitational wave

radiation, which would increase the probability of detection (de Kool, 1992; de Kool & Ritter,

1993; Kolb, 1993; Kolb & Baraffe, 1999).
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Figure 2.1:The evolution of the orbital period Porb of a system with the mass transfer rate –Ṁ. Also
shown are the percentages of systems believed to populate particular stages of the evolution. 99% of
systems are theorised to exist below the period gap. Modifiedfrom Howell et al. (2001)

Unfortunately observational evidence for the presence of alarge population of systems

with low mass transfer rates has thus far remained elusive.

Figure 2.1 provides an illustrative support to the discussion. The plot shown shows the

percentages of CVs theorised to populated different stages of CV evolution. According to the

standard theory 1% of systems are believed to exist above thegap, while 99% have periods

below the gap, 70% of all systems should be post period minimum systems. Figure 2.2 from

Barker & Kolb (2003) compares the observed orbital period distribution (top panel) to the the-

orised distribution (bottom panel) for systems below the period gap. The predicted change of

mass transfer rate due to gravitational radiation has also been plotted (middle panel). Note the

large accumulation in systems ‘spike’ that is expected to exist at the period minimum of 65 min

in the theoretical distribution, which is absent from the observed sample which has a minimum

at 80 min.

(3) Population synthesis also suggests that the space density of CVs should range

from 10−5 − 10−4pc−3 (Politano, 1996; de Kool, 1992), whereas the number derivedfrom

observations is 10−6 − 10−5pc−3 (Downes, 1986; Ringwald, 1996; Pretorius et al., 2007b;

Araujo-Betancor et al., 2005a; Aungwerojwit et al., 2006).
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Figure 2.2:Top panel: the observed period distribution of CVs with periods less than 116 min (Ritter
& Kolb, 1998). Middle panel: calculated evolutionary track in the orbital period versus mass ratėM
plane for CVs that evolve under the influence of angular momentum loss via gravitational radiation.
The systems reach a period minimum of∼ 65 min. Lower panel: period distribution expected from
evolutionary trace in middle panel. As shown in Barker & Kolb(2003).

If the standard model is correct, then the vast number of systems below the period gap

would infer a high space density. Unfortunately, current observations have so far identified only

1-10% of the predicted CV population (Gänsicke et al., 2002b).

Possible causes of all these discrepancies have been attributed to the uncertainties in CV

evolution (King, 1988; Schenker & King, 2002; Andronov et al., 2003; Barker & Kolb, 2003;

Taam et al., 2003) as well as observational selection effects, (Downes, 1986; Ringwald, 1996;

Gänsicke, 2005).
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2.2 Observational Selection Effects and Surveys Past and Present

The CVs in the currently known distribution (see Figure 1.3)have been found through a vari-

ety of different means, dictated by the intrinsic nature of the binary systems. These systems

have been discovered using one of the following criteria:variability; the variation in bright-

ness clearly observed in classical and dwarf novae when undergoing outbursts,X-ray emission;

especially significant for magnetic CVs, where large amounts of energy are released close to

the surface of the WD near the magnetic poles,peculiar colours(usually implying blue); the

hot component of a CV such as the accretion disc, accretion column and/or WD can dominate,

making the system appear blue/UV, andspectroscopic properties(composite spectra, emission

lines); also useful for identifying systems which cannot beresolved by photometry alone, the

presence of strong emission lines, hydrogen (Balmer) and helium (HeI) indicate the presence of

ongoing accretion.

Dividing the CVs in the Ritter and Kolb distribution according to their method of dis-

covery (Gänsicke, 2005), it has been shown that practically all CVs were found using one of the

afore mentioned criteria. Further analysis of CV sub-typesshowed that 86% of CVs discovered

due to their variability are dwarf/classical novae, 57% of CVs discovered via X-ray observations

are magnetic CVs, 43% of CVs identified due to their peculiar colours are nova-likes and those

that were detected spectroscopically, seemed to show no preference to a particular sub-type.

Another interesting feature to note is that plotting the period distribution of CVs according to

their method of discovery (Gänsicke, 2005), the defining characteristics of the orbital period

distribution i.e. the period gap and the period minimum remain.

The various methods used to identify CVs also brings into question the effects of obser-

vational bias on the sample. As the CVs in Figure 1.3 were found by a variety of different means

over a number of years, the cumulative effects are difficult to quantify.

The three most dominant selection effects are:

Optical Flux Limits . The simplest of selection effects, the properties of (bolometric)

magnitude-limited samples have been studied before (Kolb,1993; Howell et al., 2001). The

assumption is that the observed radiation is the time-averaged accretion luminosity, and CVs are

distributed uniformly through space. These assumptions make comparisons of limited use.
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Blue Optical Colours. Most known CVs haveU − B < −0.5 (Bruch & Engel, 1994).

This is because for systems with high mass transfer rates, their luminosity is radiated away at

blue/UV wavelengths. However, for systems with low mass transferrates, the accretion-heated

WD may be quite cool (Teff ≤ 10 000K) meaning the system may only be detectable at opti-

cal/red wavelengths. As a result selection cuts in the U-B can exclude the faintest of CVs.

Restrictions in Galactic Latitudes. Restricting observations in Galactic latitudes can

create observational biases due to two things. Firstly due to the number of stars available for

observation defined by the galactic latitude range. It can beassumed that the vertical density

profile of CVs is exponentialρ(z) = ρ0e−|z|/h, wherez is the perpendicular distance from the

galactic plane (i.ez= dsinb whereb is the Galactic latitude). The local space density is defined

asρ = ρ(0), the mid-plane value ofρ. This means that there is a rapid drop off in the number of

systems available for observation as one moves to higher Galactic latitudes. The second effect

is due to the effective volume which can be observed. For instance magnitude-limited surveys

at high Galactic latitudes are likely to yield samples very different from those focused on the

Galactic plane, because they detect a larger fraction of allsystems inside the volume defined by

the Galactic range (Pretorius et al., 2007a). These samplesare likely to contain more intrinsically

fainter (evolved) systems which are relatively close by. For similar magnitude-limited surveys

focused along the Galactic plane on the other hand, intrinsically bright objects would be seen out

to greater distances than fainter, ones and would be included disproportionately to their space

density (Pretorius et al., 2007a). Widely used empirical values of the Galactic scale height of

CVs can be found in Patterson (1984). In Pretorius et al. (2007a) the scale-heights were set toh =

120, 260 and 450 pc for long systems, short-period systems and period bouncers respectively.

It is apparent that all samples of CVs are subject to strong selection effects, as a result of

observational bias inherent to the parent survey. It therefore imperative to our understanding of

CV evolution to acquire a large homogeneous sample of CVs, with well-determined parameters

where the effects of observational biases can be accurately modelled andaccounted for, giving

a truer representation of the intrinsic population of CVs.
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The following section provides a brief overview of key surveys that have provided the

greatest observational input in the study of CVs.

Palomar Green Survey (PG). The Palomar Green high Galactic latitude UV excess survey

comprises a statistically complete sample of 1715 stellar objects, covering 10 714 deg2

to a limiting magnitude of B= 16.2. Observations were taken using the Palomar 18inch

Schmidt telescope (San Diego, California) at Galactic latitude |b| > 30◦ and declination

δ > −10◦ (Green et al., 1986). Spectroscopic classification was obtained for candidates

with U − B < −0.461 within the spectral range of 3700Å− 6500Å. Cataclysmic Variables

and composite spectrum binaries accounted for 5% of the sample. Of the 70 CV candi-

dates listed by Green et al., intensive follow-up observations revealed only 30 as genuine

CVs, four of which were previously known and the rest, mis-identified SdB and other hot

high gravity stars, including some detached binaries. The sample contained five SW Sex

stars (Thorstensen et al., 1991b), defining the SW Sex stars as a class of CVs in their own

right (Ringwald, 1993, 1996).

Edinburgh Cape Survey (EC). The Edinburgh Cape blue object survey was very similar in

terms of specifications to the Palomar Green survey, and was proposed to address the

imbalance between the number of discoveries and objects known between the northern

and southern hemispheres.

The survey was designed to detect blue stellar objects (U− B < −0.4) brighter than B= 18

covering an area of sky of 10 000 deg2 with |b| > 30◦, δ < 0◦ using the UK Schmidt tele-

scope at the AAO (Anglo Australian Observatory). Follow-upspectroscopic observations

(3600− 5200Å) obtained at the South African Astronomical Observatory (SAAO) how-

ever are only complete to B= 16.5 (Stobie et al., 1997; Kilkenny et al., 1997). 25 CVs

were identified by the EC survey, 15 of which were new discoveries. In fact 2% of blue

objects brighter than B= 16.5 were found to be CVs (Chen et al., 2001).

Roentgen Satellite/Position Sensitive Proportional Counter (ROSAT/PSPC CVs).The ROSAT

/PSPC survey was the first all sky survey in soft X-rays (0.1-2.4keV; 100− 5Å) and the

1Work by Jester et al. (2005) show that the U− B < −0.46 is inaccurate, and is actually U− B < −0.71
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extreme UV (0.025-0.2keV; 500− 60Å) using imaging telescopes (Voges et al., 1999),

which has resulted in the identification of 105 924 X-ray sources.

Since the temperatures and luminosities of the WD components of CVs are substantially

higher than those of field WDs due to heating from accretion, and since accretion itself is

a source of EUV and especially X-ray luminosity in Polars andIPs, the ROSAT mission

has had a huge impact on the number of magnetic systems known to exist (Schwope et al.,

2002; Jiang et al., 2000; Beuermann et al., 1999; Thomas et al., 1998). In fact the number

of ROSAT-led CV discoveries have exceeded 100.

Hamburg Quasar Survey (HQS). The Hamburg Quasar survey was a wide-angled objective

prism survey aimed at finding bright Quasars in the northern sky. The survey was carried

out using the 80cm Schmidt telescope at Calar Alto (Spain), covering≃ 13 600 deg2 of

sky at|b| > 20◦, δ > 0◦ with a limiting magnitude of B. 17.5. The dynamic range of the

survey is 13. B . 17.5 (Hagen et al., 1995), with a spectral range of 3400−5400Å. Blue

objects were classified after visual inspection into a smallnumber of categories, mainly

candidates for quasars, hot stars and narrow emission line objects (Hagen et al., 1999).

Candidates from HQS were selected via the detection of Balmer emission lines and of

blue colour plus variability. This has resulted in the identification of 53 new CVs with an

intriguing result that nearly 54% of HQS novalike variablesare SW Sex stars, with orbital

periods in the 3-4hr range (Rodrı́guez-Gil et al., 2007a). This observation of such a large

number of high mass transfer systems so close to the period gap is difficult to reconcile

with the standard theory of CV evolution.

2.2.1 Sloan Digital Sky Survey (SDSS)

The Sloan Digital Sky Survey is carried out by a purpose-built 2.5m telescope at the Apache

Point Observatory (APO); New Mexico. It has been designed toobtain deep (g ≈ 23) photo-

metric observations using a large mosaic CCD camera made up of 30 2048× 2048 (13× 13′)

photometric CCDs (Lupton et al., 2001) capable of quasi-simultaneous imaging in five broad

optical bands,ugriz, centred at effective wavelengths of 3500, 4800, 6250, 7700 and 9100Å

respectively (Gunn et al., 1998; Fukugita et al., 1996).
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SDSS is also designed to take spectroscopic observations of> 106 objects in 104deg2

of sky at |b| > 30◦, to a limiting magnitude ofg ≃ 20. This is achieved using 3◦ diameter

spectrographic plates which hold 640 fibres leading to two 320-fibre-fed spectrographs (each

with two 2048×2048 CCDs) with a range of 3900−6200Å for the blue beam and 5800−9200Å

for the red beam with a resolving power of 1800, or 167kms−1 (York et al., 2000).

The main purpose of the SDSS is to accrue photometric and spectroscopic data on galax-

ies and QSOs. First the acquired data is reduced by a photometric pipeline (Lupton et al., 2001),

which separates stars from galaxies, using their surface brightness distribution and computes

magnitudes in the fiveugriz colours. Objects are chosen for spectroscopic observations by a

number of different selection algorithms (Stoughton et al., 2002). Thesealgorithms cover colour

loci of quasars (Richards et al., 2002), cool stars, white dwarfs, white dwarfs plus cool dwarf

binaries. CVs are found serendipitously as their colours overlap with those of hot stars, quasars,

WDs and M stars, depending on how much the accretion disc, or accretion column, contributes

to the optical light over that of the underlying WD and late-type secondary star. Once spectra of

target objects have been acquired, the data are wavelength-and flux- calibrated, and atmospheric

disturbances are corrected using sdF stars. The resulting spectra are classified as stars, galaxies,

or quasars, and redshifts are determined.

During the earliest stages of SDSS, a number of photometric selection criteria were at-

tempted to try and maximise the chances of finding CVs (Szkodyet al., 2002b). It was found

that CVs easily separate from main-sequence stars inu− g colour space but as previously men-

tioned overlap with quasars (Fan, 1999) and white dwarfs. The simultaneous red and blue colour

selection criteriau − g < 0.45, g − r < 0.7, r − i > 0.3, i − z > 0.4 were used to select CVs

with little disc contribution, however, the problem was that this was successful in identifying

mostly non-interacting WD plus M dwarf binaries and only a few CVs. It was then decided by

Szkody et al. that the most efficient way to detect CVs was to use the fact that since spectro-

scopic fibres were used to target candidate quasars and theircolours overlapped with CVs (see

Figure 2.3), a pipeline could be used to search through spectra of these candidate quasars to find

CVs. Figure 2.3 shows the exclusion regions of the SDSS quasar target selection (light-blue

shaded boxes), which was designed to limit contamination ofthe quasar search by white dwarfs,

A-stars and white dwarf main sequence binaries (WDMS) (Richards et al., 2002). The black
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Figure 2.3:The panels show the location of stars and white dwarfs (dark grey), quasars (light grey) from
SDSS inu− g/g− r, g− r/r − i andr − i/i − zcolour-colour diagrams. The black dots are CVs. Shown as
light-blue shaded boxes are the exclusions regions of the SDSS quasar target selection, designed to limit
contamination by white dwarfs, A-stars and white dwarf mainsequence binaries (WDMS).

dots represents all known CV identified by SDSS, 213 so far. Oninspection, one may wonder

as to why there are so many CVs within the exclusion regions. There are two reasons for this:

Firstly, the implementation of the exclusion algorithms did not come into effect until after the

first SDSS Data Release (DR1; July 2001) which resulted in theidentification of the first CVs

published in (Szkody et al., 2002b). Second, in addition to the exclusion boxes there are also two

inclusion regions which overlap with the colour-cuts of theexclusion regions: (1) “mid-z”, used

to select 2.5 < z< 3 quasars whose colours cross the stellar locus in SDSS colour space, and (2)

“UVX”, used to duplicate the selection ofz. 2.2 UV-excess quasars. As a result, spectroscopic

follow-up of some of these targets has led to the discovery ofa number of CVs. Further details

of these inclusion and exclusion boxes, and spectroscopic follow-up processes are discussed in

(Richards et al., 2002).

CVs are formally identified in the SDSS spectra through an algorithm that selects ob-

jects with Balmer and helium emission/absorption lines at zero redshift (which typically implies

ongoing accretion), and the resulting objects are then classified by eye. According to Szkody

et al. (2007a) it is estimated that more than 90% of CVs that exist in the SDSS data base are

found with a few missed through mis-identification or low S/N of spectra.
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The features of SDSS mean that it is the most comprehensive method of CV detection to

date. Its broad colour selection range gives it serious advantages over previous blue-only surveys

like Palomar Green and Edinburgh Cape. Its deep magnitude limit will allow for the detection

of intrinsically faint systems, with lower accretion ratesout to many hundreds of parsecs above

the Galactic plane, sampling several scale heights of the CVpopulation.

A series of papers on CVs have been published annually; Szkody et al. 2002b, 2003a,

2004, 2005, 2006, 2007a, henceforth PSI–PSVI. At the time ofwriting, 213 CVs have been

identified through SDSS, 177 of which are new discoveries (Szkody et al., 2007a). Of the sys-

tems for which orbital periods have been determined, approximately 70% have periods under

2hours, 10% are in the period gap (mostly Polars), and 20% arelong-period systems above the

period gap.
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Chapter 3

Observations and Data Reduction

3.1 Observations and Data Reduction

In order to improve our understanding of CV evolution, it is imperative that we accrue a large,

homogeneous sample of CVs with well determined parameters,which are representative of the

intrinsic population of CVs. After initial identification of CVs by the SDSS, follow-up obser-

vations in the form of time-series photometry and spectroscopy have been undertaken in order

to detect any photometric or spectroscopic variability associated with the orbital period of the

binary and its CV sub-type.

The majority of observations in this thesis were carried outas part of the 2004/05 Inter-

national Time Programme (ITP), at the Observatorio del Roques de los Muchachos at La Palma,

with some additional data obtained at Calar Alto observatory at Almeria, Spain.

I have been on two scheduled runs as part of the ITP, during which I gathered both

photometric and spectroscopic data: 30th December 2004 - 8th January 2005 at the Isaac Newton

Telescope (INT), William Herschel Telescope (WHT) and Telescopio Nazionale Galileo (TNG),

and 18th - 25th May 2005 once again at the INT.

This chapter includes a discussion of the basics of astronomical data reduction, tables

and logs of all observations regarding CVs discussed in thiswork, and a discussion of time-series

analysis used in the determination of orbital periods (Porb).
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3.1.1 Photometry

Photometry concerns the measurement of flux or intensity of the electromagnetic radiation from

an astronomical object over defined wavelength bands.Absolute photometryis the measurement

of the apparent brightness of an object on a standard photometric system. This requires accurate

calibrations and good stable atmospheric conditions.Differential photometry, or time-series

differential photometry, as used for all observations discussed in this work, is the measurement

of the changes in the brightness of a star relative to one or more comparison stars, which are

assumed to be constant. These observations can be carried out in non-photometric conditions,

as the target and comparison stars are in the same field of view, so are observed simultaneously

under the same observing conditions. The measurements are then recorded and plotted as a

function of time to produce a light-curve of the object.

3.1.2 Spectroscopy

Time-series spectroscopy is a very efficient means of deducing a number of physical parameters

of cataclysmic variables, some of which cannot be determined from photometric observations

alone. Orbital periods and estimates for radial velocitiesof stellar components can be determined

by the measurement of the Doppler shifts of emission and absorption lines. With this information

it is possible to estimate the masses, radii and temperatures of the WD and secondary, the spectral

type of the secondary, as well as the distance to the system.

A typical astronomical spectrograph used for such observations consists of internal light

sources used for flat-fielding and wavelength calibration, aslit placed at the focus of the tele-

scope, a collimator that intercepts the divergent telescope beam, a dispersing element (a prism,

grating, or grism) and a camera which focuses the dispersed light onto a CCD detector.

3.1.3 CCD Data Reduction

The recording of astronomical images is normally carried out using a CCD camera.

A CCD camera, or charge couple device, is a made from a siliconwafer, segmented into

an array of individual light-sensitive cells or ‘pixels’. Photons impinging on the array create

free electrons via the photoelectric effect. The electrons emitted in the CCD are fenced within
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(a) Raw Image (b) Bias Image (c) Dark Image

(d) Flat Image (e) Clean Image

Figure 3.1:Images above are 516 x 516 pixel CCD frames obtained from the Kryoneri 1.2m telescope
(National Observatory of Athens). (a) Raw image contains the target object. (b). The bias frame is
averaged from ten bias images. (c) Dark frame averaged from three dark frames with exposure times of
10 min. (d) Mean flat-field obtained from ten individual flat-field images. The artifacts in this image are
due to dust/condensation on the CCD. (e) The final image, once bias-subtraction, dark-subtraction and
flat-fielding have been carried out.

non-conductive boundaries, so they remain in the area of thephoton strike. As long as light is

allowed to continue to impinge on the pixel, the number of electrons within it will accumulate.

Over time, exposure to photons produces an image made up of electrons on the CCD.

To read out an image captured on a CCD requires shifting the information out of the

pixels to a read-out register. Photons are converted to a charge and finally to a voltage for

measurement. An amplifier is then used to boost the signal to auseful level. Finally, the voltage

is then converted to a digital count and fed into a computer toproduce a two dimensional image.

Before astronomical data can be analysed, the data must be processed in order to opti-

mise the signal-to-noise ratio, correct for instrumental artifacts and maximise the information

within a photometric or spectroscopic frame. This is achieved by carrying out the following

procedures; bias-subtraction, dark-subtraction and flat-fielding on a target frame/image and is

referred to as data reduction. Figure 3.1 shows how a raw astronomical image is reduced to

produce a clean target image using the processes described below.
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Bias. This is a zero second exposure taken with the camera’s shutter closed, or extracted from

an overscan region - an area of the CCD not exposed to light. The response within the

frame contains the signal from the readout noise which is generated when measuring the

charge quantity in each pixel and an offset value in order to avoid negative values in the

readout process. In practice a number of bias frames are taken and combined to produce

a mean bias which is then subtracted from the target frame. This process is known as

bias-subtraction and is the first stage of data reduction.

Dark Frame. A dark frame is acquired with the shutter closed. It containsinformation of the

dark current in a CCD, created from the thermal generation ofelectrons which increases

proportionally with time. As a result, the exposure time fora dark frame is the same as the

target frame. As with bias frames, multiple dark frames are averaged together to produce

a final dark calibration frame, which is then subtracted fromthe target frame. The overall

effect of a dark current can be minimised by ensuring that the CCDis kept at a constant

low temperature, and in fact many modern CCDs are cooled sufficiently, that the dark

current becomes negligible and dark frames need not be taken.

Flat-field. Flat-fielding is a process used to ensure that any spatial (pixel-to-pixel) variation in

the sensitivity of a detector, and effects from dust or vignetting, is accounted for. In order

to achieve this, an image of a photometrically flat surface must be taken. This can be either

a patch of uniformly illuminated area within the telescope dome or of a blank region of

sky. Normally this is achieved at twilight when the sky is brighter than most stars which

may be in the field of view. For spectroscopic observations, aseries of flat-field spectra are

usually obtained via illumination of a tungsten lamp located inside the spectrograph before

the entrance slit. The exposure time must be adjusted in order to ensure that the image

is not saturated. A series of flat-field images are taken in order to produce a normalised

frame, by averaging a number of flat-field frames and dividingby the mean value. The

target frame is then simply divided by this mean flat-field frame.
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3.2 Telescopes and Instrumentation

The following Section provides a description of the telescopes, instruments and configurations

used for observations presented in Chapters 4 and 5.

Isaac Newton Telescope (INT).Time-series photometric observations were carried out with

the ‘Wide Field Camera’ (WFC): an optical mosaic camera usedat the prime focus of the

2.5 m INT. It consists of four 2048× 4100 pixel EEV CCDs with a 0.33′′pixel−1 scale.

Binning and windowing is not supported and hence the full area of all four CCDs has to

be read out, which causes a dead time of 42 s between two exposures. We only reduced

CCD4, which contains the target for all of our observations.

William Herschel Telescope (WHT). Time-resolved photometry was obtained with the ‘Aux-

illiary Port Imaging Camera’ (AUX Port) which was mounted atthe Cassegrain auxil-

iary port of the 4.2 m WHT. It is equipped with a 1024× 1024 pixel TEK CCD with a

0.11′′pixel−1 scale and provides an unvignetted field of view of∼ 1.8 ′. We used the

AUX Port with a binning 4× 4, decreasing the read-out time of the full CCD to a few

seconds. Time-resolved spectroscopy was achieved using the 2-arm spectrograph ISIS.

On the blue arm the R600B grating was used in conjuction with the 4kx2k pixel EEV de-

tector, covering the 3900− 5400Å wavelength range with a spectral resolution of≃ 2.0Å.

The R316R grating with the 4.5kx2k pixel Marconi detector was used on the red arm,

covering 6100− 8900Å, with a spectral resolution of≃ 4Å. A slit width of 1.2′′ was used.

Liverpool Telescope (LT). The LT is a fully robotic 2m telescope. Time-series photometry

was acquired using the optical CCD camera RATCAM, equipped with a 2048× 2048

pixel EEV with 0.14′′pixel−1 scale covering a field of view of 4.6 ′×4.6 ′. A binning 2×2

is the default for this instrument. Windowing is not supported, and the read-out time for

the full CCD is 10 s.

Nordic Optical Telescope (NOT). The low-resolution imaging spectrograph ALFOSC on the

2.5 m NOT telescope contains a 2048×2048 pixel EEV CCD with an 0.19′′pixel−1 scale.

Time-series photometric data were obtained by binning the CCD 2× 2 and windowing

around the target star, reducing the read-out time to a few seconds. Time-series spec-
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troscopic observations were obtained using grism #7 with a 1.2′′ slit width providing a

spectral resolution of 3Å. The sampled wavelength range is between 3800− 6800Å.

Telescopio Nazionale Galileo (TNG).The Device Optimized for the Low-Resolution (DO-

LORES) on the 3.6 m TNG was used for time-series photometry. A2048× 2048 Loral

CCD with a 0.28′′pixel−1 scale, covers a field of view of about 9.4 ′ × 9.4 ′. The CCD

was not binned, but was windowed in order to reduce readout time to∼ 10 s. Time-

resolved spectroscopy was carried out using the HR-V grating. 2× 2 binning was imple-

mented on the CCD and a slit width of 1′′ was used. The wavelength range covered was

4650Å− 7000Å with a spectral resolution of≃ 4Å.

Calar Alto (CA22). The Calar Alto Faint Object Spectrograph (CAFOS) was used onthe 2.2 m

telescope. Used for time-series photometry, the instrument is equipped with a 2048×2048

SITe CCD with a scale of 0.53′′pixel−1 and a field of view of 16′. Windowing was applied

to reduce the readout time to∼ 10 s.

3.3 Log of Observations/Summary of System Properties

The following pages show tables which include information of observations taken of SDSS CVs,

including details of the observational properties of systems as determined through analysis of

photometric and/or spectroscopic data; such as orbital period, apparent magnitude, and CV sub-

type. In addition the ‘source’ for each system has been addedi.e. which paper the identification

details of each system was first published. Szkody et al. 2002b, 2003a, 2004, 2005, 2006, 2007a

also referred to as PSI–PSVI as stated in Chapter 2.

CVs selected for follow-up observations are done so by taking into consideration a num-

ber of factors such as, the time of year – which effects whether or not a system is available for

observation and the length of time it can be observed, weather conditions, lunar cycles, and the

object’s apparent magnitude. Whilst all these factors can effect the types of observation which

can be carried out i.e. time-series photometric or spectroscopic, the availability and limitations

of instruments also effects the types of object one may wish to observe. An obvious constraint

is the aperture of the telescope which determines the magnitude limit. Another is that for spec-
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troscopic observations, the target needs to be brighter than a photometric target as a higher

signal-to-noise ratio is required. This can be proven by comparing the averageg-magnitude

of the two samples discussed in this thesis. For the photometric sample (Table 3.1) discussed

in Chapter 4,< gphot >= 19.14 and the mainly spectroscopic sample (Table 3.2) discussed in

Chapter 5,< gspec >= 18.26. The average magnitude of the mainly spectroscopic sample is

0.88 magnitude brighter than the photometric sample. A table comparing the properties of the

two samples is given in Table 5.3.

In order to accrue viable data, the aim is to maximise on the number of counts that can

be detected from a star, and invariably, conditions tend to lead towards the targeting of brighter

objects over fainter ones.

The aim of the ITP was to follow-up as many objects as possibleand determine their

orbital parameters. A list of possible candidates for both spectroscopic and photometric obser-

vations are drawn up based on the afore mentioned criteria. One can see that impromptu choices

based on adverse changes in observing conditions are likelyto lead to a bias towards brighter

systems, which are either bright as they are close by, or due to their inherently high mass transfer

rates – which would culminate in a sample of CVs with long orbital periods. The only way to

get rid of this problem is by carrying out observations of allCVs within the SDSS database, or

at least to a certain limiting magnitude, so that biases are removed from the follow-up process.

A further detailed discussion is given in Section 7.3 of the ‘Future Work’ section of this thesis.

It should be mentioned at this point that a number of observations were acquired by

amateur astronomers for SDSS J0901+4809 and SDSS J1250+6655, the details of which are

highlighted in Table 3.1. Below are details of the instrumentation and configurations, provided

by the amateur astronomers.

Hankasalmi Observatory (HaO). Observations were carried out by A. Oksanen in New Mex-

ico. A RCOS Carbon 16RC 0.40 m Ritchey-Chretien telescope mounted on a Paramount

ME, along with an SBIG STL-1001E CCD camera. The data were dark subtracted and

flat fielded and measured using aperture photometry with the MaxImDL software.

Astrokolkhoz Observatory (AO). Observations were carried out by T. Krajci in Finland. A

0.28 m Schmidt-Cassegrain telescope with a focal length of 1.8 m along with an SBIG ST-
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7 CCD camera binned 2× 2. The data were dark and bias-subtracted, and flat fielded and

measured using aperture photometry with AIP4WIN.

Hudson Observatory (HO). Observations were carried out by S. Brady from a private obser-

vatory located in southern New Hamphsire, USA. Instrumentsinclude a 0.4m robotic

Newtonian Telescope mounted on a Paramount ME along with an SBIG ST-8XME CCD

camera, and BVRI filters (which were not utilised due to the faint magnitude). The robotic

system was programmed to monitor a list of poorly studied CV candidates and to initi-

ate immediate time-series observations if an outburst was detected, as was the case with

SDSS J0901+4809 and SDSS J1250+6655. All images were bias subtracted, flat-field

corrected and photometrically reduced using MaxIm DL.
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Table 3.1: Log of Observations for Chapter 4: Photometric Observations.

SDSSJ Porb [min] SDSS g mag Type Date/Time [UT] Telescope Filter Exp(s). Frames Source Observor

001856.93+345444.3 - 17.8 17.2 HeII/RD 2005-01-01 20:55-23:46 INT clear 25 153 PSIV AA,MD
17.8 2005-01-05 19:50-23:01 TNG clear 40 176 TM
17.5 2005-01-06 19:35-23:17 TNG clear 30 321 “
17.7 2005-01-07 19:29-22:48 TNG clear 30 275 “

002728.01-010828.5 85.44± 0.07 20.7 20.6 DN/WD 2004-12-31 20:08-22:55 WHT V 40-100 215 PSIV SB,TM
20.6 2005-01-01 19:49-22:44 WHT V 40 233 “
20.6 2005-01-02 19:35-22:29 WHT V 40 231 “

015151.87+140047.2 118.68± 0.04 20.3 19.9 DN/RD 2004-08-15 02:47-05:39 INT g 40 129 PSI AA
19.9 2004-08-16 01:35-05:50 INT g 40-60 169 “
19.9 2004-08-17 01:58-05:30 INT g 40-60 148 “

074813.54+290509.2 - 18.6 19.2 HeII 2004-09-12 04:57-05:53 LT g 60 50 PSIII Robotic
082409.73+493124.4 95± 3 19.3 21.0 DN 2005-01-04 23:06-03:56 WHT V 20 698 PSI TM,SB

20.8 2005-01-05 21:00-04:56 WHT V 30 380 “
21.0 2005-01-07 00:37-04:24 WHT V 20-30 532 “

085414.02+390537.3 113.26± 0.03 19.2 19.2 AM 2005-01-03 00:07-07:13 INT g 80-120 112 PSIV AA,MD
19.5 2005-01-03 23:47-07:13 INT g 50-60 303 “

090103.93+480911.1 112.14793 19.9 19.5 DN/RD/EC 2006-02-06 23:08-04:27 CA22 clear 60 240 PSIV Service
±0.00005 16.2 2007-10-06 06:52-09:39 HO* clear 160 52 SBr

17.0 2007-10-09 08:38-12:12 AO* clear 60 192 TK
17.1 2007-10-09 20:42-00:22 HaO* clear 95 128 AO
18.1 2007-10-11 08:10-12:09 AO* clear 90 138 TK

090452.09+440255.4 - 19.4 19.6 WD 2005-01-05 02:33-04:06 INT g 30-40 73 PSIII AA,MD
19.1 2005-01-05 04:10-06:55 INT clear 30-35 143 “
19.6 2005-02-02 23:30-02:00 NOT clear 15 544 PR,MJA

091945.11+085710.0 81.6± 1.2 19.9 18.9 WD 2006-01-24 03:17-06:14 CA22 clear 25 252 PSIV AA
124426.26+613514.6 142.9± 0.2 18.8 18.6 HeII 2005-05-18 21:37-02:20 INT g 40-60 215 PSIII BG,MD

18.4 2005-05-19 21:03-00:29 INT g 40 160 ”
18.7 2005-05-20 21:02-00:05 INT g 40-60 123 ”

12503.85+665525.5 84.5793893 18.7 19.1 DN/EC 2005-02-03 04:19-05:38 NOT clear 15-30 151 PSII PR,MJA
±0.0000036 19.3 2005-02-05 01:14-05:19 NOT clear 10-20 451 “

19.0 2005-03-16 03:15-06:42 LT g 60 169 Robotic
19.1 2005-03-17 23:19-23:47 LT g 60 33 “
19.0 2005-03-18 01:13-03:14 LT g 60 166 “
16.0 2008-01-29 01:36-08:52 HO clear 70 306
16.4 2008-01-31 01:18-10:40 HO clear 120 231
16.6 2008-02-04 03:32-08:06 HO clear 160 93

...continued on next page

40



Table 3.1 continued.

SDSSJ Porb [min] SDSS g mag Type Date/Time [UT] Telescope Filter Exp(s). Frames Source Observer

151413.72+454911.9 - 19.7 20.1 WD 2005-04-01 04:11-06:29 LT g 60 114 PSIV Robotic
20.1 2005-05-10 01:30-05:35 LT g 60 205 “

171145.08+301320.0 80.35± 0.05 20.3 20.2 WD 2004-08-14 21:15-01:03 INT g 40-60 141 PSIII AA
20.2 2004-08-15 21:05-00:13 INT g 40-60 129 “
20.2 2004-08-16 21:05-23:46 INT g 45-120 63 “
20.3 2005-08-11 21:28-00:04 NOT clear 40 198 BG
20.3 2005-08-12 21:11-22:30 NOT clear 40 101 “

211605.43+113407.5 80.2± 2.2 15.3 22.1 DN 2005-08-09 00:54-03:59 NOT clear 60 164 PSIII BG
22.1 2005-08-10 00:40-02:24 NOT clear 60 93 “
22.1 2005-08-11 02:40-04:33 NOT clear 90 70 “
18.8 2005-08-24 23:12-02:08 LT g 90 110 Robotic

215411.12-090121.6 319± 0.7 19.2 20.4 2005-08-11 00:29-05:42 NOT W 40 396 PSII BG
20.3 2005-08-12 22:33-04:11 NOT W 40 427 “
20.4 2005-08-14 00:33-05:38 NOT W 40 376 “

∗ indicate observations taken by amateur astronomers. (SBr;S. Brady, TK; T. Krajci, AO; A. Oksanen)

Log/summary of photometric observations and summary of systemsproperties. Given are the orbital periods as determined from photometric time-series, theg magnitude
from the SDSS imaging data, the magnitude during our observations, information on system (WD= white dwarf dominated spectrum, RD= secondary star is visible, HeII
= noticeable He line, EC= eclipsing, DN= dwarf nova, AM= polar), Observers: (AA; Amornrat Aungwerojwit, BG; Boris Gänsicke, MD; Monihar Dillon, MJA; Maria
Jesús Arévalo, PR; Pablo Rodrı́guez-Gil, SB; Susana Barros, TM; Tom Marsh), Telescope (CA22; Calar Alto; INT; Isaac Newton Telescope, LT; Liverpool Telescope,
NOT; Nordic Optical Telescope, TNG; Telescopio Nazionale Galileo, WHT; William Herschel Telescope, HaO; Hankasalmi Observatory, AO; Astrokolkhoz, HO; Hudson
Observatory)
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Table 3.2: Log of Observations for Chapter 5: Photometric and Spectroscopic Observations.

SDSSJ Porb[min] SDSS g mag Type Date/Time [UT] Telescope Filter/Grating Exp(s) Frames Source (PS) Observer

080215.38+401047.1 221.62± 0.04 16.69 NL 2004-11-05 04:23-06:07 NOT (s) grism #7 600 11 PSII PR
2004-11-06 01:16-06:22 NOT (s) grism #7 600 28 ”
2004-12-05 03:14-06:54 NOT (s) grism #7 600 21 ”

080846.19+313105.9 296.45± 0.75 19.43 DN 2004-12-31 23:58-05:28 WHT(s) R600B,R316R 1200-1500 16 PSIII AA,MD,SB,TM
2004-10-26 02:20-06:38 LT (p) g 60 223 Robotic
2004-12-07 23:49-02:11 LT (p) g 60 122 “
2004-12-08 23:28-04:19 LT (p) g 60 254 “

090350.73+330036.1 85.22± 0.14 18.84 Eclipse 2005-01-03 00:32-06:49 WHT (s) R600B,R316R 24 900 PSIV AA,MD,SB,TM
2005-01-04 01:01-03:42 WHT (s) R600B,R316R 16 600 “
2005-01-01 00:14-07:11 INT (p) clear 309 30 AA,MD

093249.56+472523 95.475± 0.0001 17.81 Eclipse/HeII 2005-01-08 00:17-02:26 WHT (s) R600B,R316R 18 400-600 PSIII AA,MD,SB,TM
2005-01-08 03:01-07:06 TNG (p) clear 323 30 TM

124959.75+035726.6 – 16.63 WD/RD 2005-01-01 05:53-06:47 WHT (s) R600B,R316R 6 600 PSIII AA,MD,SB,TM
145758.21+514807.9 – 19.52 WD 2005-05-11 21:21-00:25 NOT (s) grism #7 18 600 PSIV PR

2005-06-05 23:01-04:07 LT (p) g 240 60 Robotic
2005-05-10 22:25-04:20 NOT (p) clear 1153 10 PR
2005-05-12 00:40-05:23 NOT (p) clear 411 30 PR

153817.33+512338 93.11± 0.09 18.61 2005-04-30 03:04-05:23 TNG (s) HR-V 9 900 PSIII DM
2005-05-01 22.32-05:30 TNG (s) HR-V 22 900 “

161030.34+445901.7 – 19.81 WD 2005-07-10 22:28-01:28 WHT (s) R600B,R316R 17 600 PSIII BG,PS
2005-07-12 01:07-02:57 WHT (s) R600B,R316R 11 600 “

170324.08+320953.1 – 18.17 RD 2004-08-19 21:39-00:18 TNG (s) HR-V 18 500 PSIII PG
2004-08-20 21:11-23:47 TNG (s) HR-V 18 500 ”
2004-08-22 21:01-23:40 TNG (s) HR-V 17 500 ”
2005-07-11 02:09-02:50 WHT (s) R600B,R316R 5 600 BG,PS
2004-08-16 23:31-00:58 INT (p) clear 41 40 AA

204817.84-061044.8 87.49± 0.32 19.35 WD 2005-07-10 01:04-04:49 WHT (s) R600B,R316R 20 600 PSII BG,PS
2005-07-11 03:12-05:08 WHT (s) R600B,R316R 11 600 “

...continued on next page
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Table 3.2 continued.

SDSSJ Porb[min] SDSS g mag Type Date/Time [UT] Telescope Filter Exp(s) Frames Source (PS) Observer

210131.26+105251.5 – 18.08 HeII 2004-08-21 22:16-02:19 TNG (s) HR-V 23 500 PSII PG
2004-08-23 00:57-04:10 TNG (s) HR-V 19 500 “

2005-07-11 01:48 WHT (s) R600B,R316R 1 600 BG,PS
2005-07-13 22:32-05:14 WHT (s) R600B,R316R 37 600 “

223439.92+004127.2 127.29± 0.25 18.10 DN 2004-08-20 01:02-05:31 TNG (s) HR-V 36 400 PSII PG
2004-08-21 00:31-05:46 TNG (s) HR-V 43 400 “

225831.17-094931.6 119.45± 3.92 15.61 DN 2004-08-22 02:45-05:42 TNG (s) HR-V 53 180 PSII “
2004-08-23 04:38-05:52 TNG (s) HR-V 12 180 “
2004-11-03 20:55-01:04 NOT (s) grism #7 45 300 PR
2004-11-04 23:23-00:43 NOT (s) grism #7 12 300 “
2004-11-05 19:53-00:42 NOT (*s) grism #7 53 300 “

230351.63+010651.1 110.51± 0.24 19.05 DN/RD 2005-07-12 03:18-05:20 WHT (s) R600B,R316R 12 600 PSI BG,PS
2005-07-13 01:55-05:19 WHT (s) R600B,R316R 19 600 “

Log of photometric and spectroscopic observations and summary of systems properties. Observers: AA; Amornrat Aungwerojwit, BG; Boris Gänsicke, DM; Domitilla de
Martino, MD; Monihar Dillon, PG; Paul Groot, PR; Pablo Rodr´ıquez-Gil, PS; Paula Szkody, SB; Susana Barros, TM; Tom Marsh. Information on system: s= spectroscopic
data, p= photometric data, *= system in outburst, WD= white dwarf dominated spectrum, RD= secondary star is visible, HeII = noticeable He line, EC= eclipsing, DN
= dwarf nova, AM= polar
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3.4 Time-Series Analysis

Time-series analysis is the application of mathematical and statistical processes in which time-

varying data is replicated or ‘transformed’ from the time domain to the frequency domain, to

produce a power spectrum or a periodogram. This technique isnot unique to astronomy and is

used not only to quantify the variation being analysed, but to possibly to constrain it, or gain

some understanding of the physical processes which caused it.

In order to determine an orbital period for a CV, or indeed detect any periodic signature

from photometric or spectroscopic data, it is necessary to perform time-series analysis.

There are a number of different types of time-series analysis. The methods in the scope

of this thesis are Fourier type analysis and phase-folding/analysis-of-variance type procedures

which are most appropriate for studying astronomical data,and are amongst the most commonly

used.

3.4.1 Fourier Analysis and Acquisition of Data

In accordance with Fourier’s theorem, any continuous time-varying signal can be expressed as

a series of sine and cosines (Fourier series) of varying frequencies. Each sinusoid has specific

amplitude and phase coefficients (Fourier coefficients) which are determined by the relative con-

tribution to the observed time-varying signal.

Fourier transforms are used to transform the time-varying data, from the time domain

to the frequency domain. The result is a plot of the amplitudesquared versus the frequency to

produce a power spectrum or periodogram.

Consider a simple case of an infinitely long signal composed of a sine wave. The cor-

responding power spectrum will consist of a single peak in the form of aδ – function at the

frequency of variability. Complex waves – such as the canonical example of the square wave –

can be recreated by first taking a sine with a frequency corresponding to the period of the system

(fundamental frequency) then adding sines which are multiples of that frequency (harmonics).

The subsequent power spectrum will be composed of a series ofpeaks at frequencies corre-

sponding to the sines used to compose the square wave, i.e. the fundamental and harmonics. For

a signal which is composed of several signals, the power spectrum will resolve this variability
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into different peaks corresponding to the different signals.

In astronomy, there are a number of practical issues which affect the data which are used

for time-series analysis, which in turn affects the type and method of time-series analysis which

is used. One such problem is the sampling rate.

A lightcurve is limited by the rate at which it is sampled. Periodicities faster than this

are not recoverable. The sampling theorem states that, in order for a perfect reconstruction of a

signal, the sampling frequency (fs) must exceed twice that of the maximum frequency (fmax), of

the intrinsic variability being sampled i.e.fs > 2 · fmax. The frequency 2· fmax is known as the

Nyquist sampling rate. Half of this value (fmax) is known as the Nyquist frequency and represents

an upper limit on the frequencies which one can search for in agiven data set with some sampling

rate. When the sampling rate is not high enough, aliasing canoccur in the periodogram. The

effect of aliasing is caused when components of frequencies greater than the Nyquist frequency

are reconstructed as components of the signal below the Nyquist frequency. Fortunately, though,

aliasing of higher frequencies is not a problem in determining orbital periods for CVs as the

frequencies of variability corresponding to the orbital period is much lower than the sampling

rate.

An additional problem to that of the sampling rate is the length of observations, or more

specifically the number of cycles which are covered during observations. The frequency resolu-

tion of the data is directly proportional to the inverse of the data length∆ f = 1/∆t. Thus a long

dataset will produce a narrow peak in the transform whilst a short train will produce a broader

peak. The shorter the dataset, the less accurately a period can be determined.

Another important issue in the context of astronomy is that the time series photometric

or spectroscopic data are always unevenly sampled. These gaps can be the result of clouds or

bad seeing and, of course, due to daylight. The implication of this is that it is very possible that

the amount of data either side of the data gap may not be sufficient to determine with enough

accuracy the number of orbital cycles that may have occurredbetween one observation and the

next. This leads to a phenomenon known ascycle ambiguityand leads to the issue of aliasing.

This is where several peaks appear in the periodogram alongside the ‘real’ peak corresponding to

the true orbital period. The alias peaks are separated from the true frequency by integer multiples

of the frequency of observations, i.e. observations carried out every night are separated by 1d−1.
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If the true period is short compared to the frequency of observations, and the data are obtained

just with regular sampling, the power spectrum will containseveral alias peaks with similar

statistical significance regardless of how much data are accumulated. However uneven sampling

can reduce the power of the 1d−1, if greater portions of a cycle, or number of cycles can be

covered and the frequency of observations can be increased,whilst the opposite can result in an

increase in the complexity of the aliasing pattern.

3.5 MIDAS Utilities for Time-Series Analysis

TheESO-MIDAS system1 is a tool for processing astronomical images and data reduction cre-

ated by ESO (European Southern Observatory). It includes special packages for use with data

taken from ESO instrumentation at La Silla and the VLT (Very Large Telescope) at Paranal

and contains generic applications for photometry, image deconvolution and decomposition, and

statistics.

There are several methods of time-series analysis implemented in theMIDAS/TSA con-

text written by Schwarzenberg-Czerny for the analysis of unevenly sampled data. These fall into

two principal categories; Fourier type methods and phase folding/analysis of variance proce-

dures, both of which transform the observed data from the time-series domain into the frequency

domain to produce a power spectrum or periodogram.

3.5.1 Fourier Type Methods

Fourier analysis methods involve decomposing a signal intoa series of sines and cosines, via a

Fourier transform (a generalised form is given below) whicheffectively converts data from the

time domain into the frequency domain. Fourier analysis is useful for the detection of weak,

periodic sinusoidal/quasi-sinusoidal signals with smooth variations. The following integration

is performed on each measurement in the light curve.

F(ν) =
∫

f (t)ei2πνtdt

1http://www.eso.org/sci/data-processing/software/esomidas
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where f (t) is the data in the time domain,F(ν) is the data in the frequency domain,ν is the

frequency and dt is the time interval between data points. The complex exponential function

in the integral is a complex sum of sine and cosine terms. For agiven test frequency, each

measurement in time is multiplied by this function and the time difference between each point

(dt) and then summed over all measurements, to produce one data point in the power spectrum.

The integration is then performed for all test frequencies to obtain the complete power spectrum.

The range of periods which are tested for are constrained by the length and sampling

rate of the data set, which place limits on the resolution of the period search as discussed in

Section 3.4.1. Two Fourier-type methods are implemented intheTSA context:

• POWER/TSA. This is simply the discrete classical Fourier transform (FT). The original

classical FT concerns transforming a mathematical function into Fourier space whereas

the discrete FT is a modified version which transforms discrete, unevenly sampled data

into Fourier space.POWER computes a discrete power spectrum for unevenly sampled

data by a slow method. This means that the number of computations carried out forN

data points is proportionally toN2 whereas the fast method is proportional toNlog2N .

Whilst this method represents the most simple and straightforward method of time-series

analysis, the power spectrum has no well defined statisticalproperties. As a result it is

used only as a means of ascertaining variations in the spectral window.

• SCARGLE/TSA. Based on Scargle’s (1982) method. A periodogram is computed for un-

evenly sampled data by a slow method. Thescargle statistic uses a pure sine model

and is a special case of the power spectrum normalised to the variance of the raw data.

The purpose of this modification of the classical power spectrum (as described above),

is to add statistical significance to the spectral features within the periodogram, allowing

the observer to identify real periodic signals amongst the spurious spectral peaks cre-

ated by noise. The resultingscargle periodogram is relatively similar to the original

periodogram even though computational details differ. This explains the striking simi-

larity between thePOWER andscargle periodograms shown for SDSS J0854+3905 and

SDSS J1244+6135 as shown in Figures 3.2 and 3.3.
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3.5.2 Phase-Folding/Analysis of Variance Methods

Such methods involve folding the light curve over a set of test periods, then binning the data and

analysing the statistical significance of the deviation of the binned data from a constant value.

To elaborate, consider the case where a light curve containing a periodic signal is folded over

the correct period; the phase folded light curve will show a strong correlation between the flux

and the phase. The light curve is then binned. The variance ofthe mean value of each bin is

calculated across the whole phase folded light curve, i.e. across all bins. In the above case the

variance will be large as the phase folded lightcurve will display a clear structure. In the case of

folding at a period unrelated to the real period, the variance across the phase folded lightcurve

will be small, as the mean value within each bin will be similar between bins; there will be no

correlation between the flux and phase. In these techniques it can be seen that the variance is

representative of the power at that folded period.

These methods are aptly suited for determining features in light curves with sharp vari-

ations such as eclipses. However one side effect of these methods is that they can produce

signals/power at the sub harmonics of the strongest signal. The powerappears at timescales

related to the period; integer multiples of the period (P) and fractions:n × P and P
n wheren is

an integer (Schwarzenberg-Czerny, 1989).

• AOV/TSA. Schwarzenberg-Czerny (1989)’s method. As described above, the data are

folded over a set of trial periods and the variance is computed from the resulting phase-

binned light curve, the greatest variance corresponding tothe most likely period. As this

method is sensitive to detect sharp variations, such as eclipses, using phase bins of width

comparable to that of these features will boost the sensitivity above that attainable with

the Scargle method.

• ORT/TSA. Schwarzenberg-Czerny’s (1996) extension ofaov. The light curve is fitted

with a multi-harmonic Fourier series using an efficient algorithm employing orthogonal

multi-harmonic sine waves. Theaov analysis is then applied to this fit, as opposed to

the original data. The result is a smoother power spectrum than produced byaov. The

technique improves the sensitivity of period detections and dampens the alias periods,

allowing successful time-series analysis of data with relatively low S/N. Theort method
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has the advantages of being sensitive to both sinusoidal andsharp and rapid variations

from pulsating and/or eclipsing sources. Using harmonics of width comparable to that

of sharp or rapidly varying features will boost sensitivityabove that attainable with the

Scargle method.

The following pages show a sample lightcurves of two systemsSDSS J0854+3905 (Fig-

ure 3.2) and SDSS J1244+6135 (Figure 3.3), which are discussed in further detail in Chapter 4.

I have provided the periodograms calculated from the four techniques to emphasis the differ-

ences between them. It can be seen that for SDSS J0854+3905 which is a lightcurve displaying

non-sinusoidal variations, the phase-folding methods ofaov andort are much better suited

to providing a better resolved periodogram than the Fouriertype methods ofscargle. For

SDSS J1244+6135, a lightcurve displaying much more of a sinusoidal variation, the Fourier

type method ofscargle provides a much ‘cleaner’ periodogram without the peaks correspond-

ing to power at the lower frequencies which are a side-effect of the phase folding techniques of

ort andaov.
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Figure 3.2:Top plot: the highly modulated lightcurve of SDSS J0854+3905. Bottom plot: composed
of four periodograms computed from two nights of observations. Theort andaov periodograms are
the phase folded methods, produce better resolved periodograms due to the greater sensitivity to the
non-sinusoidal variations compared to Fourier type periodograms ofscargle andpower.
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Figure 3.3:Top plot: the lightcurve of SDSS J1244+6135.Bottom plot: the four periodograms computed
from the three nights of observations. The more sinusoidal variation of lightcurve of this system lends
itself to better analysis usingscargle. The stronger peaks at lower frequencies in theort andaov
periodograms result from the sub-harmonics of the orbital frequency, which these two methods of time-
series analysis are sensitive to.
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3.6 Analysis of Photometric Data

Photometric data reduction was carried out using the pipeline described by Gänsicke et al.

(2004), which employsMIDAS for bias, dark-subtraction and flat-fielding, and aperture photom-

etry for all objects in the field of view usingSExtractor (Bertin & Arnouts, 1996). Differential

magnitudes were measured relative to a comparison star close to each target object and converted

to apparent magnitudes using theg’ magnitude of the comparison star obtained from the SDSS.

While data obtained in the V-band can be calibrated using thecolour transformations available

on the SDSS website, some systematic uncertainty of the apparent magnitudes of the systems

observed in white light or with a non-standard filter remains.

Details pertaining to the acquisition of data, instrumental configuration and reduction of

data have already been discussed in this chapter. Three of the time-series analysis methods pro-

vided in theMIDAS/TSA context (scargle, ort andaov) were used to calculate periodograms

for each individual lightcurve, as well as for each system combining all available data. All light

curves had their nightly mean subtracted before the analysis. Where the time-series analysis

revealed the presence of a periodic signal in the photometric data, these signals were interpreted

as the orbital periods of the systems. The periodograms calculated for those objects from their

combined photometric data sets are shown in Figure 4.2 and Figure 5.3, along with phase-folded

light curves.

For eclipsing systems (see Table 3.1 and Table 3.2), while the above methods were car-

ried out for completeness, more accurate orbital periods can be determined from the analysis

of the mid-eclipse times. In order to measure those times (Table 4.1 and Table 5.1) the original

lightcurve was plotted with a copy mirrored in time. The copywas shifted until the bottom of

the eclipse in both light curves showed the closest agreement, which was determined by eye.

Orbital phases are then computed for the mid-eclipse times for a set of test periods. The most

likely period (and cycle count) is determined by the minimumdifference. The periodogram

for eclipsing systems is thus (φfit
0 − φ

observed
0 )−2 vs frequency. Next a least-squares fits to the

mid-eclipse times versus the cycle count number is done, which provides the coefficients for the

eclipse ephemeris (as shown in the form below) as well as the errors on the zero point and on

the period (see Tables 4.1 and 5.1).
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HJD(Φ = 0) = ZERO+ E ∗ PERIOD

The periods and errors reported in Table 3.1 and Table 3.2 were determined using the

SINEFIT/TSA context. The utility inMIDAS carries out a least-squares sine wave fitting found by

minimising theχ2. The error on the period is derived by considering the pertubation necessary to

increaseχ2 by 1, i.e.χ2 − χ2
min = ∆χ

2 = 1. The difference between the perturbed and best fitting

(minimum) values of the parameter gave the relevant 1σ error (Press et al., 1992).SINEFIT/TSA

is also used to remove a trend or to detrend data. This is a process by which fixed frequencies are

manually removed from observations by fitting a sine of a desired frequency to the observations

and subtracting the oscillation. The remaining residuals can be analysed again using any desired

method of time-series analysis available in theTSA context withinMIDAS.

All times and dates are given on the UTC (Universal TimescaleCo-ordinated) time sys-

tem (including leap seconds).

3.7 Analysis of Spectroscopic Data

The reduction of the spectroscopic data was carried out by P.Rodrı́guez-Gil and consisted of

de–biasing, flat–fielding, optimal extraction and wavelength and flux calibration, usingIRAF as

well as thePAMELA andMOLLY codes created by Marsh (1989).

For spectroscopic data (see Chapter 5), radial velocities were determined from the hy-

drogen emission lines in the spectra of the targets by cross-correlation against single and double

Gaussian functions, using theMOLLY code. The single-Gaussian method is sensitive to the peak

of the emission line, which represents the motion of features at the outer regions/edge of the ac-

cretion disc (such as the bright spot). The double-Gaussianmethod (Schneider & Young, 1980)

can be used to measure the wings of the emission lines, the fluxof which originates from mate-

rial close to the inner regions of the accretion disc which isoften interpreted as representing the

motion of the white dwarf.

A variety of values for the full width at half maximum (FWHM) for the single Gaussian

method were used. For the double-Gaussian technique, results for a variety of FWHMs and

separations between the two Gaussians were calculated, in order to confirm the robustness of the
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results. The choice of single or double-Gaussian methods were dependent on the line profile.

Single or a double Gaussian fits were practical for lines displaying a single line profile. Both

methods were carried out for comparison to see which was mostsensitive for determining the

motion in the spectral lines. However, double-Gaussian fitsare better suited for radial velocity

measurements for lines displaying a double peaked profile, this is due to a lack of a singular

central peak to cross-correlate a single-Gaussian against.

The measured radial velocities for each CV were searched forperiods using the methods

provided by theMIDAS/TSA context, as discussed in Section 3.5.

3.8 Bootstrapping

In order to assess the likelihood that the strongest peak represents the true orbital period in a

periodogram, for systems with ambiguous orbital periods, atest based on bootstrapping sim-

ulations was applied (see Press et al. 1992, section 15.6), following the approach described in

Southworth et al. (2006, 2007b).

Bootstrapping has also been referred to as the ‘quick-and-dirty Monte-Carlo’ technique,

and is used when there is insufficient information on the nature of the errors within a data set to

do a true Monte-Carlo simulation. The method provides a quick estimate of the bias, variation

and errors within a simulated data set by using the actual data setD0 with its N points to simulate

any number of new data setsD1,D2, ..., also withN data points. The procedure drawsN points at

a time with replacement from the setD0. Due to the replacement process the original data set is

not returned but a simulated data set with random fraction ofthe original points (∼ 1/e ≈ 37%;

see Press et al. 1992). These sets are then subjected to the same analytical procedures as the

actual data.

In the context of determining the likelihood of a calculatedorbital period being the cor-

rect one, bootstrapping simulations were performed by randomly re-sampling the data with re-

placement, and calculating new periodograms. The fractionof periodograms in which the high-

est peak fell close to a particular alias can be interpreted as the likelihood of that alias being

correct. However, the probabilities determined from this bootstrapping procedure are slightly

on the pessimistic side. This is due to the fact that each simulation is using only a subset of
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the entire available data. The random sampling with replacement means the simulated data

set contains fewer unique epochs and as a result, there is some loss in the temporal definition.

Additionally when picking out the best aliases interactively, rejection is based not only on the

periodogram, but on aliases which result in the most meaningful phase folded light-curves or

phased radial velocity curves, when analysing the periodograms of the actual observational data

for each system.

3.9 Monte Carlo Simulations

Noise in data will manifest itself in a periodogram, and it iswell known that sometimes noise

can result in large spurious peaks in a periodogram which look like a real periodic signal. It is

therefore important to carry out tests or develop a means by which signal which is simply an

artifact of the noise can be separated from one created from areal periodic phenomena.

Monte Carlo simulations require some knowledge/assumption of the distribution of er-

rors in a data set and the underlying process which created them so that synthetic data sets can

be simulated. The procedure involves drawing random numbers from appropriate distributions

to construct data sets with exactly the same number of measured points and precisely the same

values of all control (independant) variables as the original data setD0. The simulated data

setsD1,D2, ..., are by construct supposed to have exactly the same statistical relationship in the

simulated/estimated parameters as the original measured parameters in the original data set.

Monte Carlo simulations can be used to determine the significance of periods (Frescura

et al. 2007; Horne & Baliunas 1986) and also provide a means ofdetermining detection lim-

its.The significance of periodogram peaks were determined for systems SDSS J0904+4402 and

SDSS J0919+0857, and detection limits are discussed for SDSSJ 1711+3013 in Chapter 4 of

this thesis.

Monte Carlo simulations were carried out using the data for each system. The process

involved shuffling the original data, with each point having the same error as the original data set.

This method implies that the ‘model’ is one which contains noperiodic variation. The obvious

result of the re-shuffling is that the temporal definition changes and the original ‘signal’ is lost.

The re-sequencing of observations means that a new data set has been created. For each new
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shuffled lightcurve a periodogram is produced, and since any coherent modulation in the data is

missing the data looks more like white noise, any large spikes or periodicities are now due to

random chance from the reshuffling. The highest peak of each periodogram is stored in a file and

the process is carried out several hundred time and a distribution of the highest peaks is plotted.

This plot represents the probability distribution of the peaks from all the periodograms. The

significance the peaks is determined by over-plotting linescorresponding to the following sigma

values, 1σ = 68%, 2σ = 95.4% and 3σ = 99.7%, this means that at 68% of the periodograms

of simulated data have a peak at least as high as the signal in the original periodogram whose

significance you want to test. Any peaks in the distribution which exceed the 3σ threshold are

considered significant, while those that exceed the 2.5σ threshold but below the 3σ threshold

are considered marginally significant.

Detection limits are determined by first detrending the data, i.e. by removing all frequen-

cies related to the orbital period and the observing run. This is achieved using theSINEFIT/TSA

context inMIDAS. Next a sine wave with an arbitrary frequency is ‘injected’ or the added to the

lightcurve, and Monte Carlo simulations are carried out to see if it manifests itself as a signifi-

cant (3σ) spike in the probability distribution. By varying the amplitude of the added sine until

it falls below the 3σ line or indeed any desired threshold value one can determinethe detection

limit of a signal.
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Chapter 4

Time-Series Photometric Observations

of 15 CVs Identified by the SDSS

The Sloan Digital Sky Survey (SDSS; York et al. 2000) has the potential to dramatically improve

the observational side of CV population studies. Sampling alarge volume inugriz colour space

and extending deeper than any previous large-scale survey,SDSS provides the most homoge-

neous and complete sample of CVs to date. At the time of writing, the sample of definite SDSS

CVs contains 213 systems, of which 177 are new discoveries (Szkody et al. 2002b, 2003a, 2004,

2005, 2006, 2007a[henceforth PSI–PSVI]Roelofs et al. 2004; Anderson et al. 2005; Schmidt

et al. 2007, Groot et al. 2007, submitted). The newly identified CVs have been followed-up

by a number of groups (e.g. Wolfe et al., 2003; Pretorius et al., 2004; Woudt & Warner, 2004;

Peters & Thorstensen, 2005; Roelofs et al., 2005; Tramposchet al., 2005; Gänsicke et al., 2006;

Southworth et al., 2006, 2007a,b; Littlefair et al., 2006a,b).

Our group was awarded the 2004/05 International Time Programme on La Palma and the

following chapters report on the time-series photometric and spectroscopic observations which

were carried out as part of the follow-up observations of theSDSS CVs.
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4.1 Introduction

In this chapter, I present time-resolved CCD photometry of 15 CVs1. I provide a discussion

of the morphology of the lightcurves and the CV subtypes and accurate orbital periods for 11

systems.

Sample light curves for each object are shown in Figure 4.1, where the SDSS identi-

fication spectra from PSI–V are also displayed for convenience. At a first visual inspection,

the light curves of the observed systems display a wide variety of morphologies, including ap-

parently non-periodic flickering (SDSS J0018+3454), deep eclipses (SDSS J1250+6655, SDSS

J0901+4809), periodic double-humps (e.g. SDSS J0151+1400), double-peaked flare-like events

(SDSS J0854+3905), or the absence of significant variability altogether(SDSS J1514+4549 and

SDSS J0904+4402). The lightcurves obtained on different nights for an individual system are

rather similar in all cases, except for SDSS J0901+4801 and SDSS J2116+1134, which were ob-

served both in quiescence and in outburst. Objects of particular interest are SDSS J0901+4809

and SDSS J1250+6655 which are deeply eclipsing. SDSS J0854+3905 is a polar with an ex-

tremely modulated light curve, which is likely due to a mixture of cyclotron beaming and

eclipses of the accretion region by the white dwarf. One out of the five systems with white-

dwarf dominated optical spectra exhibits non-radial pulsations.

The choice of periodogram for each system in this chapter wasdependant on the time

series analysis which was most appropriate for each light-curve and provided the cleanest pe-

riodogram. As discussed in Section 3.5, Fourier type analysis are most appropriate for light-

curves which display sinusoidal variations, whilst phase folding techniques are most appropriate

for non-sinusoidally varying lightcurves and those with sharp variations such as eclipses.

Thescargle periodogram was most appropriate for SDSS J1244+6135 as it displayed

the strongest power corresponding to the orbital period compared to theort andaov phase fold-

ing techniques, which displayed noise at lower frequenciescorresponding to the sub harmonics

of the orbital frequency. SDSS J1250+6655 was used as an example in Figure 3.3 Section 3.5 to

show the different methods which can be used for time series analysis inMIDAS TSA context.

The periodograms for SDSS J0901+4809 and SDSS J1250+6655, were produced by the method

described in Section 3.6. For the rest of the CVs, theort periodogram is shown. This phase

1As published in Dillon et al. (2008)
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folding technique is not just better suited for these non-sinusoidal varying systems but due to the

combined method of using a Fourier type analysis with a phasefolding technique (as described

in Section 3.5), the algorithm produces a much smoother periodogram thanaov, by suppressing

the alias periods and reducing the power/signals at lower frequencies.

4.2 Results on Individual Systems

4.2.1 SDSS J00183454.

The SDSS identification spectrum in Figure 4.1 displays strong narrow emission lines. While

the strength of HeII λ4686 is suggestive of a magnetic CV nature, the absence of noticeable

polarisation (< 0.2%) argues against SDSS J0018+3454 being a polar (PSIV). According to

Szkody et al. (2005) time-series spectroscopy with 3 Å resolution obtained over a 2 h period

failed to detect a significant radial velocity variation. Our photometry obtained over four nights

shows non-periodic flickering activity with an amplitude of∼ 0.1 mag on time scales of∼

20− 40 min and night-to-night variations of∼ 0.3 mag. Close inspection of the SDSS spec-

trum of SDSS J0018+3454 reveals a broad absorption dip centred on 5150 Å, along with a

host of narrow absorption lines in that range (see insert in Figure 4.1), typical of a mid-K

main sequence star, strongly suggesting an early-type donor star. In fact, the continuum spec-

trum of SDSS J0018+3454 resembles closely that of SDSS J204448.92–045928.8, for which

Peters & Thorstensen (2005) determined a donor star spectral type of K4–5 and an orbital

period of 2419 min. The contribution of the donor star in SDSSJ0018+3454 is weaker than

in SDSS J2044–0459, indicating a relatively larger contribution of the accretion luminosity in

SDSS J0018+3454. Combining the spectroscopic appearance with the absence of noticeable ra-

dial velocity variations over short time scales (PSIV), it appears likely that SDSS J0018+3454

is a long-period CV, and phase-resolved spectroscopy spanning a sufficiently long time should

easily provide the radial velocity variation of the donor star from its absorption lines. The strong

HeII λ4686 emission line in a presumably long-period system is very untypical, and unravelling

the nature of this object should be high-priority task.
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Figure 4.1:Sample lightcurves for all objects observed (Table 3.1) along with their SDSS identification
spectra from PSI–V.
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Figure 4.1 continued.Photometry of SDSS 2116+1134 was obtained both in quiescence and in outburst.
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Figure 4.2:Periodograms (right panels) and phase-folded lightcurves(left panels) of the 11 SDSS CVs
for which we could determine an orbital period from our photometry The method indicated to compute
the individual periodograms (scargle, aov, ort) is indicated.
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4.2.2 SDSS J0027−0108 (EN Cet).

This object has been identified as a dwarf nova in outburst andspectroscopically confirmed as

a cataclysmic variable by Esamdin et al. (1997). The SDSS spectrum of EN Cet (Figure 4.1,

PSIV) is of rather poor quality, containing a double-peakedHα emission line. The observed flux

upturn at the red end of the spectrum is interesting, as it could represent the donor star in this

object. However, it appears more likely that it is an artifact from the night sky calibration, which

is problematic in fibre spectroscopy at such low flux levels. Theort analysis of ourV-band pho-

tometry obtained over three consecutive nights reveals a periodic signal at 16.9d−1 (85.4 min)

and contains power at the second harmonic as well (Figure 4.2). The ort periodogram was

chosen for this system as phase-folding method of time-series analysis was better suited for a

light-curve with a non-sinusoidal variation. Theaov periodogram, provided the same value for

the orbital period but displayed more power at the lower frequencies corresponding to the length

of the run, than that for the peak corresponding to the orbital period. bootstrap simulation (Sec-

tion 3.8) suggests a∼ 73% probability for the choice of the strongest alias in the periodogram

corresponding to the intrinsic period of the data, the flanking 1d−1 aliases having likelihoods of

∼ 10%. Phase-folding the data using this period results in a light curve with a double-hump

morphology (Figure 4.2). Such a light curve shape is observed in a number of ultrashort-period

CVs, such as e.g. WZ Sge (Patterson et al., 1998a), RZ Leo, BC UMa, MM Hya, HV Vir (Patter-

son et al., 2003), WX Cet (Mennickent, 1994; Rogoziecki & Schwarzenberg-Czerny, 2001), and

HS 2331+3905 (Araujo-Betancor et al., 2005c). The 85.4 min signal isinterpreted as the orbital

period of the system. From a sine-fit to the data,Porb = 85.44± 0.07 min.

4.2.3 SDSS J0151+1400.

The SDSS spectrum of this object (Figure 4.1, PSI) contains double-peaked Balmer emission

lines, suggesting a moderately high inclination. The HeI lines are very weak, and the slope

of the spectrum has a break near 6500 Å, suggesting that the secondary star may contribute to

the observed flux in the red part of the SDSS spectrum. To explore this possibility, a three-

component model was applied, consisting of a blackbody (to represent the blue continuum), an

isothermal/isobaric hydrogen slab (Gänsicke et al. 1999, to representthe accretion disc), and

an M-star template (Rebassa-Mansergas et al. 2007, to represent the secondary star). A reason-
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able fit to the SDSS spectrum of SDSS J0151+1400 is achieved for a blackbody temperature of

8500 K, and a radius of the blue component of 1.4 × 109 cm, a slab temperature and column

density of 5800 K and 2× 10−2 g cm−2, and a spectral type of the donor of M6, with all three

components scaled to a distance of 480 pc (see Gänsicke et al. 2006; Rodrı́guez-Gil et al. 2005a;

Southworth et al. 2006 for more details on this type of spectral modelling). These parameters

should be considered with some caution, as the SDSS spectrumis of rather poor quality and

covers an unknown orbital phase. Nevertheless, the spectral type suggested by the fit is consis-

tent with the donor stars that are typically observed in thisorbital period range (e.g. Silber et al.,

1994; Remillard et al., 1994; Mennickent & Diaz, 2002). The geometric extension and temper-

ature of the blue continuum component, combined with the absence of broad Balmer absorption

lines, argues against an origin on the white dwarf but ratherfor an origin from the accretion disc

edge and/or bright spot. A single outburst of SDSS J0151+1400 has been detected by Hiroyuki

Maehara in January 2007 (vsnet-alert 9139).

The g-band lightcurves obtained on three consecutive nights display a double-humped

morphology with an amplitude of∼ 0.3 mag. The strongest signal in anort periodogram is

detected at a frequency of 12.1d−1 (118.8 min), with some power at the second harmonic (Fig-

ure 4.2). A bootstrap simulation shows that the alias choiceis unambiguous for SDSS J0151+1400.

In analogy to SDSS J0027–0108, we interpret the strongest signal as the orbital period of the sys-

tem, and obtain from a sine-fit to the dataPorb = 118.68± 0.04 min.

4.2.4 SDSS J0748+2905.

While the identification spectrum displays HeII emission (Figure 4.1, PSIII) the absence of no-

ticeable polarisation ruled out a polar nature for this object (PSIII). An orbital period of 2.5 h was

estimated by PSIII from radial velocity variations, thoughthis must be considered no more than

a rough estimate, as the system was observed only for≃ 2.6 h. Our singleg-band light curve

covering∼ 1 h shows variability on time scales of 15–20 min with an amplitude of≃ 0.2 mag.

The system was found at a mean magnitude ofg ≃ 19.2, whereas the light curve in PSIII showed

the system atV ≃ 18.3, indicating long-term variability of the object (the nearby companion un-

resolved in the photometry reported in PSIII hasg = 22.5 and can safely be neglected). No

coherent periodicity was detected from our data, unsurprising since we were only able to ac-
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Figure 4.3:ORT, AOV, scargle periodograms for SDSS J0748+2905, from 55 min of photometric data.
There is lack of structure and coherence in the periodogramswhich show nothing which could be at-
tributed to the orbital period of the system.

quire 55 min of data. To illustrate this, I have provided thescargle, ort, aov periodograms

for this system in figure 4.3. The peak in theort periodogram corresponds to the length of the

observing run, whilst the peaks at lower frequencies in theaov correspond to the sub-harmonics

of the observational run.

4.2.5 SDSS J0824+4931.

The SDSS spectrum of SDSS J0824+4931 (Figure 4.1, PSI) broadly resembles that of SDSS J0027–

0108 and SDSS J0151+1400 with slightly double-peaked Balmer emission lines along with very

weak HeI lines. The secondary star does not noticeably contribute atred wavelengths. TheV-

band lightcurves are of a double-humped shape with a∼ 0.5 mag amplitude. SDSS J0824+4931

was observed on three consecutive nights (Table 3.1), with very poor conditions in the second

night. During the observations, SDSS J0824+4931 was substantially fainter than the magnitude

reported from the SDSS imaging data. Using only the data fromthe first and the third night, an

ort analysis results in an unambiguous signal at 15.16d−1 (Figure 4.2), and a sine-fit to the data

givesPorb = 94.99± 0.02 min. In contrast, anort analysis of the combined data from all three
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Figure 4.4:ORT periodogram for SDSS J0824+4931, using three nights of observations, showing equal
power at three frequencies: 14.67d−1 (98.1 min), 15.16d−1 (95.0min), and 15.65d−1 (92.0min).

nights (shown in Figure 4.4) gives three possible frequencies: 14.67d−1 (98.1 min), 15.16d−1

(95.0 min), and 15.65d−1 (92.0 min). These three signals have roughly equal strengthin the

power spectrum, and similar probabilities in a bootstrap simulation.

Boyd et al. (2007) recently performed the first photometric study of SDSS J0824+4931

during a superoutburst, detecting superhumps with a periodof 100.14±0.07 min and an underly-

ing weak signal at 98.9±0.9 min, which they interpreted as the orbital period of the system, sug-

gesting a superhump excess ofǫ = 0.13. Using the superhump period from Boyd et al. (2007),

our three possible orbital period aliases, 98.1 min, 95.0 min, and 92.0 min, result inǫ = 0.021,

0.054, 0.088, respectively. Based on Patterson’s (2005) compilation of known superhump ex-

cesses, the 98.1 min alias seems most probable, as it impliesa low, but not unusual superhump

excess, similar to KV And (Patterson et al., 2003) and HS 0417+7445 (Aungwerojwit et al.,

2006). The 95.0 min and 98.1 min periods are less likely and implausible respectively, as no

dwarf novae withǫ > 0.05 are found below the period gap (e.g. Nogami et al., 2001; Patterson

et al., 2003, 2005).

The exact value of the orbital period of SDSS J0824+4931 remains somewhat debatable.

Erring on the conservative side, the value reported in Table3.1 gives an error including the two

flanking aliases in the photometry, hencePorb = 95± 3 min.

4.2.6 SDSS J0854+3905 (EUVE J0854+390).

This system was identified as a possible magnetic CV by Christian et al. (2001). Their optical

spectra displayed large radial velocity variations suggesting a period of< 0.2 d. The SDSS
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spectrum (Figure 4.1, PSIV) shows the system fainter by a factor ∼ 10 with much weaker HeII

emission. Spectropolarimetric observations of SDSS J0854+3905 confirm the magnetic nature

of the system, displaying circular polarisation levels of up to −30% with cyclotron harmonic

humps clearly visible in the spectrum (PSIV).

Two g-band lightcurves of SDSS J0854+3905 show a strong periodic double-peaked

flare-like morphology with a peak-to-peak amplitude of∼ 1 mag with a period of∼ 2 h. Anort

periodogram calculated from the data gives an unambiguous signal at 12.7d−1 (113 min), and

a sine-fit (including four harmonics because of the sharply modulated light curve morphology)

results inPorb = 113.26± 0.03 min (Figure 4.2).

The extreme shape of the modulation can be understood in terms of a combination of

cyclotron beaming from the accretion column near the white dwarf and the accretion region be-

ing eclipsed by the white dwarf for parts of the spin cycle, similar to the geometry in AM Her

(Gänsicke et al., 2001). Maximum flux occurs near the orbital phasesϕ ≃ 0.26 andϕ ≃ 0.68

(Figure 4.2, where the zero-point of the phase is arbitrary), where the line-of-sight must be clos-

est to being perpendicular to the magnetic field lines in the accretion column. The sharp rise

and drop in flux observed near phasesφ ≃ 0.2 andφ ≃ 0.75 recurs with high precision in

both nights, and suggests that the accretion column/region is self-eclipsed by the body of the

white dwarf. The drop in flux centred onφ ≃ 0.5 occurs when the magnetic pole rotates into

view, and the angle between the line-of-sight and the magnetic field lines in the accretion region

reaches a minimum value. The modulation observed betweenφ ≃ 0.75 − 0.20 could be re-

lated to accretion onto the second pole, or a geometric projection effect of the accretion stream.

Given that the white dwarf spin in polars is magnetically locked to the orbital period, a pe-

riod of Porb = 113.26 min is deduced. SDSS J0854+3905 appears to be a promising object for

(spectro)polarimetric follow-up observations, which will allow a precise reconstruction of the

accretion geometry.

4.2.7 SDSS J0901+4809.

The SDSS spectrum (Figure 4.1, PSII) shows deep central absorption structures in the Balmer

and HeI emission lines, suggesting a high inclination of the system. The slope of the spectrum

displays a break near 6500 Å, similar to SDSS J0151+1400. Applying the same type of three-
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component model as for SDSS J0151+1400, it is found that rather similar parameters provide a

satisfactory fit to the SDSS spectrum of SDSS J0901+4809, i.e. a blackbody temperature and

radius of 9500 K and 1.2×109 cm, respectively, a slab temperature and column density of 6100 K

and 2× 10−2 g cm−2, respectively, and a donor star spectral type of M6, all scaled to a distance

of 520 pc. All in all SDSS J0151+1400 and SDSS J0901+4809 seem to be very similar in their

parameters, with the latter having a slightly higher inclination.

A single unfiltered light curve of SDSS J0901+4809 (Table 3.1) identifies the system as

deeply eclipsing one. On 6 Oct 2007, one of our observers (SB), detected the first outburst of

SDSS J0901+4809, finding the object at an unfiltered magnitude of∼ 16.2. Over the course of 5

days, it faded to an unfiltered magnitude of∼ 18.1, after which it was too faint for the equipment

available at that time. The eclipse centres were measured bymirroring eclipse profiles and

shifting them in time until the best overlap was achieved. The eclipse timings are reported in

Table 4.1. A linear fit to the eclipse times results in the eclipse ephemeris:

Teclipse(UTC) = 2 453 773.48752(3)+ 0.077880505(35)× E (4.1)

i.e. an orbital period of 112.15 min (12.84d−1). The corresponding cycle numbers and observed-

minus-computed (O-C) eclipse times are reported in Table 4.1. There is a small chance for a cy-

cle miscount, which would result in a somewhat shorter period of 0.077870588(50) d (112.13 min),

however, the O-C values prefer the period given in Equation 4.1. SDSS J0901+4809 is a prime

candidate for high time resolution eclipse studies to measure accurate binary parameters (see

e.g. Feline et al., 2004a; Littlefair et al., 2006a).

4.2.8 SDSS J0904+4402.

The identification spectrum of SDSS J0904+4402 (Figure 4.1, PSIII) shows that the white dwarf

is the dominant source of light in this system. No trace of thedonor star is detected in the red part

of the spectrum. Mildly double-peaked Balmer emission lines are superimposed on the broad

absorption lines from the white dwarf.g-band and filterless photometry of SDSS J0904+4402

does not contain any periodicity that could be identified as the orbital period.

Inspired by the identification of a number of accreting whitedwarfs among the SDSS
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Table 4.1:Eclipse timings, cycle number, and the difference in observed minus computed eclipse times
using the ephemerides in Equations (4.1) and (4.2).

Object Teclipse(UTC) O− C]] (s) Cycle

SDSS J0901+4801 2453773.48757 4 0
2453773.56532 -7 1
2453773.64332 4 2
2454379.78725 -1 7785
2454379.86519 4 7786
2454382.90215 -28 7825
2454382.98060 21 7826
2454383.36973 -2 7831
2454383.44766 2 7832
2454384.84940 -8 7850
2454384.92749 11 7851

SDSS J1250+6655 2453407.55964 -1 0
2453407.67713 1 2
2453445.67918 5 649
2453445.73774 -10 650
2453447.49997 4 680
2453447.55857 -9 681
2453447.61750 9 682
2454494.58109 6 18507
2454494.63971 -4 18508
2454494.69853 3 18509
2454494.75714 -8 18510
2454494.81597 1 18511
2454496.57856 46 18541
2454496.63684 7 18542
2454496.69558 7 18543
2454496.75419 -4 18544
2454496.81320 20 18545
2454496.93046 1 18547
2454500.68934 -17 18611
2454500.74828 2 18612
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CVs which exhibit non-radial pulsations (Woudt & Warner, 2004; Warner & Woudt, 2004;

Gänsicke et al., 2006; Nilsson et al., 2006), the periodogram of SDSS J0904+4402 were in-

spected for the presence of short-period signals. The INTg-band data shows (by means of a

Monte-Carlo simulation as discussed in Section 3.9) a significant signal (3σ) at 8.678(34) min

(165.94(65)d−1) with an amplitude of 26 mmag (Figure 4.5). The NOT data showstwo signif-

icant (3σ) level signals at 7.678(40) min (187.53(99)d−1) and 12.16(11) min (118.8(1.1)d−1),

with amplitudes of 12.5 mmag and 11.3 mmag, respectively (Figure 4.6). However, given the

fact that the two runs yield different periods, SDSS J0904+4402 would only be considered as a

pulsating WD candidate, as accretion-related flickering could easily mimic such a putative pul-

sation signal. Additional time-series photometry is encouraged to test whether or not the periods

detected at the INT and NOT are detected again.

4.2.9 SDSS J0919+0857.

The SDSS spectrum of SDSS J0919+0857 (Figure 4.1, PSIV) is dominated by the white dwarf

with no signature from the donor star. PSIV estimatedPorb ≃ 1.4 h from 2 h of time-resolved

spectroscopy, and compared the system to GW Lib, the first ZZ Ceti star found in a CV (van Zyl

et al., 2000).

Our single filterless light curve shows humps with a period of∼ 40 min superimposed on

a downward trend in the system brightness. Detrending the overall trend by subtracting from the

light curve a copy of the data smoothed with an 80-point box car, anort periodogram was com-

puted from the detrended light curve containing broad peakscentred at a frequency of 17.7d−1

and its harmonic (Figure 4.2). This suggests that the actualmorphology of the light curve is

double-humped, similar to SDSS J0027–0108, SDSS J0151+1400, and SDSS J0824+4931. A

sine-fit to the data results inPorb = 81.6± 1.2 min.

The power spectrum at shorter periods reveals a marginally significant signal (2σ level)

at 259.93 ± 0.94 s (332.41d−1), which is interpreted as a possible non-radial pulsation mode

(Figure 4.7). Based on the detection of that signal in additional data, Mukadam et al. (2007)

confirmed SDSS J0919+5028 as a white dwarf pulsator.
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Figure 4.5:Monte Carlo simulation of SDSS J0904+4402 INT data. Significant signal at 8.678(34)min
(165.94(65)d−1) with an amplitude of 26 mmag

Figure 4.6: Monte Carlo simulation of SDSS J0904+4402 NOT data. Two significant signals at
7.678(40)min (187.53(99)d−1) and 12.16(11)min (118.8(1.1)d−1), with amplitudes of 12.5 mmag and
11.3 mmag,
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Figure 4.7:Monte Carlo simulation of SDSS J0919+0857 using Cafos data. A marginally significant
signal at 259.93± 0.94 s (332.41d−1), which is interpreted as a possible non-radial pulsation mode

4.2.10 SDSS J1244+6135.

The SDSS spectrum (Figure 4.1, PSII) displays strong double-peaked Balmer and HeI emission

lines, suggesting a high inclination. Ourg-band data obtained over three consecutive nights

reveals a periodic modulation with an amplitude of≃ 0.2 mag. Thescargle periodogram con-

tains a cluster of aliases with the strongest signal at 10.0d−1 (144 min) (Figure 4.2). The absence

of power at the second harmonic indicates that the light curve morphology of SDSS J1244+6135

is not, as in e.g. SDSS J0027–0108 or SDSS J0151+1400, double-humped. A bootstrap simu-

lation shows that the alias choice is unambiguous with a likelihood of 97.2%. The observed

modulation is interpreted as the orbital period, and determined asPorb = 142.9± 0.2 min.

4.2.11 SDSS J1250+6655.

The identification spectrum of SDSS J1250+6655 (Figure 4.1, PSII) contains broad double-

peaked Balmer emission lines with deep central absorption,typical of high-inclination systems.

No spectroscopic feature from the donor star is detected in the red part of the spectrum. PSII

suggested an orbital period of 5.6 h on the basis of a short (2.3 h) set of time-resolved spec-

troscopy, but the long (15 min) integration times could not resolve eclipses. The NOT light

curve of SDSS J1250+6655 revealed the occurrence of deep (∼ 2 mag) eclipses. A first outburst
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of this CV was detected by one of our observers (SB) on 29th January 2008.

The mid-eclipse times (Table 4.1) were determined in an analogous way as for SDSS

J0901+4809, and a linear fit to those times gives the following eclipse ephemeris:

Teclipse(UTC) = 24 534 07.55966(7)+ 0.0587356870(43)× E (4.2)

i.e. an orbital period of 84.57941(16) min (≃ 17.0d−1). With SDSS J1250+6655 being close

to the observed minimum orbital period for hydrogen CVs, eclipse studies appear especially

worthwhile to determine accurate masses and radii for the stellar components in this system –

lying between the eclipsing XZ Eri (Porb = 88.0 min, M2 = 0.0842± 0.0024M⊙, Feline et al.

2004a) and SDSS J1035+0551 (Porb = 82.1 min, M2 = 0.052±0.002M⊙ , Littlefair et al. 2006b;

Southworth et al. 2006).

4.2.12 SDSS J1514+4549.

This is another white dwarf dominated CV, with no noticeablecontribution from the donor star

(Figure 4.1, PSIV). Our twog-band lightcurves reveal very little variability, and no periodicity

that could be ascribed to the orbital period is detected in the periodograms calculated from the

data. Our two observations found the object at a constant mean brightness ofg ≃ 20.2. The

periodograms created from the observations are shown in Figure 4.8. There is little power at

all frequencies and no peak which could be ascribed to the orbital period. Nilsson et al. (2006)

reported the detection of non-radial pulsations with a period of 559.3 s in two observations,

and the absence of this signal in a third observation. The non-detection of this period in our two

observing runs suggests that SDSS J1514+4559, if it is a pulsator, has a rather unstable pulsation

spectrum.

4.2.13 SDSS J1711+3013.

Very similar to SDSS J1514+4549, the SDSS spectrum of SDSS J1711+3013 clearly reveals the

white dwarf (Figure 4.1, PSIII) but no evidence for the secondary star. A total of 5 light curves

were obtained on three consecutive nights in August 2004 andon two consecutive nights in

August 2005. All lightcurves reveal a double-humped morphology. An ort periodogram of the
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Figure 4.8:Periodograms for SDSS J1514+4549 from two nights of observations. There is very little
power at all frequencies and hardly any variation within theperiodograms.

2005 data, which is of better quality than the 2004 data, contains the strongest peak at 17.9d−1

(80.4 min), which is interpreted as the orbital period (Figure 4.2). A bootstrap simulation shows

that the choice of this alias is unambiguous (99.6% likelihood). A sine-fit to the data results

in Porb = 80.35± 0.05 min. Combining the data from both years confirms this result, but does

not allow a more accurate period determination as the periodogram suffers from strong 1-year

aliases (Figure 4.9). It is noted that no significant signal at shorter periods is found in any of

the observations (Figure 4.10), with a detection limit of 12mmag (see Section 3.9 ), which is

consistent with the non-detection of ZZ Ceti pulsations in this object by Mukadam et al. (2007).

4.2.14 SDSS J2116+1134.

The SDSS spectrum of SDSS J2116+1134 (Figure 4.1, PSIII) shows double-peaked Balmer

emission lines on a very weak continuum. The object was foundin the SDSS imaging data

at g = 15.3, whereas we measuredg = 21.8 from the SDSS spectrum, clearly showing that

SDSS J2116+1134 is a dwarf nova. In August 2004, photometry obtained with the LT found

the object rising in magnitude fromg = 19.4 to 18.6 over the course of a 3 h-long observing

run, indicating another outburst of the system. In August 2005, filterless photometry obtained
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Figure 4.9:AOV, ORT andscargle periodograms for SDSS J1711+3013, created from 2004 and 2005
data, one can see the strong 1-year aliases in all periodograms.

Figure 4.10:Monte Carlo simulation of SDSS J1711+3013. A sine with an amplitude of 12mmag was
injected at 100d−1 in the data, the signal falls just under the 3σ level detection limit.
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over three consecutive nights showed the system at a mean magnitude ofg ≃ 22.2, display-

ing a double-humped light curve. Anort periodogram contains two strong aliases at 17.5d−1,

(82.3 min) and 18.5d−1, (77.8 min) (Figure 4.2), with the bootstrap test giving a 66% preference

for the lower frequency alias. Sine fits to both aliases determine the two periods to±0.03 min,

however, given the ambiguous choice of the correct alias,Porb = 80.2± 2.2 min is adopted as a

conservative value.

4.2.15 SDSS J2154−0901.

The identification spectrum of SDSS J2154–0901 (Figure 4.1,PSII) shows a blue continuum

superimposed by relatively weak and narrow Balmer and HeIlines, as well as weak HeII λ4686.

The lightcurves of SDSS J2154–0901 obtained over three consecutive nights show sub-

stantial flickering activity and a long-term modulation with a broad minimum and a steep de-

cline. An ort periodogram contains a strong signal at 4.5d−1, (320 min), and a sine fit to the

data givesPorb = 319± 0.7 min. SDSS J2154–0901 is the only system above the 2− 3 h period

gap among the 11 systems for which a period could be determined.

4.3 Discussion

Our photometric study of 15 CVs contained within the SDSS spectroscopic data base has led

to the determination of 11 orbital periods, along with additional information on CV subtypes

(Table 3.1). In summary, the sample contains 1 system above the gap, 1 system within the gap,

and 9 systems periods below the 2–3 h period gap.

A plot of the orbital period distribution of the 11 CVs discussed in this chapter is shown

in Figure 4.11. The sample has been superimposed on the orbital period distribution of 455 CVs

identified before the Sloan Digital Sky survey from V7.6 of the Ritter & Kolb 2003 catalogue.

These systems are henceforth considered as thenon-SDSSCV sample, referred to through-

out this thesis. The CVs in thenon-SDSSsample, haveno spectrum in SDSS Data Release 6

(DR6, Adelman-McCarthy et al. 2007), and exclude all systems which were flagged as having

an uncertain orbital period value. A further detailed discussion of this sample can be found in

Section 6.3.
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The orbital periods for four systems could not be determined, the main reason due to the

lack of sufficient observational data both in quality and quantity. For all these systems further

intensive follow-up i.e. a longer observations over consecutive nights with better signal-to-noise

ratio will be an effective means for determining their orbital periods.

Based on their spectroscopic appearance the white-dwarf dominated SDSS J0904+4402

and SDSS J1514+4549 are likely to have periods below the gap. However for SDSS J0904+4402

only 6.74 hr of photometric data were acquired on two observations (NOT and INT) separated

by a month, as was also the case for SDSS J1514+4549, where 5.6 hr of photometric observa-

tions were carried out on the LT over the course of a month. Clearly this tactic is not an effective

means for determining the orbital period for these types of systems which have low luminosity

accretion discs and probably low amplitude orbital modulations which have not been detected in

our data. With regards to SDSS J0748+2905 and SDSS J0018+3454 their spectroscopic appear-

ance seems to suggest that these systems are likely to have periods above the gap. It is therefore

not surprising that a period could not be determined for SDSSJ0748+2905 with only 55 min of

photometric data! In the case of SDSS J0018+3454, this system shows little radial velocity vari-

ation (PSIV) and spectroscopic characteristics of CV with amid-K sequence donor. It has also

been compared to a similar CV; SDSS J204448.92−045928.8 for which Peters & Thorstensen

(2005) determined an orbital period of 2419 min. For this system, a long sustained photometric

campaign is the only means of determining the orbital period(Thorstensen, priv. comm) since a

long orbital period implies a large orbital separation which would result in very low amplitude

radial velocity variations already been confirmed by Szkodyet al. (2005).

Thus far the results corroborate the findings of Szkody et al.(2003a, 2007a) and South-

worth et al. (2006, 2007b), who noticed a larger fraction of short-period systems among the

SDSS CVs compared to the previously known CVs (see e.g. Aungwerojwit et al. 2006 for CVs

from the Hamburg Quasar Survey or Pretorius et al. 2007a for CVs from the Palomar Green

Survey, which did not find more CVs below the period gap than above). In particular, five

systems have periods within∼ 5 min of the∼ 80 min orbital minimum which constitutes the

theoretical and now observed period minimum spike (Gänsicke et al. 2008 in prep), which is

discussed in detail in Chapter 6. Three of those have opticalspectra dominated by the white

dwarf (SDSS J0027–0108, SDSS J0919+0857, and SDSS J1711+3013), with no signature from
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Figure 4.11:The orbital period distribution of the 11 CVs calculated from photometric observations in
this chapter (grey). The location of the 2-3 hr period gap is highlighted by the grey region. The sample
contains, 1 system above the gap, 1 system within, and 9 systems below. The photometric sample has
been superimposed on the orbital period distribution of 455CVs from V7.6 of the Ritter & Kolb 2003
catalogue (white) – non-SDSSCVs which haveno spectroscopy in SDSS Data Release 6 excluding all
systems which were flagged as having an uncertain orbital period value.

the mass donor, indicating both very low mass transfer ratesand a very late spectral type of

the companion star. All three closely resemble SDSS J1035+0551, an eclipsing white-dwarf

dominated CV (Southworth et al., 2006) with a low-mass browndwarf donor (Littlefair et al.,

2006b). About∼ 20% of the CVs identified by SDSS have white-dwarf dominated spectra (PSI–

VI), similar to SDSS J1035+0551 and the systems studied here, and orbital period measurements

are available for∼ 20 of these systems, with the majority being found near the minimum period

(e.g. Woudt & Warner, 2004; Pretorius et al., 2004; Zharikovet al., 2006; Gänsicke et al., 2006;

Southworth et al., 2006, 2007b). Hence, it appears likely that complete follow-up of the SDSS

CV sample will lead to a substantial increase of CVs with extremely short orbital periods.

Having discussed some of the intrinsic properties of the systems within the sample, and

taking into consideration that SDSS seems to be picking up a larger fraction of shorter period

systems, further analysis could help to determine whether or not the methods of identification of

CVs in SDSS differs from the ‘average’ CV discovery method in the previouslyknown sample.

Figure 4.12 shows the cumulative period distribution of thenon-SDSSCVs and thenew-
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Figure 4.12:Normalised cumulative period distributions in the rangePorb = 76− 120 min of (a) 455
CVs from Ritter & Kolb (2003; V7.6) – excluding systems with spectroscopy in SDSS DR6 and systems
whose periods are marked as uncertain (black), (b) 7 of the newly CVs (see text) identified from SDSS
(blue). A two-sided Kolmogorov-Smirnov comparing the distributions of thenon-SDSSCVs and the
sample ofnew-SDSSCVs in this chapter results in a 12.8% probability that the two distributions being
drawn from the same parent population.

SDSSCVs on a linear scale in orbital period. A two-sided Kolmogorov-Smirnov (KS) test was

applied in an attempt to determine whether or not the two distributions deviate from each other

in a statistically significant way. The period range over which the limits2 of the test were carried

on, were set as 76.78 min, corresponding to the shortest-period ”standard” hydrogen-rich CV,

GW Lib, to 120 min, corresponding to the lower edge of the period gap. Consequently this

means that CV sample is reduced to 7new-SDSSCVs and 2 previously confirmed systems –

old-SDSSCVs.

The KS test comparing the cumulative distributions of thenon-SDSSCVs and thenew-

SDSSCVs in this sample, results in a 12.8% probability of the two distributions being drawn

from the same parent population. This result shows that the period distribution of short pe-

riod systems (<120 min) of the non-SDSS and new-SDSS CVs are not statistically different,

although we do note the samples are small. On a positive note though, the above result might be

further enhanced by the addition of the orbital periods of two systems – SDSS J0904+4402 and

SDSS J1514+4549, if our hypothesis of them being short period systems were correct, which

could not be determined this time around.

2Further detailed discussion of the limits chosen for the KS test are to be found in Section 6.3 as part of the
discussion of the orbital period distribution of all CVs from SDSS.
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A final note concerns the detection of non-radial pulsationsin a number of SDSS CVs

(Woudt & Warner, 2004; Gänsicke et al., 2006; Nilsson et al., 2006; Mukadam et al., 2007).

While all of the confirmed pulsators have white-dwarf dominated spectra, it does not appear

possible to predict the presence of pulsations in a given system just on the base of its optical

spectrum. Among the CVs studied here, five exhibit the white dwarf in the SDSS spectrum, but

only one system appears to be a non-radial pulsator (SDSS J0919+0857). Ultraviolet observa-

tions show that pulsations can appear over a wide range of white dwarf effective temperatures

(Szkody et al., 2002a; Araujo-Betancor et al., 2005c; Szkody et al., 2007b), and hence the “insta-

bility strip” is apparently less well-defined than for single white dwarfs (Mukadam et al., 2004;

Gianninas et al., 2006). This difference may be related to the contamination of the envelope by

accreted helium in the CV white dwarfs (Arras et al., 2006).

4.4 Conclusions

In this chapter, time-series photometric observations of 15 CVs were presented from the SDSS

spectroscopic database. Orbital periods could be determined for 11 of these systems. An

overview of the properties of the CVs within this sample gives the following: two of the new

CVs are eclipsing, SDSS J0901+4809 and SDSS J1250+6655, and are prime targets for detailed

binary parameter studies. One polar, SDSS J0854+3905, exhibits a sharply modulated light

curve and warrants polarimetric follow-up in order to establish the accretion geometry. Finally,

only one out of five CVs having white-dwarf dominated spectradisplays non-radial pulsations.

The results of this chapter corroborate the findings of Szkody et al. (2003a, 2007a) and

Southworth et al. (2006, 2007b), who noticed a larger fraction of short-period systems among the

SDSS CVs compared to the previously known CVs from the from the Hamburg Quasar Survey

(Aungwerojwit et al. 2006) or the Palomar Green Survey (Pretorius et al. 2007a).

In order to determine whether or not this new sample differs from the Ritter & Kolb

distribution in a statistically significant way, a KS test comparing the cumulative distributions

of thenon-SDSSCVs and thenew-SDSSCVs in this sample was carried out. The results show

12.8% probability of the two distributions being drawn fromthe same parent population. This

result is motivating but inconclusive since the sample is too small. However it is rapidly becom-
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ing apparent that this is likely to change, since current investigations of SDSS CVs show that a

complete follow-up of the SDSS CV sample will lead to a substantial increase in the number of

CVs with short orbital periods (Szkody et al. 2003a, 2007a).
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Chapter 5

Time-Series Spectroscopic and

Photometric Observations of 14 CVs

Identified by the SDSS.

5.1 Introduction

In this chapter I present the results of time-series spectroscopic and photometric follow-up ob-

servations of 14 SDSS CVs1 . The SDSS identification spectrum of each object is shown in Fig-

ure 5.1. Systems of particular interest are SDSS J0903+3300 and SDSS J0932+4725 which are

deeply eclipsing; SDSS J1249+0357, which shows no evidence of mass transfer and is a pre-CV

candidate, and SDSS J2101+1052, which shows no variation or modulation in its spectroscopic

properties, defying spectroscopic analysis. The periods with some accompanying details of each

system are given in Table 3.2.

1Dillon et al. in prep (to be submitted)
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Figure 5.1:The SDSS identification spectra of all objects observed shown in Table 3.2 which are dis-
cussed in this chapter.
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Figure 5.2: Left panel: Phased radial velocity curves for the CVs which the orbitalperiod could be
determined.Right panel: Scargle periodograms computed from Hα line radial velocity measurements.
The frequencies corresponding to the orbital period (Table3.2) have been highlighted with tick marks.
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Figure 5.3:Phase-folded lightcurves of CVs with accompanying photometric data and the associated
periodograms (Table 3.2).

5.2 Results on Individual Systems

5.2.1 SDSS J0802+4010

Also known by the designation KUV 07589+4019, this object was originally identified as an

sdB star (Wegner & Boley, 1993) and is the northeastern component of a close pair of objects

on the sky. The discovery spectra lacked the signal-to-noise ratio to detect Balmer emission

lines. The SDSS spectrum (PSII) shows Balmer and weak HeI emission lines, as confirmed by

the three nights of spectroscopic observations at the NOT in2004 November and December.

PSII speculated that this CV is likely a low-inclination system with a high mass transfer rate – a

typical novalike with a bright accretion disc.

The three nights of spectroscopic data were analysed using the double Gaussian tech-

nique with FWHM= 250km s−1 and a separation of 1300km s−1. The resulting radial veloci-

ties give a period ofPorb = 221.62± 0.04 min (3.69 hr). Bootstrapping simulations using the

scargle periodogram method give a 57% probability that this is the correct period.
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5.2.2 SDSS J0808+3131.

The SDSS spectrum of this CV was taken during outburst. PSIIIacquired a single 20 min APO2

(Apache Point Observatory) spectrum in 2003 November and 9 hr of NOFS3 (US Naval Obser-

vatory Flagstaff) photometry in 2004 January as part of follow-up observations for this system.

The APO spectra displayed a dwarf nova-type CV in quiescencewith strong emission lines,

whilst photometric observations indicated a system in outburst atV = 14.5. The outbursts

were considered to be lengthy as a week later the system was observed to be still at magnitude

V = 14.7. The photometric observations at the time showed a modulation with an amplitude

of 0.04 mag on a timescale of 6 hr, superimposed on a decliningbrightness trend throughout the

observations.

Two nights of LT photometry show a variation with a peak-to-peak amplitude of 0.4 mag

and low-amplitude short-term variability. Thescargle periodogram computed from the photom-

etry gives an orbital period ofPorb = 296.45± 0.75 min (4.94 hr) (Figure 5.2). Bootstrapping

simulations indicate a 97% probability that this is the correct period.

By analysing the 5.3 hr of spectroscopic WHT observations using the double Gaussian

technique on the Hα emission lines, with a Gaussian of FWHM= 100km s−1 and a separation

of FWHM = 1100km s−1, a period ofPorb = 301.41± 11.12 min (5.02 hr) is deduced.

As the time coverage of the photometric data acquired for this system is greater than that

for the spectroscopic data, the resulting periodogram has agreater temporal resolution (compare

Figure 5.2 and Figure 5.3). As a result, the orbital period calculated from the photometry is more

precise, so it is adopted as the final value (Table 3.2).

5.2.3 SDSS J0903+3300.

The SDSS spectrum of this object (PSIV) displays strong double-peaked hydrogen Balmer emis-

sion lines with additional emission from HeI, (strongest in the 5876 Å line) indicating a system

with a high orbital inclination. There also seems to be some indication of flux coming from the

2Time-resolved spectroscopy was done at the 3.5m telescope in New Mexico at Apache Point Observatory (APO)
equipped with a Double Imaging Spectrograph. The spectrograph was used in high-resolution mode (resolution about
3Å) with a 1.5” slit covering the wavelength regions of 4200− 5000Å in the blue and 6300− 7300Å in the red.

3Photometry was accomplished using with the US Naval Observatory Flagstaff Station (NOFS) 1m telescope,
using a 2048x2048 SITe/Tektronix CCD, with no filter in order maximise the signal-to-noise ratio (S/N).
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white dwarf. PSIV presented 2.4 hr of APO spectra with exposure times 900–1200 s, and from

a double-Gaussian analysis found a period of roughly 1.3 hr (78 min).

A single night of INT photometry spanning 7 hr shows five eclipses with depths of

2.0 mag. An analysis of these eclipses gives an orbital period of Porb = 85.22 ± 0.14 min.

The full orbital ephemeris measured from the eclipses is:

Teclipse(UTC) = 2453371.5199(2)+ 0.05918(9)× E (5.1)

where the figures in parentheses give the uncertainties in the last decimal place of the preceding

numbers. See Table 5.1 for details of eclipse times.

In addition to the photometric observations, spectroscopic observations of this system

using WHT/ISIS were carried out. A double-Gaussian analysis of the Hα line (FWHM =

200km s−1 and separation 2500km s−1) gives a period of 84.99±0.16 min (1.42 hr), which tallies

very well with the orbital period determined from the photometry. Bootstrapping simulations of

the radial velocity measurements provide a 87% probabilitythat this is the correct period, the

second-highest probability being assigned to the 1d−1 alias at 90.53 min. The period calculated

from the eclipse fitting is quoted in Table 3.2.

5.2.4 SDSS J0932+4725.

The SDSS spectrum of this system (PSIII) shows double-peaked Balmer lines and strong emis-

sion of HeII 4686 Å. This system was originally identified as US 691 in the Usher survey of

faint objects at high galactic latitudes (Usher et al., 1982), and has been compared to SDSS

J102347.67+003841.2 (Bond et al., 2002; Szkody et al., 2003a). PSIII were unable to establish

the nature of the system, noting that neither SW Sex stars or polars show the strong double-

peaked emission lines which imply an origin in an accretion disc. PSIII presented APO spec-

troscopy which suggests a period of 102 min (1.7 hr). The longintegration times (900 s) used

meant that the eclipsing nature of this system was not noticed. The overall errors were also stated

to be large for the brightness level of the system (PSIII). Further studies of SDSS J0932+4725

(and SDSS J102347.67+003841.2) were carried out by Homer et al. (2006a).

SDSS J0932+4725 was considered to be a candidate intermediate polar (IP): strong HeII
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4686 Å emission is a telltale signature of magnetic systems but its emission lines lack the large

equivalent widths and narrow components that are observed in polars. Homer et al. acquired

two nights of photometry, covering seven deep eclipses. Four of the eclipses had sufficient

time resolution to be used in the calculation of an ephemeris, resulting in an orbital period of

95.27± 0.20 min. With regards to X-ray data, the count rate was too low to construct an X-ray

lightcurve of the system or even to constrain the emission model, although the X-ray-to-optical

flux ratio was found to be fully consistent with known intermediate polars.

The single night of TNG photometry of SDSS J0932+4725 shows three eclipses with

depths of 2.0 mag over the course of 6 hr. Using the eclipse fitting technique an orbital period of

Porb = 95.28± 0.10 min was calculated. Combining these eclipse timings withthose of Homer

et al. (2006a), a more accurate period ofPorb = 95.476± 0.0001 min can be determined. The

full eclipse ephemeris is:

Teclipse(UTC) = 2453106.68432(8)+ 0.06630326(8)× E (5.2)

In addition to the photometry, just over two hours of WHT spectroscopy was also acquired. A

double-Gaussian analysis of the Hα emission line (using FWHM= 200km s−1 and a separa-

tion of 2100km s−1) results in a period of approximately 90 min. This shows thatthe system

exhibits velocity variations, but is not sufficient to improve the orbital period calculated from the

eclipses, therefore the photometric period is adopted as the final value for the orbital period of

SDSS J0932+4725. See Table 5.1 for details of eclipse times.

5.2.5 SDSS J1249+0357.

The SDSS spectrum of this system (PSIII) shows strong narrowBalmer lines and spectral sig-

natures of a white dwarf and a M dwarf. There is no evidence of mass transfer as would be

indicated by strong Balmer emission lines from an accretiondisc, so the system is therefore

likely to be a pre-CV. Only six 600 s spectra were taken for this system, and are shown in Fig-

ure 5.4. Radial velocity measurements (Table 5.2) of these spectra show only a small variation of

around−20km s−1, but differ from the velocity of the SDSS spectrum by as much as∼30km s−1.

The radial velocity measurements of this system are around−15±5km s−1. This system is likely
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Table 5.1:Measured eclipse timings for SDSS J0903+3300 and SDSS J0932+4725. The residuals of the
linear fit, relative to the ephemerides in Equation5.1 Equation 5.2 are given in the column markedO−C.

Object Teclipse(UTC) O− C (s) Cycle
SDSS J0903+3300 2453371.52008 13 0

2453371.57913 2 1
2453371.63810 −16 2
2453371.69714 −29 3
2453371.75698

SDSS J0932+4725 2453106.68445 11 0
Homer et al. (2006a) 2453106.75044 −16 1

2453106.81690 −2 2
2453137.64816 19 467
2453137.71423 −1 468
2453137.78013 −36 469
2453137.84700 13 470

TNG Observations 2453378.66037 7 4102
2453378.72665 5 4103
2453378.79282 −7 4104

Table 5.2: Radial velocity measurements from the SDSS spectrum and thesix WHT spectra of
SDSS J1249+0357.

HJD Radial Velocity (km/s)
2452426.666651 22.2± 10.7

2453371.745401 −10.6± 5.6
2453371.752491 −16.9± 4.9
2453371.759575 −18.7± 5.3
2453371.766660 −9.9± 5.1
2453371.776005 −20.5± 4.7

to be a system with a relatively long period.

5.2.6 SDSS J1457+5148.

The SDSS identification spectrum of this system shows the underlying white dwarf, with the

deep central absorption features in the hydrogen Balmer lines that indicate a high-inclination

system. The white dwarf is also likely to be pulsating (PSIV).

Our photometric observations seem to show small-amplitudeshort-period fluctuations,
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Figure 5.4:The Hα emission line in the six WHT spectra of SDSS J1249+0357. The spectra have been
offset by arbitrary amounts for clarity.

which may be linked to the white dwarf pulsations. Thescargle periodogram computed from

the LT and NOT photometry gives a period ofPorb = 84.93± 0.01 min. Unfortunately there is

a strong alias at 89.82 min. Bootstrapping simulations givea probability of 44% that the period

is 84.93 min and 34% for the 89.82 min alias. The spectrum of this system was unfortunately

too noisy which meant the quality was too low to ascertain anystructure let alone measure

any variation related to the radial velocity of the system (Figure 5.5). It is very apparent that

further observations of this system are necessary to eitherreduce the power in the aliases of the

photometric observations or to start spectroscopic observations from scratch.

5.2.7 SDSS J1538+5123

The SDSS spectrum of this system was presented by PSIII, as well as APO spectroscopy which

indicates a period of 1.6 hr. The SDSS spectrum shows strong hydrogen Balmer emission, with

additional HeI emission. 31 spectra were obtained using the TNG over two nights in 2004

August. A double-Gaussian analysis of the Hα emission line (FWHM= 100km s−1 and a sepa-

ration of 2100km s−1) gives a period ofPorb = 93.11±0.09 min (1.55 hr). Bootstrap simulations

give a 100% probability that this is the correct period.
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5.2.8 SDSS J1610+4459.

The SDSS spectrum of this system (PSIII) shows strong emission and absorption features in

the Balmer lines and wide absorption due to the white dwarf component. There is some HeI

emission.

Our WHT spectra of this system shows strong Balmer emission which is clearly double-

peaked. A single Gaussian analysis with FWHM= 800km s−1 gives a period ofPorb = 97.94±

0.42 min (1.63 hr) with very strong aliases at 104.52 min and 92.12 min. Bootstrapping simula-

tions give a probability of 20% that this is the correct period, and the aliases have probabilities

of 18% and 7%, respectively, giving a 45% probability, that the period of this system lies within

an orbital period range 91.12 ≤ Porb ≤ 104.52 min. This result means that this system has an

orbital period shorter than the 2–3 hr period gap, but our observations are not able to provide an

unambiguous period measurement. As a result, the period forthis system has not been included

in table 3.2. Further observations of this systems are necessary to reduce the power at the aliases,

and provide a precise orbital period.

5.2.9 SDSS J1703+3209.

The SDSS spectrum of this system (PSIII) shows narrow Balmeremission lines accompanied

with a signature of a secondary star. Closer inspection of the spectra reveals the presence of

an absorption dip centred on 5150Å, along with numerous absorption lines in that range (see

Figure 5.1). These features are typical of a mid-K main sequence star, which strongly suggests

an early type donor. Spectroscopically this system is very similar to SDSS J0018+3454 (Dillon

et al. (2008), also previous Chapter 4) and SDSS J204448.92-045928.8 for which (Peters &

Thorstensen, 2005) determined a spectral type of K4-5 and anorbital period of 2419min. The

trailed TNG spectra are shown in Figure 5.5 and also display no variation.

5.2.10 SDSS J2048−0610.

This system shows double-peaked hydrogen Balmer and HeI emission lines, indicating a high-

inclination system (PSII). The white dwarf component is also visible in the SDSS spectrum.

31 WHT spectra were obtained over two nights in 2005 July, anda double-Gaussian analysis
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Figure 5.5: Trailed spectra of SDSSJ 1457+5148 (NOT), SDSS J1703+3209 (TNG) and
SDSS J2101+1052 (WHT). No modulation or structure is apparent in any of the trail spectra constructed
from any of the observations of these systems.

of these data (FWHM= 100km s−1 and separation 1800km s−1) results in an orbital period of

Porb = 87.49± 0.32 min (1.46 hr). Bootstrapping simulations provide an 80% probability that

this is the correct period, and low probabilities for the aliases at 82.67 min (11%) and 92.88 min

(9%).

5.2.11 SDSS J2101+1052.

This system shows Balmer emission lines, with accompanyingHeI and strong HeII emission

indicative of a magnetic nature. PSII presented 1.3 hr of APOspectra which showed no velocity

variation to a limit of 30km s−1. The system was fainter in the Digitised Sky Survey(DSS)plates

than in the SDSS observations, indicating that it has high and low states.

Further studies were carried out by Homer et al. (2006b), include 3.5 hr of NOFS pho-

tometry which were obtained 5.5 hr prior to 1.2 hr of XMM-Newton coverage. Spectra taken five

days before these observations confirm that the Balmer and HeII emission strengths were simi-

lar to that in the SDSS spectrum. Spectropolarimetric observations (see Homer et al. 2006b and

references therein) yielded average polarisation values|v| = |V/I | < 0.4%, ruling out a polarised

nature for this system.

The XMM-Newton observations failed to detect any strong X-ray modulations. In fact,
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the X-ray spectra indicated a cool thermal plasma (∼ 10 keV) inconsistent with an IP, but more

typical of a disc–accreting system and an obscured line of sight, leading to the conclusion that

this is likely a low-inclination SW Sex star. Considering the NOFS lightcurve, Homer et al.

speculated that the period of this system is approximately 107 min. According to PSII, further

inspection of the lightcurve however did not seem to portraya clear-cut periodic modulation

which could be attributed to the orbital period, although the system does fluctuate by 1.0 mag on

a quasi-periodic timescale during the course of the photometry.

The data (Table 3.2), constitutes two consecutive nights ofspectroscopic observations

on the TNG in 2004 August (totalling 7 hr) and a further night of WHT spectroscopy in 2005

July lasting over 6 hr. The results from these observations are not very telling. Figure 5.5 shows

trailed spectra from observations taken at the WHT, which isrepresentative of all the data which

were acquired. The data fail to show any variation in radial velocity and show no structure in

the trailed spectra.

Further photometry covering more than 2 hr may shed some light on the nature of this

system, and possibly provide some indication of its orbitalperiod. For now, however, this system

has remained stubborn in the face of both spectroscopic and X-ray analysis.

5.2.12 SDSS J2234+0041.

The SDSS identification spectrum of this object was presented by PSII, and shows a system with

narrow hydrogen Balmer emission accompanied by HeI emission lines. According to Szkody

et al. (2003a), their 2 hr of APO spectroscopy indicates thatthis system has an orbital modu-

lation at a period of 2 hr. They also say that this system was somewhat brighter in the SDSS

spectroscopic observation, implying that it is likely a dwarf nova. In total 79 spectra over two

nights were obtained with the TNG. A double Gaussian analysis (FWHM = 100km s−1 and a

separation of 2000km s−1) of the Hα emission yields radial velocities which give a period of

Porb = 127.29±0.25 min (2.12 hr). Bootstrapping simulations give a 91% probability that this is

the correct period. If this is an dwarf nova, further observations are necessary to determine the

frequency and amplitude of the outbursts.
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5.2.13 SDSS J2258−0949.

The SDSS spectrum of this system (PSII) shows strong narrow Balmer, HeI and HeII emission.

This system was first identified as PB 7412, a blue star in the BF84 survey4 (Berger & Fringant,

1984), and then classified as an emission-line object in the HK Survey5 (Beers et al., 1996).

This system is a dwarf nova which has been detected in outburst twice (vsnet-alert 8257, vsnet-

campaign-dn 4366) in 2004 July and August and there have beenindications of superhump

modulations.

The NOT spectra did not provide any clear modulation for thissystem, possibly due to

insufficient resolution, although it was once again caught in outburst on the final night of the run

on the 2004 November 5th. However, this time the TNG observations proved to be more fruitful

in determining a period, but unfortunately, the quality of the data had insufficient signal-to-noise

to produces a clear concise folded radial velocity curve (Figure 5.2).

A double Gaussian analysis of the Hα emission line (FWHM= 100km s−1and a separa-

tion of 900km s−1) gave a period ofPorb = 119.45± 3.92 min (1.99 hr). Further observations of

this system are necessary to reduce the error.

5.2.14 SDSS J2303+0106.

This is a dwarf nova system in which the secondary component can be identified in the SDSS

spectrum (PSI). The system shows strong narrow hydrogen Balmer lines, accompanied with

HeI emission. APO spectra were obtained for this object both in quiescence and in outburst.

In outburst, the system is brighter by a factor of 120 in the blue and 60 in the red with broad

absorption features surrounding the Hβ and Hγ emission lines. Doppler tomography of the

system indicated a low mass transfer rate and minimal disc emission, without evidence for a

luminous hotspot near the mass transfer stream from the secondary star. A period of 100 min

was determined from radial velocities of the Hα and Hβ emission lines.

Two nights of data were obtained at the WHT. A single Gaussiananalysis of the Hα

line (FWHM = 500km s−1) gave a periodPorb = 110.51± 0.24 min (1.84 hr). Bootstrapping

4The BF84 Survey: a search for faint blue stars at high galactic latitudes near the South galactic pole.
5The HK Survey: northern and southern interference-filter/objective prism survey of Beers and collaborators. The

HK refer to the H and K CaII absorption features of target objects.
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simulations give a 63% probability that this is the correct period. The next most likely alternative

(31%) is an alias at 102.33 min.

5.3 Discussion

Time-series spectroscopic and photometric observations of 14 CVs has led to the determination

of orbital periods for 9 systems identified from the SDSS spectroscopic data base, shown in

Table 3.2. The orbital period distribution of these systemsis shown in Figure 5.6. The sample

contains 2 systems above the gap, 1 system within the gap, and6 systems below the gap. Only

one of these systems, SDSS J0903+3300 (Porb = 85.22± 0.14 min), has a period within the 80-

86 min period range which constitutes the theoretical and now observed period minimum spike

(Gänsicke et al. 2008 in prep, Chapter 6).

The new sample has been superimposed on the orbital period distribution of 455 CVs

from V7.6 of the Ritter & Kolb 2003 catalogue – also known asnon-SDSSCVs which haveno

spectroscopy in SDSS Data Release 6 (DR 6 Adelman-McCarthy et al. 2007), and excluding all

systems flagged as having an uncertain orbital period.

There were five systems for which definitive orbital periods could not be determined –

SDSS J1249+0357, which is not a CV but a pre-CV candidate. SDSS J1457+5148, SDSS J1610

+4490, SDSS J1703+3209 and SDSS J2101+1052 are discussed in further detail below. As with

systems from the previous chapter, recommendations for further observations are made in order

to pinpoint the orbital periods of these systems.

The spectroscopic characteristics of SDSS J1457+5148 and SDSS J1610+4490 indicate

that they are likely to reside below the period gap. The spectrum of SDSS J1457+5148 shows

the presence of the WD with some contribution from the secondary star. Our photometric evi-

dence suggests the presence of non-radial pulsations of theWD, although further observations

are necessary to confirm the pulsations and determine the modes and frequencies. Unfortunately

our data for this system was insufficient to provide an unambiguous orbital period, bootstrapping

simulations gave a probability of 44% for an orbital period of Porb = 84.93± 0.01 min and a

34% probability for a period ofPorb = 89.82 min. The results however, are sufficient enough

to say that SDSS J1457+5148 resides below the period gap. This system can be compared
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to previous CVs confirmed as containing a pulsating white dwarf, such as SDSS J1339+4847;

Porb = 82.52 min (Gänsicke et al., 2006), SDSS J0131-0901;Porb = 81.54 min (Southworth

et al., 2007b) and SDSS J0919+0857; Porb = 81.60 min (Dillon et al., 2008; Mukadam et al.,

2007). All these systems have periods very close to the 80 minperiod minimum. Additional pho-

tometric observations may be sufficient to accurately pin down the orbital period of this system

or even better quality spectroscopy will help to determine whether or not SDSS J1457+5148

is another member of this group. With respect to SDSS J1610+4490, the presence of strong

aliases in the periodogram proved a hinderance for unambiguous orbital period determination.

The cause of this is due to the two very short spectroscopic observing runs 3.0 hr and 1.83 hr

only separated by two nights at the WHT. Longer observationsover consecutive nights will help

reduce the power at the aliases and give an accurate orbital period. The spectrum of this system

shows the presence of a WD but no signature from the secondary, indicating an evolved donor

star and a low mass transfer rate.

The last two systems SDSS J1703+3209 and SDSS J2101+1052 are most likely long

period systems residing above the period gap. The spectra ofSDSS J1703+3209 shows the

presence of a secondary component most likely a mid-K main sequence star. This system is

comparable to SDSS J0018+3454 (Dillon et al. (2008), also see Chapter 4) which is speculated to

have a long orbital period and SDSS J204448.92-045928.8 (Peters & Thorstensen, 2005) which

has a K4-5 donor star and an orbital period of 2419 min (1.68 d). An extensive photometric or

spectroscopic campaign would be ideal to determine the orbital period of this system.

Finally, SDSS J2101+1052, although previous studies by Homer et al. (2006b) were

unable to constrain the X-ray properties of this system, whether or not it is an intermediate polar

remains unconfirmed, the system shows similar properties toa confirmed IP HS 0943+1404

(Rodrı́guez-Gil et al., 2005b). Unfortunately spectroscopic analysis of this system was not able

to provide further insight. The presence of strong HeII line, and a doubling of the spectral

lines, suggests the presence of a disc. It is likely that thisCV is a high-mass accreting system,

possibly a novalike. As previously stated, photometry covering more than the 2 hr acquired by

Homer et al. (2006b) may shed some light on the nature of this system, an extensive photometric

campaign could give an indication of its orbital period. Fornow, however, this system has

remained stubborn in the face of both spectroscopic and X-ray analysis.
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Table 5.3: Comparisons of Sample Properties.

Sample Σ 80-86 < 2 h 2−3 h > 3 h < g >

Photometry 15 5 9 1 1 19.14
Photometric and Spectroscopic 14 1 6 1 2 18.26

A table comparing the number of CVs from the two samples of discussed in this thesis at the 80 – 86
min period minimum, below the period gap, within the 2–3 h period gap and above the gap. Note that the
average magnitude of the mainly spectroscopic sample is 0.88 magnitude brighter than the photometric
sample.

One can compare the orbital period distribution of the mainly spectroscopic sample of

CVs to that of thepurelyphotometric sample in Chapter 4 (as published in Dillon et al. 2008).

Table 5.3 provides a breakdown. 6/14 (43%) systems in the mainly spectroscopic sample lie

below the period gap, whilst only 1/15 (6.6%) of systems lie within the spike. The orbital period

distribution has a tendency towards longer periods. In the photometric sample 9/15 (60%) of

systems lie below the gap, whilst 5/15 (33%) of systems lie within the spike. In this sample the

orbital period distribution has a definite tendency towardsshorter orbital periods.

This characteristic is easily explained through the bias that arises when interactively

determining candidates for spectroscopic observations. Since higher signal-to-noise is necessary

for workable spectroscopic data, intrinsically brighter CVs are chosen (Table 5.3). Inherently

these systems are likely to have higher mass transfer rates,driven by magnetic braking at longer

orbital periods. As already discussed in Chapter 3, the averageg-magnitude for the photometric

sample is< gphot >= 19.14 and the mainly spectroscopic sample< gspec>= 18.26. The average

magnitude of the mainly spectroscopic sample is 0.88 magnitude brighter than the photometric

sample.

As with the photometric sample of CVs, a KS test was carried out to see if any difference

between this sample of CVs varied from the previously known,non-SDSSsample.

Figure 5.7, shows the cumulative period distribution of thenon-SDSSCVs and thenew-

SDSSCVs on a linear scale in orbital period. Using the same limitsfor a two-sided Kolmogorov-

Smirnov test as in Chapter 4, (discussed in further detail inSection 6.3). Using the lower limit at

the orbital period minimum at 76.78 min and the upper limit tothe lower edge of the period gap

at 120 min, the CV sample is reduced to 5new-SDSSCVs and 1 previously confirmed system,
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Figure 5.6:The orbital period distribution of the 9 CVs calculated fromspectroscopic and photometric
observations in this chapter (grey). The grey region shows the location of the 2-3 hr period gap.The sam-
ple contains, 2 system above the gap, 1 system within, and 6 below. The sample has been superimposed
on the orbital period distribution of 455 CVs from V7.6 of theRitter & Kolb 2003 catalogue (white) –
non-SDSSCVs which havenospectroscopy in SDSS Data Release 6 and exclude all systems which were
flagged as having an uncertain orbital period value.

Figure 5.7: Normalised cumulative period distributions in the rangePorb = 76− 120 min of (a) 455
CVs from Ritter & Kolb (2003; V7.6) – excluding systems with spectroscopy in SDSS DR6 and systems
whose periods are marked as uncertain (black), (b) 5 new CVs identified from SDSS (blue). A two-sided
Kolmogorov-Smirnov comparing the distributions of thenon-SDSSCVs and the sample of SDSS CVs
in this chapter results in a 51.2% probability for the two distributions being drawn from the same parent
population.
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even smaller than the photometric sample discussed in Chapter 4.

The KS test comparing the cumulative distributions of thenon-SDSSCVs and thenew-

SDSSCVs in this sample, results in a 51.2% probability of the two distributions being drawn

from the same parent population, the two samples do not even differ at 1σ level. The result is

interesting since by design, the spectroscopic sample is brighter, and this implies that the sample

is likely to contain systems with higher mass transfer ratesand hence longer orbital periods

similar to thenon-SDSSCVs.

5.4 Conclusions

Time-series spectroscopy was obtained for 14 systems contained in the SDSS database, with

additional time-series photometric observations for five of the systems. 9 orbital periods have

been established for the 13 CVs. For the remaining 5 systems orbital periods could not be deter-

mined, 4 are CVs and one system; SDSS J1249+0357, is a pre-CV candidate. Of the remaining

CVs, two are speculated to reside below the gap. One of these systems, SDSS J1457+5148,

may contain a pulsating white dwarf, but requires further time-series photometric observations

to confirm this hypothesis.

A two-sided Kolmogorov-Smirnov test on the small sample of CVs did not provide

evidence that it was statistically different to the previously known sample of CVs. Even though

in this group of 13 CVs, 6 systems have periods below the gap – only one system has a period

within the 80-86 min period range which constitutes the period minimum spike (Gänsicke et al.

2008 in prep). This can be compared to the five systems mentioned in the previous chapter.

Indeed it could be the deviation towards longer periods expected to be found in a dominantly

spectroscopic sample that has also contributed to such a inconclusive result.
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Chapter 6

The Period Minimum Spike

This chapter has been adapted from a paper due for submissionMay 20081, of which I am named

second author and is still undergoing review from associated collaborators. I inform the reader

that sole contribution has been made by Boris T. Gänsicke inSections 6.4, 6.5, 6.6 as stated in

the declarations of this thesis.

6.1 Introduction

CVs with main-sequence or slightly evolved donors evolve towards lower mass transfer rates,

longer evolutionary timescales and shorter orbital periods, via angular momentum loss through

gravitational radiation (Faulkner, 1971; Paczynski & Sienkiewicz, 1981) and/or magnetic brak-

ing (Verbunt & Zwaan, 1981; Rappaport et al., 1983). This process continues until the mass of

the donor is too low to sustain hydrogen burning and starts tobecome degenerate. At this point,

the evolution of the binary orbit reverses towards longer orbital periods, providing a strong

premise for the existence of a minimum orbital period (Rappaport et al., 1982; Paczyński &

Sienkiewicz, 1983). Since the probability of detecting a system at a given range in orbital period

is proportional to the time it requires to evolve through that range,N(P) ∝ 1/|Ṗ|, a significant ac-

cumulation of CVs at the minimum period is expected, often dubbedthe period minimum spike

(Kolb & Baraffe, 1999).

While a sharp minimum orbital period is found in the observedsample (e.g. Knigge,

1At the time of corrections of this thesis in February 2009, the afore mentioned paper still awaiting submission.
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2006), no accumulation of systems at that period has yet beendetected. This absence of the

predicted pile-up of systems near the minimum period among the observed CVs has been one

of the most intensively debated discrepancies between CV evolution theory and observations

(Patterson, 1998; Kolb & Baraffe, 1999; King et al., 2002; Barker & Kolb, 2003; Willems et al.,

2005), casting doubts on our understanding of compact binary evolution in general.

The following chapter contains a compilation of orbital period measurements for 116

SDSS CVs, and shows that the period distribution of these systems differs dramatically from

all previously examined samples2. In particular, a clear accumulation of systems in the period

range 80–86 min is observed, consistent with the predictionof a period minimum spike made by

the population models. Furthermore it is also shown that thebulk of the systems in this spike

display distinctly different properties from the average short-period (<∼ 120 min) CV.

6.2 Orbital Period Measurements

For the purposes of quantitative comparison between the original orbital period distribution of

an observed sample of CVs and that of a population model, somecare has to be taken concerning

the actual period measurements included in the observed distribution.

Given that CV periods are in the range from 80 min to about a day, a single night of

data will hence cover at most a few orbital cycles, and the typical lower limit on the error of

orbital periods from such data is∼ 10%. More accurate period determinations are obtained by

combining data obtained over a number of nights. However, this potential for an improved period

measurement comes at the price of an additional uncertainty. As the CV orbital periods are often

much shorter than a day, the number of orbital cycles in between the two or more observing

nights may be ambiguous, which is known as cycle-count uncertainty, or aliasing. Section 3.8

discusses the methods used to establish the probability of different cycle-count aliases.

An additional note concerns the indirect orbital period determination for CVs exhibiting

photometric variability in the form of superhumps, which are thought to be related to tidal in-

teractions between the donor star and the accretion disc. Stolz & Schoembs (1984) published

an empirical relation between the superhump period and the orbital period, that has been used

2AM CVn stars are excluded from the analysis. These are ultrashort helium-rich double-degenerate binaries that
are not included in the standard CV population models.
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to estimatePorb for a number of CVs. In order to assess the error of these orbital period esti-

mates, an up-to-date compilation on superhumping systems by Patterson et al. (2005) was used.

A linear relation to the superhump excess (ǫ) and orbital period data provided by Patterson et al.

(2005) was fitted. Systems abovePorb = 0.1 d, where the scatter in the relation becomes large

were excluded, as well as EG Cnc, WZ Sge, AL Com and DI UMa whichhave unusually small

values ofǫ. The result of this fit shows that the 1σ error on orbital periods determined from a

superhump period is∼ 7 − 10 min for systems withPorb <∼ 2.5 h, and hence rather crude (see

also Schreiber 2007).

In order to fulfill the scientific motivation of producing an orbital period distribution, the

published orbital period measurements of every individualSDSS CV were inspected. Systems

where the relative error on the orbital period measurement exceeded 3% were excluded, along

with those where there was substantial doubt on the correct choice of cycle count alias.

The SDSS CVs that passed that scrutiny are listed in Table 6.1for CVs that were iden-

tified from SDSS spectroscopy, and in Table 6.2 for those CVs which were previously known,

and re-identified among the SDSS spectra.
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Table 6.1:CVs identified by the SDSS (new SDSS CVs) with reliable orbital period determinations. The
CV type is given as DN= dwarf nova, i.e. at least one optical outburst has been detected; AM=AM Her
star, i.e. the system shows characteristics of a strongly magnetic CV, IP= intermediate polar, i.e. coherent
short-period variability related to the white dwarf spin isdetected; NL= novalike variable, i.e. the system
is in a persistent state of high mass transfer; EC= eclipsing. Two additional flags are given, WD= the
SDSS spectrum is dominated by the white dwarf, RASS= the system has been detected in the ROSAT
All Sky Survey.‡ on thePorb of some systems indicates systems for which the orbital period is known to
a high-degree of accuracy.

SDSSJ g Porb [min] Type WD RASS Reference
003941.06+005427.5 20.6 91.50±0.16 CV Y N IV,1
004335.14-003729.8 19.8 83.39±0.08 CV Y N III,2
005050.88+000912.7 20.4 80.3±2.2 CV Y N IV,3
013132.39-090122.3 18.3 81.54±0.13 CV Y N II,3
013701.06-091234.9 18.7 79.71±0.01 DN Y N II,4
015151.87+140047.2 20.3 118.68±0.04 DN N N I,5
015543.40+002807.2 15.4 87.14‡ AM /EC N Y I,6,7,8
023322.6+005059.50 19.9 96.08±0.09 IP: N N I,9
032855.00+052254.2 18.0 121.97±0.25 AM N N VI
040714.78-064425.1 17.8 245.04±0.04 DN/EC N N II,10
075240.45+362823.2 17.7 164.4±3.0 AM N N II,11
075443.01+500729.2 17.3 205.965±0.014 NL/EC N N V,3
080215.38+401047.1 16.7 221.62±0.04 NL N N II,12
080434.20+510349.2 17.9 84.96±30.04 DN Y N V,13,14,15
080846.19+313106.0 19.4 294.45±0.75 DN N N III,12
080908.39+381406.2 15.6 193.014±0.012 NL/EC N N II,16
081256.85+191157.8 15.8 230.5 NL N N V,17
081321.91+452809.4 18.3 416.2±0.6 DN N N I,18
081352.02+281317.3 17.1 175 CV N N IV,17
082409.72+493124.4 19.3 95±3 DN N N I,5,19
084400.10+023919.3 18.3 298.1±0.7 CV N N II,17
090103.93+480911.1 19.3 112.14±0.01 DN/EC N N II,5
090350.73+330036.1 18.8 85.065‡ CV/EC N N IV,12,20
090403.48+035501.2 19.2 86.0 CV Y N III,21
091127.36+084140.7 19.7 295.74±0.22 CV N N IV,9
091945.11+085710.0 18.2 81.3±0.2 CV Y N IV,5,17
092009.54+004244.9 17.5 212.94±0.01 CV/EC N N II,22
093249.56+472523.0 17.8 95.476‡ CV/EC N N III,12,23
103100.55+202832.2 18.3 83.2±2.3 AM N N 24
103533.02+055158.3 18.8 82.090‡ CV/EC Y N V,9,20,25
121209.31+013627.7 18.0 88.428‡ AM Y N 26,27,28
121607.03+052013.9 20.1 98.82±0.16 CV Y N III,9
122740.82+513924.9 19.1 90.649‡ DN/EC Y N V,20,29
123813.73-033932.9 17.8 80.52±0.50 CV Y N II,30
124426.25+613514.5 18.8 142.9±0.2 CV N Y III,5
125023.84+665525.4 18.7 84.579‡ CV/EC N N II,5
...continued on next page.
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Table 6.1 continued.

SDSSJ g Porb [min] Type WD RASS Reference
132723.38+652854.3 17.8 196.772±0.089 NL/EC N N II,31
133941.11+484727.5 17.6 82.524±0.024 CV Y N IV,32
143317.78+101123.3 18.6 78.107‡ CV/EC Y N IV,20
150137.22+550123.3 19.4 81.851 CV/EC Y N III,20
150240.97+333423.8 17.6 84.830‡ CV/EC N N V,20
150722.33+523039.8 18.3 66.612‡ CV/EC Y N IV,20,33
153817.35+512338.0 18.6 93.11±0.09 CV N N III,12
154104.67+360252.9 19.7 84.3±0.3 AM N N IV,22
155331.11+551614.4 18.5 263.48±0.06 AM N N II,33
155531.99-001055.0 19.4 113.54±0.03 CV/EC N N 1,3
155644.23-000950.2 18.1 106.68±0.01 DN Y N I,6
155656.92+352336.6 18.4 128 CV/EC N N V
160745.02+362320.7 18.1 226± NL/EC N N V,12
161033.63-010223.3 19.1 80.52±0.08 CV Y N I,33
162936.53+263519.5 19.3 134±2 AM N N IV,22
163722.21-001957.1 20.6 96.98±0.22 DN N N I,2
164248.52+134751.4 18.6 111±2 CV N N VI,2
165658.13+212139.3 18.5 90.89±0.15 CV N Y IV,17
165837.70+184727.4 20.1 98.06±0.06 CV N N V,2
170053.29+400357.6 19.4 116.355‡ AM N Y II,11
170213.25+322954.1 17.9 144.118‡ DN N N III,34,35
171145.08+301319.9 20.3 80.35±0.05 CV Y N III,5
173008.38+624754.7 16.3 110.22±0.12 DN N N 1,36
204448.91-045928.7 16.9 2420±14 CV N N II,37
204817.85-061044.8 19.4 87.49±0.32 CV Y N II,12,38
205017.83-053626.7 18.1 94.211‡ AM N Y II,6,39,40
205914.87-061220.5 18.4 107.52±0.14 DN N N II,3
210449.95+010545.9 20.4 103.62±0.12 DN N N II,3
211605.43+113407.3 15.3– 80.2±2.2 DN N N III,5
215411.12-090121.6 19.2 319±3 CV N N II,5
220553.98+115553.7 20.1 82.81±0.09 CV Y N II,41
223439.93+004127.2 18.1 127.29±0.25 CV N N II,12
230351.64+010651.0 19.1 110.51±0.24 DN N Y 1,12
233325.92+152222.2 18.7 83.39±0.08 IP N N V,42

1 Southworth et al. 2008a in prep;2 Southworth et al. 2008b in prep;3 Southworth et al. (2007b);4 Pretorius
et al. (2004);5 Dillon et al. (2008);6 Woudt et al. (2004);7 Schmidt et al. (2005c);8 O’Donoghue et al. (2006);
9 Southworth et al. (2006);10 Ak et al. (2005);11 Homer et al. (2005);12 Dillon et al. in prep;13 Pavlenko et al.
(2007); 14 Shears et al. (2007b);15 Zharikov et al. (2008);16 Rodrı́guez-Gil et al. (2007a);17 Thorstensen et al. in
prep;18 Thorstensen et al. (2004);19 Boyd et al. (2007);20 Littlefair et al. (2008), submitted21 Woudt et al. (2005);
22 this work; 23 Homer et al. (2006a);24 Schmidt et al. (2007);25 Littlefair et al. (2006b);26 Schmidt et al. (2005b);
27 Burleigh et al. (2006);28 Farihi et al. (2008);29 Shears et al. (2007a);30 Zharikov et al. (2006);31 Wolfe et al.
(2003); 32 Gänsicke et al. (2006);33 Littlefair et al. (2007);32 Szkody et al. (2003b);33 Woudt & Warner (2004);
34 Littlefair et al. (2006a);35 Boyd et al. (2006);36 Patterson et al., in prep37 Peters & Thorstensen (2005)38 Woudt
et al. (2005);39 Potter et al. (2006);40 Homer et al. (2006b);41 Southworth et al. 2008c in press42 Southworth et al.
(2007a)
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Table 6.2:Previously known CVs (old SDSS CVs), which were spectroscopically re-identified by SDSS. The definition of the colums are the same as in
Table 6.1.

SDSSJ Other Name SDSS gPorb [min] Type WD RASS Reference
002728.01-010828.5 EN Cet 20.7 85.44±0.07 DN Y N IV,1
075117.32+144423.9 PQ Gem 14.2 311.56±0.04 IP N Y V,2
075853.03+161645.1 DW Cnc 15.3 86.1015±0.0003 IP N N V,3,4
082236.03+510524.5 BH Lyn 15.3 224.460‡ NL/EC N N I,5,6,7,8
083619.15+212105.3 CC Cnc 16.8 105.86±0.07 DN N Y V,9
083642.74+532838.0 SW UMa 16.9 81.8136±0.001 DN N Y I,10,11
084303.98+275149.6 EG Cnc 18.9 85.5±0.9 DN Y N IV,12,13
085344.16+574840.5 BZ UMa 16.4 97.8 DN N Y II,14
085414.02+390537.2 EUVE J0854+390 19.2 113.26±0.03 AM N Y IV,1
085909.18+053654.5 RX J0859.1+0537 18.6 143.8 AM N Y IV,16
090950.53+184947.4 GY Cnc 16.4 252.637‡ DN/EC N Y VII,17,18
093214.82+495054.7 1H 0928+5004 17.5 602.4 NL/EC N N V,19
093836.98+071455.0 PG 0935+075 18.3 269.0±0.4 DN N N IV,20
094431.71+035805.5 RXJ 0944.5+0357 16.8 214.4±0.2 DN N Y II,19,21,22
094636.59+444644.7 DV UMa 19.4 123.628‡ DN/EC N N IV,23,24,25
101534.67+090442.0 GG Leo 17.2 79.790‡ AM N Y IV,26
101947.26+335753.6 HS 1016+3412 18.4 92.22±0.17 DN N Y VI,27
102026.52+530433.1 KS UMa 17.4 97.86±0.14 DN N Y III,21,28
102320.27+440509.8 NSV 4838, UMa 8 18.8 97.6 DN N N IV,19
102347.67+003841.2 FIRST J102347.6+003841 18.0 285.255±0.001 CV: N N II,29,30,31
104356.72+580731.9 IY UMa 17.7 106.429‡ DN/EC N N VII,32,33,34
105135.14+540436.0 EK UMa 18.4 114.5±0.2 AM N N IV,35
105430.43+300610.1 SX LMi 16.8 96.72±0.16 DN N Y VI,36,37
105656.99+494118.2 CY UMa 17.8 100.18±0.06 DN N N IV,38,39
110425.64+450314.0 AN UMa 15.8 114.844‡ AM N N V,40,41
110539.76+250628.6 ST LMi 17.6 113.8882±0.0001 AM Y Y VII,42
111544.56+425822.4 AR UMa 15.6 115.921‡ AM N N V,43,44
...continued on ne xt page.
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Table 6.2 continued.

SDSSJ Other Name SDSS gPorb [min] Type WD RASS Reference
113122.39+432238.5 RX J1131.3+4322, MR UMa 16.2 91.25±0.12 DN N N V,45
113722.24+014858.5 RZ Leo 18.7 109.6±0.2 DN Y Y II,28
113826.82+032207.1 T Leo 14.9 84.699‡ DN N Y II,46
114955.69+284507.3 EU UMa 17.9 90.14±0.02 AM N Y VII,47
115215.82+491441.8 BC UMa 18.5 90.16±0.06 DN Y N III,28
125637.10+263643.2 GO Com 18.3 95±1 DN N Y VII,48,49,50
130753.86+535130.5 EV UMa 16.5 79.687‡ AM N Y IV,51,52
134323.16+150916.8 HS 1340+1524 17.6 92.66±0.17 DN N Y VII,27
143500.21-004606.3 OU Vir 18.6 104.697‡ DN/EC N N I,53,54
151302.29+231508.4 NY Ser 16.4 140.4±0.3 DN N N VII,28,55
152613.96+081802.3 QW Ser 18.1 107.3±0.1 DN N N VII,28
155247.18+185629.1 MR Ser 17.2 113.4689±0.0001 AM N Y VII,56
155412.33+272152.4 RX J1554.2+2721 17.6 151.865±0.009 AM N Y VI,57,58
155654.47+210718.8 QZ Ser 17.9 119.752±0.002 DN N N VI,59
161007.50+035232.7 RX J1610.1+0352 17.7 190.54±0.06 AM N Y VII,60,61
162501.74+390926.3 V844 Her 17.2 78.69±0.01 DN N Y IV,62
223843.84+010829.7 Aqr 1 18.3 194.30±0.16 IP N Y II,29

1 Dillon et al. (2008);2 Hellier et al. (1994);3 Rodrı́guez-Gil et al. (2004);4 Patterson et al. (2004);5 Thorstensen et al. (1991a);6 Dhillon et al. (1992);
7 Hoard & Szkody (1997);8 Stanishev et al. (2006);9 Thorstensen (1997);10 Howell & Szkody (1988);11 Shafter et al. (1986);12 Patterson et al. (1998b);
13 Kato et al. (2004);14 Ringwald et al. (1994);16 Reinsch, priv. comm.;17 Gänsicke et al. (2000);18 Feline et al. (2005);19 Thorstensen, priv. comm.;
20 Thorstensen & Taylor (2001);21 Jiang et al. (2000);22 Mennickent et al. (2002);23 Howell et al. (1988);24 (Patterson et al., 2000b);25 Feline et al.
(2004a);26 Burwitz et al. (1998);27 Aungwerojwit et al. (2006);28 Patterson et al. (2003);29 Woudt et al. (2004);30 Thorstensen & Armstrong (2005);
31 Homer et al. (2006a);32 Uemura et al. (2000);33 (Patterson et al., 2000a);34 Steeghs et al. (2003);35 Morris et al. (1987);36 Nogami et al. (1997);
37 Wagner et al. (1998);38 Martinez-Pais & Casares (1995);39 Thorstensen et al. (1996);40 Liebert et al. (1982);41 Bonnet-Bidaud et al. (1996);42 Cropper
(1989);43 Remillard et al. (1994);44 Schmidt et al. (1999);45 Patterson et al. (2005);46 Shafter & Szkody (1984);47 Howell et al. (1995a);48 Howell et al.
(1995b);49 Howell et al. (1990);50 Howell, priv. comm.;51 Osborne et al. (1994);52 Katajainen et al. (2000);53 Vanmunster et al. (2000);54 Feline et al.
(2004b);55 Nogami et al. (1998);56 Schwope et al. (1991);57 Tovmassian et al. (2001);58 Thorstensen & Fenton (2002);59 Thorstensen et al. (2002a);
60 Schwope et al. (2002);61 Rodrigues et al. (2006);62 Thorstensen et al. (2002c);
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6.3 The Orbital Period Distribution of the SDSS CVs

The fibre allocation of SDSS does not make use of astronomicalcatalogues such as Simbad, and

hence the selection of targets for spectroscopic follow-upis independent of previous knowledge.

From this point forward the following nomenclature will be adopted. The termSDSS CVswill

refer to all CVs for which an SDSS spectrum that allows their identification as a CV is available

in Data Release 6 (DR6, Adelman-McCarthy et al. 2007), independently of whether they were

already known before or not.New SDSS CVswill refer to those systems that were genuinely

identified from SDSS spectroscopy, andold SDSS CVsthose systems which were known to be

CVs beforehand, and are re-found among the SDSS spectra. Finally, non-SDSS CVswill refer

to all CVs from V7.6 of the Ritter & Kolb 2003 catalogue which havenospectrum in SDSS DR6,

excluding the systems which were flagged as having an uncertain orbital period value. The four

different samples contain 455 (non-SDSS CVs), 116 (SDSS CVs), 72(new SDSS CVs) and 44

(old SDSS CVs) systems.

Figure 6.1 compares the orbital period distribution of 455 non-SDSS CVs and that of

116 SDSS CVs. The well-known features of the non-SDSS CV population are the deficiency of

systems in the 2–3 h period gap, roughly equal numbers of systems above and below the gap,

a minimum period near 80 min, and a drop-off of systems towards longer periods above the

gap. In numbers, the non-SDSS CV sample contains 168, 48, and239 systems withPorb ≤ 2 h,

2 h≤ Porb ≤ 3 h, andPorb > 3 h, respectively.

The period distribution of the SDSS CVs looks radically different compared to that of

the non-SDSS CVs. The majority of the systems are found belowthe period gap, with 78, 12,

and 26 systems below, in, and above the 2–3 h period gap, respectively, confirming the trend

already noticed by Southworth et al. (2006, 2007b); Szkody et al. (2007a). The most striking

feature is an apparent accumulation of systems in the shortest-period bin. Comparing the orbital

period distributions of the old SDSS CVs and the new SDSS CVs sample (Figure 6.1, lower

panel) indicates that the distribution of the old SDSS CVs isflat below the period gap, and that

the ”spike” at the orbital period minimum comes entirely from the new CVs identified by SDSS.

Cumulative period distributions of the non-SDSS CVs, the old SDSS CVs, and the new

SDSS CVs are shown on a linear scale in orbital period in Figure 6.2. The large number of new

CVs in the range∼ 80− 86 min is evident from the steep slope of period distributionof the new
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Figure 6.1:Top panel: The orbital period distribution of 455 CVs from Ritter & Kolb (2003), V7.6,
which have no spectroscopic observation in SDSS DR6 (white)and the distribution of 116 SDSS CVs
from Table 6.1 & 6.2 (SDSS CVs, grey). These distributions exclude the hydrogen-deficient AM CVn
systems. Bottom panel: the period distribution of the SDSS CVs divided into 44 previously known
systems (old SDSS CVs, grey) and 72 newly identified CVs (new SDSS CVs, white). Superimposed are
tick marks indicating the individual orbital periods of theold and new SDSS CVs, along with the periods
of SDSS CVs showing outbursts and/or being detected in the ROSAT All Sky Survey, and the distribution
of the periods of the SDSS CVs which clearly reveal the white dwarf in their optical spectra.
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SDSS CVs. A two-sided Kolmogorov-Smirnov (KS) test was applied in order to test whether

the three cumulative distributions deviate from one another in a statistically significant way. The

lower limit, was set at 76.78 min, corresponding to the shortest-period ”standard” hydrogen-rich

CV, GW Lib3. The upper period limit for the KS test was set to 120 min, corresponding to the

lower edge of the period gap. The reason for this choice is that CVs with periods above the gap

have substantially brighter absolute magnitudes comparedto the short-period systems, and hence

SDSS, sampling the sky at high galactic latitudes,|b| > 30◦, will be biased against the detection

of long-period CVs4. In fact, a substantial fraction of previously known CVs contained in the

SDSS area are saturated in the SDSS imaging data, and consequently did not get a spectroscopic

fibre for follow-up.

The KS test comparing the cumulative period distributions of the non-SDSS CVs and

the new SDSS CVs results in a 0.9% probability that the two distributions are randomly drawn

from an identical parent population, which shows that the period distribution of the new SDSS

CVs differs significantly from that of the previously known CV sample. This clearly suggests

that the CV identification within SDSS differs from the average CV discovery method in the

previously known sample.

Conversely, comparing the cumulative period distributions of the non-SDSS CVs and the

old SDSS CVs, the probability for both distributions emanating from the same parent sample

is 63.0%, i.e. the two distributions are identical from a statistical point of view. This is little

surprising, as the old SDSS CVs have been identified by the same methods as the non-SDSS

CVs, i.e. primarily dwarf nova outbursts and X-ray emission.

In conclusion, the orbital period distributions of the new SDSS CVs and that of the

previously known CVs (independently whether or not also selected by SDSS for spectroscopic

follow-up) differ significantly, most apparently in the ratio of the number of short and long period

systems, and in the appearance of a spike at∼ 80− 86 min in the period distribution of the new

3Three hydrogen-rich CVs with orbital periods around 60 min are known: V485 Cen, EI Psc, and
SDSS J1507+5230. The evolutionary state of these systems is not entirely clear; EI Psc contains an evolved donor
star (Thorstensen et al., 2002b), and SDSS J1507+5230 most likely formed with a brown dwarf donor (Littlefair
et al., 2007). For the discussion of the SDSS CV period distribution, these three oddball systems were excluded.

4Examples of luminous CVs above the period gap are TT Ari, withPorb = 198.07 min, V ≃ 10.6, andd =
335± 50 pc (Thorstensen et al., 1985; Gänsicke et al., 1999), andMV Lyr with Porb = 191.4 min, V ≃ 12.0, and
d = 505± 50 pc (Skillman et al., 1995; Hoard et al., 2004), corresponding to absolute magnitudes ofMV = 3.0± 0.3
andMV = 3.5± 0.2, respectively. At|b| = 30◦, SDSS could detect these systems out to> 10 kpc above the galactic
disc. See Section 6.5 for details on the sky volume coverage of SDSS.
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Figure 6.2: Normalised cumulative period distributions in the rangePorb = 76− 120 min of (a) 455
CVs from Ritter & Kolb (2003; V7.6), excluding systems with spectroscopy in SDSS DR6 and systems
whose periods are marked as uncertain (black), (b) 44 previously known CVs recovered from SDSS
spectroscopy (red, dashed), and (c) 72 new CV identified fromSDSS spectroscopy (green). A two-sided
Kolmogorov-Smirnov comparing the distributions of the non-SDSS CVs and the new SDSS CVs results
in a 0.9% probability for the two distributions being drawn from the same parent population. In contrast,
the probability that the non-SDSS CVs and the previously known SDSS CVs are drawn from the same
sample is 63.0%.

SDSS CVs.

6.4 Properties of the Period-Spike CVs found by SDSS

As shown in Section 6.3, the orbital period distributions ofthe non-SDSS CVs and the new SDSS

CVs differ at a 3-σ level. This raises the question of whether the new SDSS CVs also differ in

other properties beyond their orbital period from the non-SDSS CVs. For the discussion below,

the following three Boolean characteristics are defined: (a) the white dwarf is clearly visible in

the SDSS identification spectrum, (b) X-ray emission has been detected in the ROSAT All Sky

Survey (RASS, Voges et al. 2000)5, and (c) an optical outburst has been observed6. Tables 6.1

and 6.2 list these three properties for the 116 SDSS CVs with accurate orbital period measure-

ments. Below, the detection of the white dwarf in the opticalspectrum will be interpreted as

5While a number of SDSS CVs have been detected in pointed ROSATobservations, we restricted our assessment
of X-ray emission to a detection in the RASS, as inclusion of pointed observations would imply wildly different
X-ray flux limits for random lines-of-sight.

6Information on large-amplitude variability has been drawnfrom three sources of information. (1) Brightness
differences between the SDSS imaging and spectroscopic data, (2) individual follow-up observations which caught
some systems in outburst (e.g. Tramposch et al., 2005; Dillon et al., 2008; Southworth et al., 2007b), and from the
mailing lists of the amateur astronomers (vsnet, cvnet, baavss).
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evidence for a low mass transfer rate, and the detection of X-rays/outbursts as evidence of ac-

cretion activity which may lead to the identification of a system as a CV.

In Figure 6.3, the properties of the SDSS CVs can be visualised in form of a three-set

Venn-diagram, dividing them into systems with (1)Porb ≤ 86 min (i.e. within the period spike),

(2) systems which reveal the white dwarf in the SDSS identification spectrum, and (3) systems

which were detected in X-rays and/or outburst. The numbers for the previously known systems

are given in brackets. An immediate result from inspection of Figure 6.3 is that all the previously

known systems show outburst activity, whereas 22 of the new SDSS CVs have not been detected

in the RASS and have not been detected in outburst so far.

Figure 6.3 clearly illustrates that a large fraction (18/30) of the systems with orbital pe-

riods in the 80–86 min spike have optical spectra dominated by the white dwarf. This gen-

erally indicates that the accretion disc and secondary starare dim and hence that the donor

star is of a late spectral type and that the mass transfer rateis low. Of the systems not re-

vealing their white dwarfs, seven exhibit accretion activity, which is (on average) indicative of

somewhat higher mass transfer rates than in the white-dwarfdominated systems, and result in

the white dwarf being outshone by the accretion disc/stream. In fact, five of these seven sys-

tems were discovered because of their outbursts or X-ray emission (SW UMa, GG Leo, T Leo,

EV UMa, and V844 Her). The remaining two are the polar SDSS J1541+2721 and the dwarf

nova SDSS J2116+1134. In magnetic CVs, the white dwarf is typically not detected during

states of active accretion, SDSS J1250+6655 is an eclipsing system, where the white dwarf may

be veiled, and the spectrum of SDSS J2116+1134 is too poor to make a definite judgment on the

presence of broad white dwarf absorption lines.

The very distinct spectral appearance between the CVs withPorb ≤ 86 min which are

accretion-active and those which are accreting at a much lower rate, is demonstrated in Fig-

ure 6.4, where four representative spectra from each group are shown. Clearly, the four old

(accretion-active) SDSS CVs EV UMa, SW UMa, T Leo, and V884 Her have strong Balmer

and HeI emission lines, or HeII in the case of the polar EV UMa. These four systems have

been identified as an X-ray emitter (EV UMa) and outbursting dwarf novae (SW UMa, T Leo,

V884 Her). The four white-dwarf dominated new SDSS CVs (SDSSJ1501+5501, SDSS J1238–

0339, SDSS J1610–0102, and SDSS J1035+0551) have moderate to weak Balmer emission lines
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with a steep decrement, and hardly any HeI line, indicating lower temperatures and emis-

sion measures in their accretion flows than in the accretion-active CVs. SDSS J1501+5501

and SDSS J1035+0551 have extremely low-mass brown dwarf donor stars (Littlefair et al.,

2006b, 2008), indicating that they are probably highly evolved CVs, and the white dwarf in

SDSS J1610–0102 exhibits ZZ Ceti pulsations (Woudt & Warner, 2004), which implies a rela-

tively cool white dwarf and a low secular mean accretion rate(Townsley & Bildsten, 2003; Arras

et al., 2006).

In addition to the eight accretion-active CVs where the white dwarf cannot be detected

in their SDSS spectra, there are another four systems that fail to reveal the white dwarf and

have also not been detected in X-rays and/or outburst. Two of these systems are eclipsing

(SDSS J0903+3300, and SDSS J1502+3334). Given that the strength of emission lines cor-

relates with the inclination (Warner, 1986), the white dwarf Balmer absorption lines are likely

to be filled in by emission from the optically thin accretion flow and/or the white dwarf might be

veiled by the accretion disc altogether (Horne et al., 1994;Knigge et al., 2000). The other two

systems are magnetic CVs (SDSS J1031+2028 and SDSS J2333+1522), where the white dwarf

is typically not seen during accretion-active phases.

Of particular interest are the four systems withPorb ≤ 86 min which are accretion-

active, and do reveal the white dwarf in their optical spectra: the two previously known systems

EG Cnc (a well-studied WZ Sge-type dwarf nova) and EN Cet (a poorly studied dwarf nova),

and the two new SDSS dwarf novae SDSS J0137-0912 (with a single observed superoutburst)

and SDSS J0804+5103 (a WZ Sge dwarf novae with the first outburst observed in March 2005).

All four systems are characterised by long outburst recurrence times, which is a signature of

CVs with low mass transfer rates, and consistent with the detection of their white dwarfs in the

SDSS spectra.

A final note on Figure 6.3 is that only 7 out of 86 SDSS CVs withPorb > 86 min have

white-dwarf dominated optical spectra, confirming that thedetection of the white dwarf is indeed

a spectroscopic fingerprint of the shortest period CVs.

In summary, it appears that nearly half of the 30 SDSS CVs in the 80–86 min period

spike are newly discovered systems with white-dwarf dominated optical spectra and no easily

noticeable accretion activity. These systems are most likely all WZ Sge-type dwarf novae with
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Figure 6.3: Venn diagram showing the distribution of 82 SDSS CVs with accurate orbital periods (
Tables 6.1 & 6.2) into the following three categories: ‘Porb ≤ 86 min’, ‘has outbursts and/or has been
detected in the ROSAT All Sky Survey’, and ‘its optical spectrum is dominated by the white dwarf’.
The numbers in brackets refer to the properties of the previously known CVs that were re-identified by
SDSS. Not all the systems from Tables 6.1 are represented in this diagram: 34 additional SDSS CVs from
Tables 6.1 & 6.2 havePorb > 86 min, do not exhibit the white dwarf in their SDSS spectra, and not been
detected in the RASS, and have not been seen in outburst.

extremely long recurrence times, with SDSS J0804+5103 being so far the only white-dwarf

SDSS CV outing itself as a WZ Sge type system.

For completeness, two additional properties of SDSS CVs with periods below 86 min

should be mentioned: (1) All of the confirmed non-radial white dwarf pulsators identified

by SDSS for which orbital periods have been measured reside within the 80–86 min period

spike (Woudt & Warner, 2004; Woudt et al., 2005; Gänsicke etal., 2006; Nilsson et al., 2006;

Mukadam et al., 2007), which suggests rather low mass transfer rates, as the white dwarfs have

to be cool enough to drive pulsations (Townsley & Bildsten, 2003; Arras et al., 2006). (2) Three

of the four SDSS CVs with a confirmed brown-dwarf donor are located within the period spike

(SDSS J1035+0551, SDSS J1433+1011, and SDSS J1501+5501, Littlefair et al. 2006b, 2008)7;

these are probably CVs that have evolved past the period minimum.

7The fourth confirmed brown dwarf donor has been found in SDSS J1507+5230 (Littlefair et al., 2007), which
has been excluded from the discussion in this paper as it has an orbital period of 66.6 min, way below the period
minimum for ‘standard’ hydrogen-rich CVs.
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Figure 6.4:SDSS CVs with periods below 86 min. The top four objects are previously known systems
re-identified by SDSS (old SDSS CVs, Table 6.2), the bottom four spectra are new identifications(new
SDSS CVs, Table 6.1).
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6.5 Discussion

In Section 6.3, it was shown that the period distribution of the SDSS CVs differs dramatically

from that of the previously known CVs, with a substantially larger fraction of below-the-gap to

above-the-gap systems, and a significant accumulation of CVs at the orbital period minimum.

More specifically, the origin of the 80–86 min period spike isentirely due to the new CVs iden-

tified in SDSS, and, as outlined in 6.4, the systems in the period spike differ also in spectral

morphology and accretion activity from the longer period CVs. The following section provides

a brief discussion as to why the CVs in the SDSS sample differs so clearly from the previously

known systems, in particular the effects of survey depth and CV candidate selection.

6.5.1 Deep, Deeper, the Deepest

One very obvious difference between the SDSS CVs and CV samples from previous surveys is

the unrivalled depth of Sloan. Hence, SDSS should be able to identify systems that were intrin-

sically too faint, or at too large a distance, for the previous surveys. This raises the questiondoes

SDSS find more short period CVs than previous surveys, such asthe Palomar Green (PG) Sur-

vey or the Hamburg Quasar Survey, just because of its depth?A full treatment of this question

would require the computation of a galactic model of the CV population, and fold that through

the details of the sky coverage, magnitude limit, and colourcuts of the considered surveys (see

Pretorius et al. 2007a for an analysis of this kind for the Palomar Green survey). Given the in-

tricate allocation algorithms for spectroscopic fibres within SDSS, this task is beyond the scope

of the present work. For simplicity, we develop here an empirical comparison between SDSS,

the Hamburg Quasar Survey (HQS), and the PG survey, using their effective survey volumesfor

the white-dwarf dominated systems near the period minimum.The effective survey volume is

calculated by integrating over a spherical cap in galactic coordinates covering galactic latitudes

higher than|blim |, weighting the volume by an exponential drop-off in the space density of CVs

along thez-axis, with a scale heightHz. We assume radial symmetry around thez-axis in both

the distribution of CVs and the coverage of the survey. More realistic work would need to ac-

count for the dependence of the CV space density on galactic longitude, plus the exact tiling

of the different surveys, as none of them covers the full spherical cap.Finally, the effective
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Table 6.3:Comparison of the SDSS, HQS, and Palomar Green Survey in terms of their potential for
discovering period-minimum CVs. The first three columns give the magnitude limit, sky coverage, and
galactic latitude range for the three surveys. For SDSS, we defined sub-samples with different limiting
magnitudes.glim = 22.5 corresponds to the full CV sample,glim = 19.0 includes all CVs within the
magnitude limit of the low-redshift quasar survey, andglim = 17.4 andglim = 16.1 are selected to compare
SDSS like-for-like with the HQS and the PG survey. From thesecharacteristics, we calculated an effective
survey volume for white-dwarf dominated CVs as outlined in Section 6.5. The survey volumes were
calculated for two different assumptions of the scale height,Hz, of the CV population, and normalised
to the volume of the SDSS low-redshift quasar survey (glim = 19.0). The last two columns give the
number of all CVs withPorb ≤ 86 min found in the three surveys, and the number of period-minimum
CVs with white-dwarf dominated spectra. Numbers followinga ”/” are normalised to the SDSS values
for glim = 19.0 . Sixteen white-dwarf dominated CVs from SDSS have no orbital period measurement
yet. From Figure 6.3, there is a∼ 80% chance that they have periodsPorb ≤ 86 min. We include below in
brackets the numbers obtained under the most extreme assumption, i.e. that all 16 are period-minimum
CVs.

Survey glim dlim Area |b| Vnorm NCV(Porb ≤ 86 min)
[pc] [deg2] Hz = 190 pc Hz = 260 pc all CVs wd-dominated

SDSS 22.5 1514 6400 > 30◦ 1.36 4.11 30/1.50 (46/2.09) 18/1.80 (34/2.83)
19.0 302 1.00 1.00 20/1.00 (22/1.00) 10/1.00 (12/1.00)
17.4 145 0.24 0.20 5/0.20 0/0.00
16.1 79 0.05 0.04 1/0.0 0/0.00

HQS 17.4 145 13600 > 20◦ 0.50 0.40 6/0.27 1/0.08
PG 16.1 79 10714 > 30◦ 0.08 0.05 3/0.14 1:/0.08

volume is weighted by the survey area. The scale height is a poorly determined parameter, and

we will assume two different values,Hz = 190 pc andHz = 260 pc (Patterson, 1984; Pretorius

et al., 2007a). We start with an estimate of the absolute magnitudes of the period minimum CVs,

which we need to turn the magnitude limits of the surveys intodistance limits, followed by a

brief summary of the survey characteristics, and then delveinto the actual comparison of their

results in terms of CV discoveries.

Absolute magnitudes of the period minimum CVs

Unfortunately, the absolute magnitudes of CVs are notoriously poorly determined, as there are

too few systems with accurate distance determinations to carry out a reliable bolometric calibra-

tion. With this caveat in mind, we will now compare the absolute magnitudes of the white-dwarf

dominated CVs found by SDSS to those of the previously known systems withPorb ≤ 86 min.

Among the 7 old SDSS CVs withPorb ≤ 86 min (Table 6.2), there is just one system

with a trigonometric parallax, the dwarf novae T Leo (Thorstensen, 2003). Fromd = 101+13
−11 pc

andg = 14.9 we findMg = 9.9± 0.3. For SW UMa and EG Cnc spectral modelling of the white
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dwarf in ultravioletHST/STIS spectra resulted in distance estimates ofd = 159± 22 pc and

d = 420± 65 pc, respectively, which results inMg = 10.9 andMg = 10.8, respectively. Taking

the average over these three systems, we findMg = 10.5± 0.58.

Distance estimates are available for 13 of white-dwarf dominated new SDSS CVs in the

period-minimum spike: six from modelling high-speed lightcurves (Littlefair et al., 2008), four

from modelling the optical SDSS spectra (Gänsicke et al., 2006; Mukadam et al., 2007), and

three from modelling combined optical SDSS plus ultraviolet HST/ACS spectra (Szkody et al.,

2007b). The resulting absolute magnitudes range fromMg = 10.5 − 13.1, with an average of

< Mg >= 11.6 ± 0.7. The large spread is likely to be caused by the systematic uncertainties

inherent to the distance determinations, rather than substantial intrinsic differences in the system

properties. An independent check on these values can be obtained by considering that the white

dwarfs in these systems have typicallyTeff ≃ 12000−15000 K (Gänsicke et al., 2006; Mukadam

et al., 2007; Littlefair et al., 2008). Assuming an average mass of 0.85M⊙ (Littlefair et al.,

2008), and using an updated version of the photometric whitedwarf calibrations by Bergeron

et al. 1995), we obtainMg = 11.8 − 12.2 for the white dwarfs alone. Given that, by definition,

the white dwarf is dominating the optical spectrum in these systems, adding a maximum of 50%

accretion luminosity to the brightness results inMg = 11.7− 11.3 for the bulk of the new SDSS

CVs in the period minimum spike, entirely consistent with our estimate of< Mg >= 11.6± 0.7.

While not statistically significant, the absolute magnitudes derived above suggest that

the new SDSS CVs are on average intrinsically fainter than the old SDSS CVs, which is not

too surprising as the mere fact that the white dwarf is the dominant source of light implies that

the accretion luminosity is low. It is interesting to compare our numbers here with the work of

Patterson (1998), who estimated time-averaged absolute magnitudes for a large number of CVs,

finding a nearly flat distribution betweenMV = 4− 11, with a sharp cut-off for fainter systems.

The faintest bin in Patterson’s (1998) Figure 2 is populatedonly by a handful of WZ Sge type

dwarf novae, and it is in that bin that the white dwarf dominated CVs (which are presumably

all WZ Sge type dwarf novae) will slot in. However, Patterson’s (1998) statement”...with not a

single star fainter than< Mv >= 11.6” still holds, as no system significantly fainter than that

8For completeness, the polars EV UMa and GG Leo have lower limits on their distances,d >∼ 705 pc andd >
100 pc (Osborne et al., 1994; Burwitz et al., 1998), which give Mg <∼ 7.3 andMg <∼ 12.2, respectively. However, such
lower limits on distances are very uncertain due to the possible contamination by cyclotron emission, and we do not
include these two systems into our consideration above.
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limit has been found by SDSS.

Sloan Digital Sky Survey

SDSS covers high galactic latitudes,|b| > 30◦ (York et al., 2000). Within the main quasar search,

spectroscopic follow-up is carried out on point-sources with non-stellar colours and a limiting

magnitude of a (galactic column) dereddendi = 19.1 for ultraviolet excess/ low-redshift quasars

and of a dereddenedi = 20.2 for high-redshift (z >∼ 3) quasars (Richards et al., 2002). The

detailed fibre allocation algorithm is complex (see Section6.5.3 below), and we will assume for

the moment that the completeness in the follow-up of blueishCVs within the magnitude limits is

as high as that for the targeted ultraviolet excess quasars (∼ 90%, Schneider et al. 2007). Further,

we assume a typical galactic reddening ofE(B − V) = 0.05, which translates into a reddening

correction ini of 0.1 mag, increasing the observed magnitude limited of thelow-redshift quasar

survey toi = 19.2. The white-dwarf dominated CVs have on average< g − i >≃ −0.2, which

leads to a limiting magnitude for such systems within the main quasar survey ofg ≃ 19.0. Using

< Mg >= 11.6 as determined above, this implies that SDSS should be able to serendipitously

identify white-dwarf dominated systems out tod = 302 pc. Given that Szkody et al. (2007a)

published some CVs beyond DR5, and we include here in addition to her lists (Szkody et al.

2002b to Szkody et al. 2007a) the previously known CVs withinDR6, we assume 6400 deg2 as

the survey area for the spectroscopic SDSS data base , which is in between the official DR5 and

DR6 areas.

Hamburg Quasar Survey

The Hamburg Quasar Survey (HQS) is another high-galactic latitude (|b| > 20◦) survey covering

13 600 deg2 with a typical limiting magnitude ofB = 17.5. Using the colour transformations

of Jester et al. (2005), the HQS had a limiting magnitude ofg ≃ 17.4 for blue objects. Spec-

troscopic follow-up over the wavelength range 3400–5400 Å was obtained by means of Schmidt

prism spectroscopy, which is hence complete except for plate artifacts or blends. About 50000

blue objects withU − B <∼ −0.5 were extracted from the photographic plates and visually classi-

fied. Objects with Balmer emission lines were selected as CV candidates for detailed follow up

(Gänsicke et al., 2002c; Aungwerojwit et al., 2006). Giventhe average colour of the white-dwarf
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dominated CVs found in SDSS of< u − g >≃ 0.15, the HQS should be able to identify such

systems out tod = 145 pc.

Palomar Green Survey

The Palomar Green Survey (PG) extended over 10 714 deg2 at galactic latitudes|b| > 30◦ with

spectroscopic follow-up for 1874 objects (Green et al., 1986). The survey design was a blue-cut

of U − B < −0.46 and a typical limiting magnitude ofB < 16.1. Comparison with SDSS data

in overlapping areas showed however that the PG survey had a rather bluer cut ofU − B < 0.71

(Jester et al., 2005). Using the colour transformation fromJester et al. (2005), the PG colour cut

and limiting magnitude areu − g < 0.3 andg = 16.1. Hence the PG survey should be able to

identify short-period CVs out tod = 78 pc.

Finding period-minimum CVs: A comparison of SDSS, HQS, and PG

Using the survey characteristics summarised above, we calculated the effective survey volumes

for finding period-minimum CVs, as outlined in Section 6.5, for the SDSS, HQS, and PG survey.

As we are only interested in the relative ‘catchment area’, we normalise all numbers to the

effective volume of the main quasar survey within SDSS, i.e. to SDSS with a limiting magnitude

of g = 19.0, and report the resulting numbers in Table 6.3. Along with the normalised effective

volumes, we list in Table 6.3 the number of CVs withPorb ≤ 86 min identified by each survey,

and in a separate column the number of those period-minimum CVs in which the white dwarf is

detected in their optical spectra. For the case of SDSS, we give three additional subsamples with

the following limiting magnitudes: (a)glim = 22.5, which is the magnitude of the faintest SDSS

CV, resulting in the most inclusive sample of systems, and (b) glim = 17.5 andglim = 16.1, which

will allow us to investigate how SDSS compares with the HQS and the PG survey if operating

at the same limiting magnitude.

The first thing to note is that the difference in effective survey volumes depends only

mildly on the different assumption for the scale height, the reason being thatboth HQS and PG

are so shallow that they do not even extend beyond one scale height, and hence do not feel much

of the exponential drop-off in the CV space density.

SDSS beats the HQS in terms of survey volume only by about a factor two, which is due
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to the HQS covering more than twice the area on the sky, and extending down to lower galactic

latitudes. While the number of period-minimum CVs found in the HQS is only slightly below

the expectation from simply scaling the survey volume, it has only produced one white-dwarf

dominated CV (V445 And, Araujo-Betancor et al. 2005c), which is far below the expectations

from its survey volume, suggesting a selection effect against the detection of such systems.

Gänsicke et al. (2002c) showed that the HQS is very efficient in finding short period CVs sim-

ilar to those known in the late 1990s, if they had Hβ equivalent widths in excess of∼ 10 Å.

Those were mostly CVs with substantial accretion luminosity, such as SW UMa or T Leo, as

only very few white-dwarf dominated CVs were known at that time then. However, Gänsicke

et al. (2002c) noted that the results from the HQS“...exclude the presence of a large population

of nearby infrequently outbursting X-ray faint short-period CVs unless they have significantly

weaker emission lines than, e.g., WZ Sge”. It turns out that those types of systems, short-period

CVs with no or very rare outbursts, no or very weak X-ray emission, and weak Hβ equivalent

widths are frequent among the CV catch of the SDSS (Figure 6.4). The difficulty in finding that

type of system in HQS was exacerbated by the low spectral resolution, averaging over the broad

white dwarf absorption lines and the weak emission lines, and thus even further decreasing the

net equivalent widths of the Balmer emission.

Comparing SDSS and the PG survey, the numbers of short-period CVs found are roughly

in line with the expectations from the scaled survey volumes– only three CVs withPorb ≤ 86 min

were found, of which one may be white-dwarf dominated.

A final point of our comparison is to inspect whether, with regard to finding CVs near the

period-minimum, SDSS is a super-set of the three surveys under inspection. The six CVs with

Porb ≤ 86 min in the HQS are SW UMa, T Leo, and DW Cnc and HT Cam, all of which were pre-

viously known CVs with substantial accretion activity (outbursts/X-ray emission), and the two

new discoveries KV Dra (HS1449+6415), an SU UMa type dwarf nova with rare outbursts and

weak X-ray emission (Jiang et al., 2000; Nogami et al., 2000), and V455 And (HS2331+3905),

the only white-dwarf dominated period-minimum CV in the HQS(Araujo-Betancor et al., 2005c).

The first superoutburst of V455 And was observed in September2007, confirming it as a WZ Sge

type dwarf nova with a superoutburst cycle> 5 years. Of those six period-minimum systems

in the HQS only T Leo, SW UMa, DW Cnc are in the footprint of SDSSDR6, and all were
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spectroscopically followed-up by SDSS and, hence, (re-)identified as CVs.

The PG Survey contains three systems withPorb ≤ 86 min: the previously known T Leo,

and the PG discoveries RZ LMi and MM Hya (Green et al., 1982). RZ LMi is an SU UMa star

with an ultra-short outburst cycle (Robertson et al., 1995;Nogami et al., 1995), which is thought

to reflect an unusually high mass transfer rate for its orbital period (Osaki, 1995a,b). MM Hya

is a relatively poorly studied dwarf nova with rather rare outbursts (Ringwald, 1993; Misselt

& Shafter, 1995). The spectrum published by Zwitter & Munari(1996) is of low quality, but

suggests that MM Hya may be a white-dwarf dominated CV similar to those discovered in large

numbers by the SDSS. T Leo and RZ LMi are in the footprint of SDSS DR6, but only T Leo has

been followed up spectroscopically. RZ LMi was found in the SDSS imaging atg = 14.6, close

to the bright end where SDSS does follow-up observations, and was rejected by the quasar target

selection.

In summary, comparing the numbers of period-minimum CVs found in the SDSS, HQS,

and PG surveys with the normalised effective survey volumes shows that the three surveys pro-

duce broadly consistent results. The main gain that the SDSSbrings over the previous surveys

comes from its depth, and the massive spectroscopic follow-up of CV (and quasar) candidates.

The scale height of CVs

A simple statement on the scale height of CVs can be made simply from comparing the SDSS

subsamples forglim = 19.0, i.e. the CVs from the main quasar sample (which we have assumed

to be approximately complete due to the colour-overlap between CVs and quasars), and the full

sample withglim = 22.5 (where SDSS makes no attempt to achieve any level of completeness,

but merely allocates spare fibres to faint quasar candidates). Simple scaling of the survey vol-

umes predicts an increase in the number of CVs by∼ 1.4 for an assumedHz = 190 pc. This

modest gain comes from the fact that, with a limiting distance of 302 pc, the main quasar survey

at glim = 19.0 already extends out to∼ 1.6 scale heights, and not many more CVs are found

by going further into the halo. However, for an assumedHz = 260 pc, the increase toglim is

expected to be∼ 4. Going toglim = 22.5 boosts the number of CVs actually found by SDSS by

∼ 1.5, which exceeds the prediction forHz. This is a very conservative lower limit, as (a) the

spectroscopic follow-up of faint quasar candidates is by far not complete down toglim = 22.5,
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and (b) there are 16 more published WD-dominated systems without orbital period determina-

tion, of which 14 haveg > 19.0. Given the properties of the systems shown in Figure 6.3, there is

a∼ 80% probability that those 16 systems will have periodsPorb ≤ 86 min as well. We conclude

from this empirical study that the scale height of CVs is verylikely larger than the 190 pc used

by Patterson (1984), and larger scale heights such as used byPretorius et al. (2007a) should be

more realistic.

6.5.2 Caveats?

An obvious question ishave we biased our follow-up in a way that would favour observations

of short-period CVs? If such a bias existed, the orbital period distribution resulting from the

follow-up work would be skewed even within the SDSS CV sample, irrespective of the question

of how representative this sample is of the true galactic CV population. As shown in Section 6.4,

a large fraction of the systems in the period spike have white-dwarf dominated optical spectra.

Among the remaining∼ 130 SDSS CVs with no accurate period determination, the fraction

of white-dwarf dominated systems is similar to that within the sample of well-studied systems

discussed here, suggesting that the period distribution ofthese remaining systems should be

overall similar to the one shown here. In addition, at least the earlier follow-up studies of SDSS

CVs focused on brighter systems, for the obvious reason of them being easier observational

targets. Hence, the early follow-up was more likely to target intrinsically bright systems, which

implies relatively high accretion rates, and on average periods above the spike. Finally, as it is

evident from Figure 6.1 (right panel), the 44 previously known CVs with accurate periodsdo

not show a period minimum spike. Among the∼ 130 SDSS CVs with no accurate period, there

is only a handful of additional previously known systems, and one might expect that the fraction

of systems within the period spike will be higher in the remaining new SDSS discoveries. In

summary, we are confident that our follow-up strategy has notintroduced a significant bias with

respect to the orbital periods of the systems studied so far.However, given that the fraction

of well-studied systems among the SDSS CV sample is still relatively small (< 50%), further

follow-up work is highly desirable.

Another caveat to bear in mind is that the intrinsic and observed CV populations may

be made up of different evolutionary channels. It has been suggested that thestrong magnetic
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Figure 6.5:The orbital period distributions of the new SDSS CVs (Table 6.1, white histograms) and the
old SDSS CVs (Table 6.2, grey) applying four different magnitude limits. From top to bottom:g ≤ 22.5,
corresponding to the faintest CV included in our sample;g ≤ 19.0, corresponding to the magnitude limit
of the low-redshift quasar survey within SDSS,g ≤ 17.5 corresponding to the magnitude limit of the
Hamburg Quasar Survey; andg ≤ 16.1, corresponding to the magnitude limit of the Palomar Green
Survey. The number of systems below, in, and above the 2–3 h period gap as well as their sum are given
in each panel, with the values for the new SDSS CVs being on topof those for the old SDSS CVs. The
number of new SDSS CVs, old SDSS CVs, and white-dwarf dominated CVs in the∼ 80− 86 min period
spike are shown on the left of the period histogram.
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field in polars will reduce the rate at which magnetic brakingextracts angular orbital momentum

(Webbink & Wickramasinghe, 2002), which would result in different evolutionary timescales

between non-magnetic and strongly magnetic CVs. Observations show that at any given orbital

period the white dwarfs in polars are on average colder than those in non-magnetic CVs, with

the difference being strongest above the period gap. This suggests that the secular mean of the

mass transfer rates in polars is indeed lower than in non-magnetic CVs (Sion, 1991; Townsley

& Bildsten, 2003; Araujo-Betancor et al., 2005b). The fraction of confirmed magnetic systems

among the SDSS CVs is≃ 20 %, very similar to the numbers found for the general CV popu-

lation (Wickramasinghe & Ferrario, 2000), but their total number is yet too small to test for a

difference in their period distribution compared to the non-magnetic systems.

Another channel that is likely to add noticeably to the CV population are systems which

started with a mass ratioMdonor/Mwd >∼ 1, and underwent a phase of thermal time-scale mass

transfer (TTMT) before evolving into CVs (Schenker et al., 2002; Podsiadlowski et al., 2003).

A number of suspected post-TTMT systems have been found (e.g. Thorstensen et al., 2002b,a;

Gänsicke et al., 2003), but again their number is too small to assess their effect on the overall

orbital period distribution of CVs.

6.5.3 Implications on CV Population Models

From our follow-up studies of CVs discovered by SDSS we have identified the “spike” at the

minimum period predicted by theory for two decades. Bearingin mind the caveats outlined

above, what other implications can we derive from the SDSS CVsample at the current stage

of follow-up, with only about half of the systems having reliable orbital periods? Assuming

the standard CV evolution scenario, and a mid-plane CV spacedensity of 5× 10−5pc−3, Preto-

rius et al. (2007a) calculated the period distributions of various magnitude-limited samples, and

found that the period minimum spike decreases in prominencefor brighter magnitude limits,

although it was still present in a sample withV < 14 with a contrast of two with respect to

neighbouring periods.

In Figure 6.5.1, we show the period distributions of the SDSSCVs, as before divided

in new and old systems, for the four different magnitude limits used in the previous sections,

glim = 22.5, 19.0, 17.4, 16.1. The accumulation of systems at the minimum period is clearly
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Table 6.4:WZ Sge candidate systems brighter thanV ≃ 17 identified prior to SDSS,Vq = magnitude in
quiescence.

System Vq d [pc] MV Ref.
WZ Sge 15.0 43± 1.6

1.5 11.8 1,2,3
BW Scl 16.4 131± 18 10.8 4,5,6
GD 552 16.5 105± 20 11.4 7,8
V455 And 16.5 74± 8

7 12.2 8,9
GW Lib 16.7 104± 30

20 11.6 10,11

1Mackie (1920),2Thorstensen (2003),3Harrison et al. (2004),4(Augusteijn & Wisotzki, 1997),5(Abbott
et al., 1997),6(Gänsicke et al., 2005),7Greenstein & Giclas (1978),8Unda-Sanzana et al. submitted,
9Araujo-Betancor et al. (2005c),10Gänsicke et al. in prep,11Maza & Gonzalez (1983),

present in the full sample, and still so once aglim = 19.0 cut is applied. Atglim = 17.4, the

number of systems in shortest-period bin still exceeds all other three bins below the period gap,

but numbers are too small to draw any firm conclusion. This being said, we note that a similar

“accumulation” in the shortest-period bin was found in the period distribution of HQS CVs,

which is an independent sample with the same magnitude limit(see Figure 18 of Aungwerojwit

et al. 2006). Cutting toglim = 16.1, the limit of the PG survey, only five systems are left below

the period gap, and hence no statement with regard to a periodspike can be done.

From Figure 6.5.1, it is clear that SDSS is picking up many newshort-period CVs at

magnitudes fainter thanglim ≃ 17.5. In particular, SDSS has found a large number of CVs that

have white-dwarf dominated optical spectra, which must have very low-mass donor stars as little

or not spectral features from the companions are seen, and orbital periods right at the minimum

period. Taking their properties at face value, it appears likely that all these systems are WZ Sge

type dwarf novae, that have very long outburst recurrence times. There is no plausible selection

mechanism within the fibre allocation of SDSS that would goagainstfinding this type of system

at bright magnitudesg ≃ 15− 17.5, but not a single bright WZ Sge candidate has been found by

SDSS, which suggests that they are probably relatively rare.

This suggestion is confirmed by looking at how many bright WZ Sge (candidate) stars

were known prior to SDSS. In Table 6.4, we list the WZ Sge (candidate) systems from Ritter &

Kolb (2003) (V7.9) which are brighter thanV ≃ 17 in quiescence. The absolute magnitudes

for these five systems,< MV >= 11.6 ± 0.5, agree well with our estimate for the white-dwarf
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dominated SDSS systems (Section 6.5.1). WZ Sge and GW Lib were discovered through their

large-amplitude outbursts, and BW Scl, GD 552, and V455 And were identified through follow-

up spectroscopy of ROSAT X-ray sources, high proper motion objects, and emission line stars

from the HQS, respectively. With the exception of GD 552, allsystems have white-dwarf domi-

nated spectra with no spectroscopic evidence for the mass donors. Thus, it appears that no matter

what selection method is used, WZ Sge stars are not very numerous.

The standard CV population models predict that∼ 99% of all CVs should have periods

<∼ 2 h, and∼ 70 % should be post-bounce systems (Kolb, 1993; Howell et al., 2001). If we follow

Pretorius et al. (2007a), and take the average of the space densities predicted by CV evolution

theory,ρ = 5× 10−5pc−3 (de Kool, 1992; Politano, 1996), we expect∼ 210 CVs within a radius

of 100 pc of the Earth, and practically all of them should be short-period systems, of which

∼ 150 post-bounce. While estimating a CV space density from the SDSS CV sample is beyond

the scope of this paper, we feel confident to rule out space densities as high asρ = 5×10−5pc−3,

which is in line with previous observational constraints advocating lower values (e.g. Patterson,

1984; Ringwald, 1996; Patterson, 1998; Araujo-Betancor etal., 2005b; Aungwerojwit et al.,

2006; Pretorius et al., 2007c)

So far, convincing observational evidence for the existence of post-bounce CVs has been

meagre – primarily so because of the extreme low luminosity of very low-mass brown dwarf

donor stars. SDSS has identified a large number of eclipsing CVs, among which are about half a

dozen systems withPorb ≤ 86 min. (Littlefair et al., 2006b, 2007, 2008) have demonstrated that

precise measurements of the donor star masses in these systems can be achieved from modelling

high-quality eclipse light curves, leading to the identification of 5 CVs with donor star masses

below the hydrogen burning limit. Littlefair et al. (2008) show that among the eclipsing CVs

near the period minimum, the number of systems with brown-dwarf donors is roughly consistent

with the theoretical predictions.

6.6 Conclusions

SDSS is providing us with the largest, deepest, and most homogeneously selected CV sample so

far, and holds the potential of detailed tests of the currentmodels of compact binary evolution.
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Follow-up studies are currently available for about half ofthe SDSS CVs, and we have analysed

the global properties of this sample, with particular emphasis on the numerous short-period

systems. In summary, we find that:

1. The period distribution of the SDSS CVs differs significantly from that of any previous

CV sample, containing a much larger fraction of short-period CVs. Most striking is the

appearance of an accumulation of CVs with 80<∼ Porb <∼ 86 min, which we identify as the

period-minimum spike predicted for two decades by CV population models.

2. Within the period minimum spike, the majority of new CVs identified by SDSS have

optical spectra dominated by the white dwarf, with very low levels of accretion luminosity.

We determine an average absolute magnitude of< Mg >= 11.6 ± 0.7 for these systems.

The spectra are usually devoid of spectroscopic signaturesfrom the mass donors, implying

very late spectral types and low masses. Work by Littlefair et al. (2006b, 2007, 2008)

confirms that a high fraction of the eclipsing systems in the period-minimum spike contain

brown dwarf donors.

3. Comparison with the Hamburg Quasar Survey and the PalomarGreen Survey suggests that

the main advantage of SDSS is indeed its unprecedented depth. Comparing subsamples

of the SDSS CVs with different magnitude limits indicates that the scale height of short-

period CVs isHz > 190 pc.

4. The total number of short-period CVs identified by SDSS is incompatible with a space

density as high as 5× 10−5 pc, the average predicted by different CV population models.

A more precise estimate of the CV space density using the SDSSsample should await

a more complete follow-up of the CV sample, and a detailed investigation of the CV

completeness within the spectroscopic identification carried out by SDSS.
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Chapter 7

Conclusions and Future Work

7.1 Results in Context

I started this thesis by putting into context the study of Cataclysmic Variables and how due to

their large number and the relatively simple nature of theirstellar components, CVs hold a great

potential to test and improve our understanding of compact binary evolution, in particular that

of orbital angular momentum loss and the impact of mass loss on the structure of the donor star.

A recently updated and revised edition of the Ritter & Kolb catalogue; V7.9, includes all

literature published before 31 December 2007 and the catalogue is now comprised of 700 CVs

with known orbital periods. All these systems have been found by a variety of different means,

and as such the sample has been subject to a variety of observational selection effects and biases

that are difficult to quantify.

I then discussed how, over the years, the theory of ‘disrupted magnetic braking’ used

to explain the most prominent features of the orbital perioddistribution, has been subject to a

number of modifications/alternatives. This has been done in a bid to counter the discrepancies

between theoretical predictions and observational evidence, and to match the predicted orbital

period distribution, the total space density of CVs, and theexpected tight correlation between

orbital period and mass transfer rate.

While these discrepancies may be partially related to shortcomings in the theories of

common envelope evolution and orbital angular momentum loss, it is clear that the heteroge-

neous set of known CVs (Ritter & Kolb, 2003) is not well-suited for a quantitative test of the
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population models.

I then introduced the Sloan Digital Sky Survey (SDSS). Seen by many as the means

to solving many of these long standing problems, it has proved its potential to dramatically

improve the observational side of CV population studies. Sampling a large volume inugriz

colour space and extending deeper than any previous large-scale survey, SDSS has delivered the

most homogeneous and complete sample of CVs to date.

The work presented in this thesis is part of a larger effort on the part of our team based

at Warwick to establish the properties of the intrinsic population of CVs in our Galaxy, with

the aim to derive the orbital period distribution of the SDSSCV sample. In 2004/05 our group

was awarded time via the International Time Programme on La Palma, to acquire time-series

photometric and spectroscopic observations which were carried out as part of the follow-up

observations for SDSS CVs.

The SDSS sample thus far contains 116 CVs with known orbital periods. 72 of these

systems are newly identified and 44 are re-identified or previously known systems. In this thesis

(Chapters 4 and 5), I presented my contribution to this project: the results of time-series pho-

tometric and time-series spectroscopic observations of 29systems – 25% of the overall SDSS

sample, from which I determined orbital periods for 20 of these systems – 28% of the newly

identified systems.

Figure 7.1 shows the orbital period distribution of these 20CVs. In summary, 3 of the

systems lie above the gap, 2 within the gap, and 15 below (3/4 of the sample). Of these 15

objects, 6 are found within the 80–86 min period spike. The exact location of the orbital periods

for CVs from photometric sample from Chapter 4, and the photometric and spectroscopic sample

from Chapter 5 have been highlighted with tick-marks. My sample has been superimposed on

the 116SDSS CVsfrom Table 6.1 & 6.2. These systems are all CVs with an SDSS spectrum

that allows their identification as a CV in Data Release 6 (DR6, Adelman-McCarthy et al. 2007),

independently of whether they were already known before or not, and also on the 455 CVs from

non-SDSSCVsRitter & Kolb (2003; V7.6) – excluding systems with spectroscopy in SDSS DR6

and systems whose periods are marked as uncertain.

In Chapter 4 and 5, I plotted the orbital period distributionfor each sample , comparing

it to thenon-SDSSCV sample from the Ritter & Kolb catalogue. I also carried outa two-sided
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Figure 7.1:The orbital period distribution of all 20 CVs discussed in this thesis (black); 3 of the sys-
tems lie above the gap, 2 within the gap, and 15 below. 6 are within the 80–86min period spike. The
location of the orbital periods for CVs from photometric sample from Chapter 4, and Chapter 5 are high-
lighted with tick-marks. My sample has been superimposed onthe 116 SDSS CVs (grey) and the 455
CVs from Ritter & Kolb (2003; V7.6) catalogue (white). The grey region corresponds to the 2-3 hr pe-
riod gap. Note: The photometric sample seems to show only 10 tick marks, this is because two of the
systems, SDSS J1711+3013 and SDSS J2116+1134 have very close orbital periods –Porb=80.35min and
Porb=80.2 min respectively, and so the tick marks overlap.
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Figure 7.2:Normalised cumulative period distributions in the rangePorb = 76− 120 min of the 9 CVs
from Chapter 4; photometric sample (blue) and 6 CVs from Chapter 5; photometric and spectroscopic
sample (red). A two-sided Kolmogorov-Smirnov test comparing the distributions of the two samples
shows the probability that the CVs from the purely photometric sample and the combined spectroscopic
and photometric sample are drawn from the same parent population is 36.3%.

Kolmogorov-Smirnov test, to see whether or not each new sample of SDSS CVs deviated from

the previously knownnon-SDSSCV sample in a statistically significant way.

The result of the KS test for the photometric sample gave a 12.8% probability of the two

distributions being drawn from the same parent population,whilst the same test for the mainly

spectroscopic sample of CVs gave a 51.2% probability. Considering the meang-magnitude for

the respective samples;< gphot >= 19.14 and< gspec >= 18.26, the results seem to suggest

that the two samples may differ from each other in their intrinsic properties. The difference of

0.88 mag implies that the photometric sample may contain systems with intrinsically lower mass

transfer rates than the mainly spectroscopic sample. In order to test this supposition, I carried

out a KS test to compare the two samples.

Figure 7.2 shows the cumulative distribution between the 9 CVs of photometric sample

and the 6 CVs of the mainly spectroscopic sample found in the period range 76 min–120 min.

A Kolmogorov-Smirnov test comparing the two samples gives a36.3% probability of them

being drawn from the same parent population. This results implies that the two samples are not

statistically different, although we note that the sample sizes are small.

The orbital periods for 11 systems in my sample could not be determined. For the ma-

jority of these objects, the reason was usually a lack of sufficient quality and/or quantity of data,
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due to limited amount of observing time. Other factors that can also prevent an orbital period

from being determined are instrumental constraints, such as spectral resolution and insufficient

signal-to-noise ratio. These effects are particularly important in spectroscopic observations due

the intrinsic faintness of the target or poor weather conditions.

The interplay between these two factors are particularly important in spectroscopic ob-

servations due to the intrinsic faintness of the target or poor weather conditions. For instance

even with a high signal-to-noise, low spectral resolution can prevent the determination of an

accurate orbital period, this is because the motion in the line may not be resolved. An example

of such a case was SDSS J2258−0949 (Figure 5.2). Here the low spectral resolution resulted

in relatively large error (Porb = 119.45± 3.92 min) when comparing the values to other CVs.

Conversely, a low signal-to-noise ratio, even with high resolution can result in the loss of infor-

mation and also prevent the accurate determination of an orbital period. Consider the case of

SDSS J2048−0610 (Porb = 87.5± 0.3 min). Examination of the radial velocity plot shows large

error bars (Figure 5.2). A double-Gaussian analysis was used to determine the radial velocity

variations. This technique is sensitive to motion in the line wings – associated with the inner re-

gions of the accretion disc, so a high signal-to-noise is necessary in order to measure the excess

flux over the continuum.

The method of observation used, i.e. photometry vs spectroscopy, can also effect whether

or not variability associated with the orbital period can bediscerned within the data. The main

issues are the rate of change of variability within a system,its duration, whether or not it is asso-

ciated with the orbital period, amplitude of the variation,and the system’s inclination to the line

of sight. In the latter case; in photometric observation of alow inclination system will display

constant luminosity at all points during the orbital cycle and in spectroscopic observations, a low

inclination system means that radial velocity variations will not be detected. As a result in both

situations, an orbital period will not be deduced. In the majority of situations, these problems

can be dealt with by gathering as much high quality data as possible.

Let us put some of these examples in context.

Photometry: For some systems, the variation in luminosity associated with the orbital

period occurs over a timescale much longer than the observation. A number of systems display

variability unrelated to the orbital period. Consider SDSSJ0018+3454 (Section 4.2.1), this sys-
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tem shows small scale fluctuations (0.1 mag on a timescales of20-40 min) in its lightcurve but

is suspected to have a long period (possibly> 24 h). In SDSS J2101+1052 (Section 5.2.11) the

lightcurve of this system (Homer et al., 2006b) shows fluctuations of 1.0 mag. Due to the ‘short’

length of observations it is uncertain as to how the timescales of these variations are linked to

the orbital period. However this system has been compared toHS 0943+1404 (Rodrı́guez-Gil

et al., 2005b) a confirmed IP. This system shows a similar lightcurve and analysis has shown

that the features within the light curve are a combination ofthe orbital and spin periods. Longer

photometric observations should solve this problem. Conversely a situation can exist where the

accretion disc is very bright, out–shining any other time varying component in a CV such as the

accretion spot and so displaying little variation during the orbital cycle. An example of this is

seen in HS 0139+0559 (Aungwerojwit et al., 2005). This system has a period ofPorb = 243 min,

‘displays thick disc spectra and displays no photometric variability’. A similar phenomenon of

little to no photometric variability can be observed for systems with very low mass transfer rates

such as SDSS J1514+4549 (Section 4.2.12). A low luminosity disc and bright spotmeant that

our two observations of this system showed a constant mean magnitudeg ≃ 20.2, so no orbital

period could be determined through photometry.

Spectroscopy: As with photometric observations there are a number of reasons why ra-

dial velocity variations may not be observed and are insufficient in determining an orbital period

for a system. Again a fundamental reason is that the variation associated with the orbital period

is not observable during the course of observation. This could be the fact that the orbital period

of the system is long. Long orbital periods (which also implylower radial velocities) means

that longer observations are necessary to discern the variations associated with the orbital pe-

riod. One system already discussed in this thesis is SDSS J1703+3209 (Section 5.2.9), which is

suspected to have a long period, and displayed no radial velocity variations during observations.

Chapter 6 is the culmination of all the work that has been carried out on all SDSS CVs

to date. Here I discussed the differences in the orbital period distribution of the 455non-SDSS

CV and the 116SDSSCVs and 72new-SDSS. As with the previous chapters I plotted orbital

period distributions and carried out a KS test on the three samples. The results of the test were

much more conclusive. The orbital period distribution of the 116SDSSCVs display a clear

accumulation of systems close to the period minimum, with a substantially larger fraction of
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below-the-gap to above-the-gap systems (Gänsicke et al. 2008 in prep). These results corrob-

orate the trend already noticed by Southworth et al. (2006, 2007b) and Szkody et al. (2007a),

who noticed a larger fraction of short-period systems amongthe SDSS CVs compared to the

previously known CVs (see e.g. Aungwerojwit et al. 2006 for CVs from the Hamburg Quasar

Survey or Pretorius et al. 2007a for CVs from the Palomar Green Survey) indicating that the

survey was possibly detecting candidates from a previouslyunder-sampled population of CVs.

The KS test gave a 0.9% probability thatnon-SDSSCVs and theSDSS CVssample were

drawn from the same parent population, indicating that the two distributions differ at a 3σ level.

In addition further analysis of the properties of the systems accumulating at the period minimum

displayed distinct spectroscopic characteristics. Thesesystems were white dwarf dominated

implying extremely low accretion rates expected of old evolved CVs, further evidence that SDSS

is now acquiring a very different sample of CVs.

More specifically, the origin of the 80–86 min period spike isentirely due to the new

CVs identified in SDSS. The systems in the period spike differ also in spectral morphology and

accretion activity from the longer-period CVs. Indeed∼ 20% of the CVs identified by SDSS

have white-dwarf dominated spectra (PSI–VI), the majorityof which have been found close to

the period minimum. In fact 18 of the 30 SDSS CVs in the 80–86 min period spike are newly

discovered systems with white-dwarf dominated optical spectra; this generally indicates that the

accretion disc is dim, and that the donor star is of a late spectral type and that the mass transfer

rate is low. These systems are most likely all WZ Sge-type dwarf novae with extremely long

recurrence times, with SDSS J0804+5103 being so far the only white-dwarf SDSS CV outing

itself as a WZ Sge.
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7.2 Current State of the Field

The field of Cataclysmic Variable study, is as ever a combination of population studies, theo-

retical modelling and indepth studies of individuals systems. However with the acquisition of

such a large sample of CVs from SDSS, all these areas have certainly received a boost in ob-

servational data and leads. There is definitely a more concerted effort into characterising a large

and well-defined and homogeneous sample of CVs with accurately determined orbital periods,

stellar masses and distances, so that the statistical properties can be used to test theories of CV

evolution.

At the time of writing, the sample of definite SDSS CVs contains 213 systems, of which

177 are new discoveries (Szkody et al., 2007a). Data Release7 is due for publication in Novem-

ber 2008, and at this current rate of discovery, the number ofsystems identified by Sloan may

reach 250 systems even 300 if we choose to be optimistic. Establishing the detailed properties

of these CVs is a labour intensive task, but by the end of this project, we can be certain that

SDSS will have provided the astronomical community with thelargest and homogenously se-

lected sample of CVs to date. The newly identified CVs are currently being followed-up by a

number of groups (e.g. Wolfe et al., 2003; Pretorius et al., 2004; Woudt & Warner, 2004; Pe-

ters & Thorstensen, 2005; Roelofs et al., 2005; Tramposch etal., 2005; Gänsicke et al., 2006;

Southworth et al., 2006, 2007a,b; Littlefair et al., 2006a,b).

Regardless of the fact that there are still at least a few years of research before orbital

periods can be determined for all CVs within the spectroscopic database, SDSS has already made

an important breakthrough. The existence of the long soughtafter period minimum spike is now

a reality and has provided answers and confirmation to an aspect of CV evolution which has

been a bone of contention for the past 20 years. As the number of CVs grows so the prominence

of the spike will be enhanced further.

With the increased number of systems, another issue is what the implication will be on

the derived space density of CVs. This is uncertain. Theoretical predictions of CV space densi-

ties are typically higher than those derived from observations. As discussed in Chapter 2, popu-

lation synthesis suggests that the space density of CVs should range from 10−5−10−4pc−3 (Poli-

tano, 1996; de Kool, 1992), whereas the number derived from observations is 10−6 − 10−5pc−3

(Downes, 1986; Ringwald, 1996; Pretorius et al., 2007b; Araujo-Betancor et al., 2005a; Aung-
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werojwit et al., 2006). If the standard model is correct, then the vast number of systems below

the period gap would imply a high space density. Unfortunately, current observations have so

far identified only 1-10% (Gänsicke et al., 2002b) of the predicted CV population.

Details of space densities are discussed in Chapter 6, but ifthe method of Pretorius

et al. (2007a) is followed and the average of the space densities predicted by CV evolution

theory,ρ = 5× 10−5pc−3 (de Kool, 1992; Politano, 1996) is used, we expect∼ 210 CVs within

a radius of 100 pc of the Earth, and practically all of them should be short-period systems,

of which ∼ 150 post-bounce. Estimating a CV space density from the SDSSCV sample is

beyond the scope of this thesis, but the total number of short-period CVs identified by SDSS

is so far incompatible with a space density as high as 5× 10−5pc−3. A more precise estimate

of the CV space density using the SDSS sample is in need of a more complete follow-up of

the CV sample, and a detailed investigation of the CV completeness within the spectroscopic

identification carried out by SDSS. As a result the estimatesof the number densities are unlikely

to change in the near future.

In the mean time determination of orbital parameters and investigations of the intrinsic

properties of SDSS systems has led to a couple of very interesting discoveries. Firstly, for sys-

tems with periods below 86 min, there have been a number of confirmed non-radial white dwarf

pulsators orbital periods within the spike (Woudt & Warner,2004; Woudt et al., 2005; Gänsicke

et al., 2006; Nilsson et al., 2006). In this thesis SDSS J0919+0857 (Mukadam et al., 2007) is

a confirmed pulsator and SDSS J1457+5148 is also possible candidate, worthy of further inves-

tigation. In these systems low mass transfer rates allow forwhite dwarfs to be cool enough to

drive pulsations (Townsley & Bildsten, 2003; Arras et al., 2006).

Finally, the first definite detections of brown-dwarf-mass secondary stars in CVs have

been made. Three of the four SDSS CVs with a confirmed brown-dwarf donor are located within

the period spike (SDSS J1035+0551, SDSS J1433+1011, and SDSS J1501+5501, Littlefair et al.

2006b, 2008) which confirm long standing theoretical predictions (Littlefair et al., 2006b, 2007).

The standard CV population models predict that∼ 99% of all CVs should have periods<∼ 2 h,

and∼ 70 % should be post-bounce systems (Kolb, 1993; Howell et al., 2001) and it is these

systems which are most likely highly evolved CVs that have passed beyond the period minimum.
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7.3 The Future of Understanding Binary Evolution

The period distribution of SDSS CVs (Figure 6.1) displays a clear spike at the minimum period

which is totally absent in the population of previously known CVs. A much higher fraction of

the SDSS CVs havePorb < 2.5 hr (81% versus 44% for the previously known population of

CVs), but this fraction is still lower than the predicted (99%). It is apparent that although the

most quiet and elusive members of the CV population may have been found, a lot of work is

necessary to ensure the numbers add up.

I believe future aims and motivations should be to avoid selection effects within the

SDSS CV sample that is being followed up. The majority of SDSSCVs are serendipitously dis-

covered amongst the UV excess quasar targets and the SDSS quasar selection is 95% complete

(Richards et al., 2004) to a limiting (de-reddened) magnitude of i=19.1. The completeness for

the Galactic foreground CVs is assumed to be the same forg < 19.0 and it is this magnitude

limited sample which should recieve complete attention. Figure 7.3 shows that there is currently

still a strong magnitude bias in this sample, with a significant drop in the fraction of systems

with measuredPorb for 18≤ g ≤ 19. By observing all the systems within the magnitude limit of

g < 19.0, the bias can be removed to construct a well defined sample which can then be used to

help constrain and test theoretical models of CV evolution.

As part of the afore mentioned motivations, a fundamental analysis of the statistical

completeness of the SDSS sample of CVs is important.Has SDSS found all the CVs that it

could possibly find within the g< 19.0 limit? To this end we must also ask the following;Are

there any objects with spectra, which are CVs that have not been positively identified?andHow

complete is the spectroscopic follow-up of CVs as a functionof colour?

One can assume, that once CVs have made their way into Sloan’sspectroscopic database,

the probability of identification is close to 100%, using techniques involving both automated

searches and visual inspection for the different types of systems as done by Szkody et al.. A

recent undergraduate project at Warwick, supervised by Boris Gänsicke, involved the search

of Balmer/He emission line objects in the SDSS database. The results are very promising, the

student found all but 2-3 of the CVs as originally identified by Szkody et al. and identified only

1-2 (very faint) systems not previously published by Szkodyet al..

The completeness of the spectroscopic follow-up, i.e. the fraction of CVs within the
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Figure 7.3: g-magnitude distribution of 212 SDSS CVs (white), and of 108 with an accurate period
measurement (grey) . The magnitude limitg ≤ 19.0 is marked with a dashed line, and corresponds to
the magnitude limit for which the SDSS UV-excess quasar survey is 95% complete. The fraction of CVs
with period measurements get lower towards fainter magnitudes, so this sample is biased towards brighter
systems. ( Figure provided by John Southworth, priv. comm.)

photometric data base for which a spectrum was taken is hopedto be as complete as the SDSS

UV-excess survey – 95% at the overlap between QSO and CV colours. This is the region in

colour space for which the greatest number of fibres have beenallocated to possible QSO targets.

However this number is expected to be much lower in other regions of colour space not occupied

by QSOs. As CVs inhabit a broad area in colour space, it is feasible to assume that a number

of objects with peculiar/extreme colours not associated with QSOs but possibly with CVs have

been ignored for spectroscopic follow-up. It is also possible that there exists a very small fraction

of objects with follow-up spectra, have yet to be positivelyidentified as CVs.

This analysis, can be expected to be comparable to that carried out by Roelofs et al.

(2007) and their study of the AM CVn population from the SDSS.Roelofs et al. carried out an

analysis of the spectroscopic follow-up of AM CVns as a function of u-g andg-r, to a limiting

magnitude ofg = 21. They produced a grey-scale plot which highlighted the areas in colour-

space which had received the spectroscopic follow-up with the greatest to the least intensity .

It is apparent that an analogous process for CVs would be necessary, inugriz colour space of

SDSS to a limiting magnitude ofg = 19.0. This procedure will be more involved, not only due to

the fact that the analysis will be carried out over four dimensional colour space but also because
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CVs occupy a large region in colour space compared to AM CVns.The results can then be used

to speculate the expected number of CVs in each region of colour space, which in turn, could

be compared the number of CVs which actually exist in the SDSSdatabase. This task would

involve considering how many CVs were found from the fraction of objects with spectroscopic

follow-up. For example, if for every 100 photometric targets, there were 50 objects which had

spectra taken and only one resulted in the positive identification of a CV, we can assume if

spectra were taken of the remaining photometric targets, atleast one other CV would be found.

I believe by ensuring the complete follow-up of the SDSS CV sample, and carrying out

detailed investigations of CV completeness within the spectroscopic database of SDSS it would

be possible to derive space densities more representative of the intrinsic population of CVs. The

result could then be incorporated into population synthesis models to help to modify some of

our theories of CV evolution.

Another area of study that will most definitely see growth in the coming years in the

follow-up study of brown-dwarf donor systems. According tothe standard theory these post-

bounce systems make up to 70% of systems below the period gap.Recent studies by Littlefair

et al. 2008 of a number of eclipsing systems has allowed for the determination of white dwarf

and brown dwarf masses. Further acquisition of observational evidence is necessary to deal with

the discrepancies between theory and observational evidence. If successful, like the discovery

of the spike at the minimum orbital period, the discovery of alarge population of post period

bouncers could be another success story in our understanding of binary evolution.
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Gänsicke, B. T., et al., 2003, ApJ, 594, 443
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D., Ryan, O., Shearer, A., eds., High Time Resolution Astrophysics: The Universe at Sub-

Second Timescales, vol. 984 ofAmerican Institute of Physics Conference Series, p. 23
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