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Abstract

�e Rapid Temporal Survey explores the faint, variable sky. I have led the development

of the data reduction and analysis pipeline for this survey and have played a leading role

in the observation and analysis of follow-up data. �e survey and follow-up work that is

presented in this thesis. �e strategy of the survey is to observe �elds close to the Galactic

plane at a cadence of ∼1 min for around two hours down to a depth of g′ = 23. �e data

presented in this thesis cover 31 square degrees of which 16 are within 10○ of the Galactic

plane. �is is the �rst dedicated survey to explore this parameter space and such I have had

to develop new techniques when dealing with the data. �e photometry was performed

using a di�erence imaging technique and resulted in over 3×106 light curves. �iswork pri-

marily deals with periodic variability and with this aim I have developed a method which

combines two algorithms (Lomb-Scargle and Analysis of Variance) to produce a sub-set

of variable sources which contains a very low number of false positives –around 600 out

of 1.2 × 105 detected variables. For sources brighter than g′ = 21 this technique is able to

detect – at a con�dence above 90 per cent – variability on time-scales of less than 10 min

to tens of minutes in source with semi-amplitudes of less than 0.04 mag.

Spectroscopic follow-up observations of a number of these targets has been performed

and has resulted in the discovery of many di�erent variables from several di�erent classes

of variable classes. I highlight three populations to study in more detail: short-period,

variableA-stars; SXPhe and δ Scuti stars; and pulsatingwhite dwarfs. Of particular interest

are the SX Phe stars which I have found to be as far away as 30 kpc from us. I also provide

a detailed examination of two variables sources: one is a dwarf nova which was discovered

through quasi-periodic oscillations in quiescence, the other a pulsating white dwarf which

appears to have a hot companion.

I conclude by looking to the future of the project which will continue with a similar

strategy but surveying the Kepler �eld of view.
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Chapter 1

Introduction

We are all in the gutter, but some of us are looking at the stars.

O. Wilde, Lady Windermere’s Fan, 1892

1.1 �e variable sky

1.1.1 A (very) brief history of variable star observations

Aristotle believed the heavens were eternal and perfect; he was wrong. All stars vary in

brightness to some degree, be it on time-scales of milliseconds such as that seen in pul-

sars, or on time-scales of billions of years such as M-dwarf stars migrating across the

Hertzsprung-Russell diagram. Even the amount of light we observe coming from our Sun

changes over time. Eclipses by the Moon passing between the Earth and Sun have been

observed since antiquity. Sun-spots have been observed since at least as early as 165 BC

(Yau & Stephenson, 1988) and they have been known to appear and disappear since at least

807 AD when Benedictine monk Adelmus noted that a large spot on the solar surface re-

mained visible for eight days (Wilson, 1917). However, many of these early observations of

sun-spots which appeared and disappearedmistook the phenomena for planetary transits.

13
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It was not till Galileo Galilei et al. (1613) observed dark patches on the solar surface with

a telescope and noted they had average lifetimes of a few days, that it was con�rmed that

these events were intrinsic to the Sun. Since then it has been discovered that the Sun is

variable on a number of di�erent periods. Schwabe (1844) found there is an 11-year cycle

in solar activity and later Carrington (1859) discovered a 25.38 day rotation period at the

solar equator.

�e �rst star, other than our Sun, to be observed to show regular changes in brightness

was Mira (also known as Omicron Ceti)1. David Fabricius used Mira as a comparison star

in 1596 when making observation of (what he thought was) Mercury (but it was probably

Jupiter, Argelander, 1869). He observed Mira increase in brightness by a magnitude over

the course 3 weeks. A few weeks later it disappeared from view and Fabricius assumed

that it was a nova. However, when, in 1609 Mira reappeared, Fabricius realised this was

not the case. Unfortunately Fabricius never gained fame for this discovery due his murder

by a man he accused of stealing a goose (Poggendor�, 1863). Johann Fokkens Holwarda

rediscovered the variability of Mira in 1638 and found the brightness variations occurred

on an 11 month cycle. �e importance of Mira to astronomy is exempli�ed by its name:

Mira means “Wonderful” in Latin.

�e development of telescopes allowed the detailed study of variable stars and has lead

to the discovery of over 41,600 variable stars in our Galaxy which �t into one of over 100

di�erent classes (Samus et al., 2009). However it has broughtwith it restrictions. Before the

telescope, observers we able to see the whole of the visible sky but since astronomy became

almost entirely telescope based the �eld of view has becomemuch more restrictive. Wide-

�eld observations were possible when using photographic plates but as the use of digital

imaging became more important, our ability to observe the whole sky was lost. It was not

until the development of large and mosaicked charge-coupled devices (CCDs) that was

were able to regain the ability to survey the variable sky over wide scales.

�ere has been many wide-�eld variability surveys, some are still ongoing while more

1Much of the information on Mira comes from http://web.archive.org/web/20070405082807/

http://www.aavso.org/vstar/vsots/mirahistory.shtml, a write-up of a talk by Dorrit Ho�eit in
1996

http://web.archive.org/web/20070405082807/http://www.aavso.org/vstar/vsots/mirahistory.shtml
http://web.archive.org/web/20070405082807/http://www.aavso.org/vstar/vsots/mirahistory.shtml
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will begin operations soon. A number of these are shown in Table. 1.1. As the table shows

they cover a large range in depth, cadence and coverage. Most wide-�eld surveys are de-

signed for one of two purposes: detecting supernovae or �nding exoplanets. In the former

the cadence (time between observation) tends to be relatively long, an example of this is

the Palomar Transient Factory (PTF, Law et al., 2009) whose aim is to discover transient

phenomena. �ey use a camera which has a �eld of view of 7.78 deg2 and in their primary

mode of operation survey 2700 deg2 every 5 days. �e typical sources they �nd during

this work are nova events (super, classical and dwarf) and gamma-ray burst a�erglows. As

these events tend to be quite faint they are able to observe objects as faint as R = 21.0. In

comparison, exoplanet surveys tend to observe much brighter sources as they need high

accuracy in their photometry. �e SuperWASP survey (Pollacco et al., 2006) surveys the

whole sky every night with a typical cadence of 40min but only down to a depth of V = 15.

PTF and SuperWASP both have modes of operation where they observe at a cadence as

short as one minute but this is only done for a limited amont of sky – in the case of PTF,

only for around 50,000 stars (Law et al., 2009). �ere are remarkably few projects that are

able to observe the faint sky at short cadence. One survey that aimed to do this was the

Faint Sky Variability Survey (FSVS, Groot et al., 2003). �eir typical cadence was 12 min

and they were able to �nd several thousand variables although the majority of the variable

sources they found varied on time scales of hours to days (Morales-Rueda et al., 2006).

�ere is a clear de�ciency in our ability to characterise the faint sky on timescales of less

than an hour. One project that aimed to address that is the Rapid Temporal Survey (RATS).
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Survey FoV Cadence Limiting mag Coverage Lifetime Reference
[sq. deg.] [R] sq. deg. night−1

Palomar Transient Factory 7.78 1 min–5 da 21.0 1000 ongoing Law et al. 2009
ROTSE-III 3.42 1 d 18.5b 450 ongoing Quimby 2006
Palomar-Quest 9.4 30 min–days 21.0c 500 2003–08 Djorgovski et al. 2008
SDSS-II Supernova search 1.5 2d 22.6 150 2005–08 Frieman et al. 2008
Cataline Real-time Transient Survey 8 10 min–yr 19.5d 1200 ongoing Drake et al. 2009
Supernova Legacy Surv1ey 5.7 3 d–5 yr 24.3 2 2003–08 Astier et al. 2006
SkyMapper 5.7 0.2 d – 1yr 19.0 1000 ongoing Murphy et al. 2009
Pan-STARRS 3π 7 7 d 21.5 6000 ongoing Young et al. 2008
Large Synoptic Survey Telescope 9.62 3 d 24.5 3300 starts 2014 Ivezic et al. 2008
Rapid Temporal Survey 0.28 1 min 23.0e 1 ongoing ?

Faint Sky Variability Survey 0.28 12 min 24d 1 1998-2001 Groot et al. 2003
SuperWASP 482 1–40 mina 15b whole sky ongoing Pollacco et al. 2006
aOnly a small amount of sky is observed at 1 min cadence
bUn�ltered
cRG610 �lter
dV -band �lter
e g′-band �lter

Table 1.1: �is is a summary of a number of un-targeted variability surveys which shows the name of the survey; the �eld of view in a single exposure;
cadence (the time between exposures); depth (the faintest stars observed) in the R band unless stated and the dates when the survey has or will take place;
the sky observed in a single night; and whether the project has �nished, is ongoing or will stars soon. �is table is a modi�ed version of table 1 in Rau et al.
(2009).
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1.2 �e RATS Project

Prior to the RATS project there had never been a systematic survey of stellar variability

which could probe time-scales as short as a few minutes over an angular extent of tens of

arcminutes. �e strategy was to use wide-�eld cameras to take an image of a particular

�eld close to the Galactic plane, but far enough away that crowding was not an issue, every

minute for approximate two hours. No �lter was used during the time-series observations

but complementary colour information was obtained of each �eld in order to aid classi-

�cation of variable sources (see Ramsay & Hakala, 2005, for an overview of the original

project).

�e primary aim of this survey was the discovery of new AM CVn systems in order

that Galactic population models may be tested (see the next section for a more detailed

description of AM CVn systems). AM CVn systems are binaries with orbital periods as

short as 5 min and the period distribution goes up to ∼65 min. Systems with periods less

than ∼40 min show optical modulations on periods related to their orbital period. �is

fact was the primary motivation for the short-cadence planned in these observations –

sensitivity to modulations on a period ≤5 min.

�e �rst epoch of observations took place on three nights in November 2003 using the

Wide Field Camera on the 2.5-m Isaac Newton Telescope which is located on the Spanish

island of La Palma. Twelve �elds were observed which covered 3 deg2 of the sky, most of

which were roughly 20 degrees from the Galactic plane reached a depth of V ∼ 22.5.

Photometry was performed using the autophotom routine (Eaton et al., 2003) and

over 33,000 sources were detected. Variability detection was performed using the Lomb-

Scargle algorithm (this algorithm is discussed in detail in Chapter 3). For each star the

highest peak in the periodogram was divided by the mean power in the periodogram cre-

ating a ‘weighted power’. Sources with a high ‘weighted power’ were then visually inspected

and ‘interesting sources’ were �agged. As a test of the technique a �eld containing the AM

CVn system, HM Cnc with a period of 321 s, was observed. HM Cnc was easily picked up

by the routine as one of the most signi�cantly variable sources.
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Of the 33,000 sources, 45 were identi�ed as having signi�cant variability (Ramsay &

Hakala, 2005). One source (RAT J0455+1305) displayed variability on a period of less than

an 30 min (other than HMCnc) – this source had a strong signal on a period of 374 s. Two

sources have periods of around an hour, three sources showed an eclipse like feature while

around half of the new sources showed variability on time-scales longer than an hour.

Follow-up photometric and spectroscopic observations of four of these variables were

performed using the Nordic Optical Telescope, the William Herschel Telescope and the

Kryoneri Telescope (Ramsay et al., 2006). Photometry of the shortest period source RAT

J0455+1305 con�rmed the short period and spectroscopic data revealed it to be a pulsating

sub dwarf B star. �e other three sources were found to be SX Phe stars.

Since this initial run a further �ve epochs of observations were performed. Four using

the Isaac Newton Telescope and one on the ESO/MPG 2.2-m telescope at La Silla Obser-

vatory in Chile (?). An analysis of these data and a reanalysis of the �rst epoch of data are

presented in this thesis.

1.3 �e AMCVn stars

As mentioned in the previous section, the primary goal of the RATS project is to test the

Galactic population models of AM CVn stars. AM CVn stars (or ultra-compact binaries)

are binary systems consisting of two degenerate stars (or one degenerate and one semi-

degenerate star) and have orbital periods less than ∼65 min (Solheim, 2010). �e more

massive primary accretes helium-rich material from a less massive donor star and there

is (almost always) no trace of hydrogen in their spectra. �ey are formed a�er one or

two common envelope phases and then gradually evolve closer together, losing angular

momentum due to gravitation wave radiation (in a manner proposed by Kra� et al., 1962).

At the point when the stars are close enough that the secondary �lls its Roche lobe, mass

transfer begins (the large yellow star in Fig. 1.1 can be seen transferring masswhich impacts

a disc). It is at this point that the star becomes known as an AM CVn star. As the mass
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Figure 1.1: An artist’s impression of an AMCVn system with an accretion stream of helium
�owing from the less massive to the more massive star. Image made by Rob Hynes and
Paul Groot.

transfer continues it quickly comes to dominate the evolution of the system and reverses

the trend of decreasing period. �e star will continue to evolve to longer periods with a

decreasing rate ofmass transfer. �emass transfer typically forms an accretion disc around

the primary which dominates the optical emission from the system, indeed most of the

light is coming from a hot-spot where the accretion stream impacts the disc. As the system

evolves to longer periods the disc will shrink because of the low rate of mass transfer and

light from the primary white dwarf begins to be seen. Eventually the mass transfer rate

will become so low as to be undetectable and �nally it will stop leaving a helium-rich white

dwarf with a planetary mass object orbiting it (Solheim, 2010).
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1.3.1 Known AMCVn stars

Up until the year 2000 there were only eight AMCVn systems known and all these systems

were found serendipitously. However, this number has dramatically increased since the

Sloan Digital Sky Survey (SDSS York et al., 2000) providing a large sample of photometric

colours and spectra with which to search. �ere are now 26 known AM CVn systems, 13

of which were found during dedicated searches of the SDSS archive (Roelofs et al., 2006;

Anderson et al., 2005, 2008; Roelofs et al., 2009; Rau et al., 2010). Below I describe the

methods used to discover AMCVn systems. I do not include details of the discovery of all

system and the list is not strictly chronological. Rather, iIt merely highlights the processes

which have led to their discovery.

1.3.1.1 �e prototype of the class – AM CVn

�e �rst system to be discovered was the prototype for the class – AM CVn. It was noted

to be a particularly blue star by Malmquist (1936). In 1947 Humason & Zwicky noted a

“decidedly blue” star which they designated HZ29 in their catalogue of faint blue sources.

Greenstein & Matthews (1957) found the spectrum of HZ29 was that of a “peculiar DB

star” (where DB refers to a helium-rich white dwarf) with an absence of hydrogen. �ey

note that the helium absorption lines were “shallow and so di�use as to appear almost

double” and that the star was quite hot as it has a colour of (B − V) = −0.23 mag. Vari-

ability was detected at the level of 0.04 mag in the B band by Smak (1967) on a period of 18

min with a “slightly distorted double sinusoidal” shape to the light curve which Paczyński

(1967) interpreted as the signature of an orbital period whose evolution was dominated by

gravitational wave radiation. �e question of whether the period detected was truly the

orbital period was not answered conclusively till 2001 when Nelemans et al. obtained time

resolved spectra of AM CVn and saw clear ‘S-waves’ in neutral helium lines at 4471, 4387

and 4143 Å on a period of 1028.73 s (an ‘S-wave’ is the name for the pattern seen in spectral

lines as they move oscillate from redder to bluer and back because of the Doppler shi�

caused by orbital motion, an example is shown in Fig. 1.2). �ere was no ‘S-wave’ modula-
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Figure 1.2: �e upper row shows spectra of V406 Hya which were observed with the Very
Large Telescope in Chile. �ey show the trailed spectra of six di�erent Helium lines. An
‘S-wave’ pattern can clearly be seen oscillating about 0 km s−1 on a period of 2028 s which
is thought to be a signitude of the orbital period of the system. �e middle row shows
these same spectra with an average spectrum subtracted. �e lower row shows Doppler
tomograms of these data. �is �gure is taken from Roelofs et al. (2006).

tion on the periods of 1011.4 s which Solheim et al. (1984), amongst others, had suggested

was the orbital period of the system.

1.3.1.2 �e next �ve systems – variable, blue helium stars

�e next �ve AMCVn systems to be discovered (GP Com, CR Boo, V803 Cen, CP Eri and

HP Lib) were found in a similar manner – blue stars with unexplained periodic variability

and spectra devoid of hydrogen. GPComhad a number of periods onwhich variability was

reported. Warner (1972) found variability on 20 s periods and deduced an orbital period

of 6.3 h based on an erroneous suggestion of a detected eclipse on the system. Richer et al.

(1973) also found short period variability, this time at 105 s but it was not till Nather et al.

(1981) obtained time resolved spectra that an orbital period of 46.5 min was established.

�is result hints at an interesting feature of AMCVn systems: no optical variability related

to the orbital period has ever been seen in the light curve of GP Com. In fact no systems

with periods longer than ∼40 min show photometric variability on periods related to their

orbital period (any optical variability has been caused by �ickering which is related to the
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accretion process). �ese longer period systems can be discovered from their spectra and

colour alone.

Nather et al. (1984) looked at photographic plates of CR Boo spanning 6 years and

found the star underwent dramatic changes in brightness varying from 13.0 to 17.5 mag,

spending 59 per cent of the time brighter than 14th mag. He noted changes of 0.01–0.04

mag on various periods from 745–1490 s. Wood et al. (1985, 1987) identi�ed the source

as an AM CVn type variable with an orbital period of 1487.3 s which was later re�ned to

1471 s (Roelofs et al., 2007a). Another source which showed similar outbursts, but spent

more time in the fainter state, was V803 Cen (Westin, 1980), and was proposed as the

fourth AM CVn star by O’Donoghue et al. (1987) with a period of 1613 s. V803 Cen and

CR Boo highlighted the highly variable nature of AMCVn systems, both show a change in

brightness of several magnitudes in a similar manner to dwarf novae. �is property lead

to the discovery of two more systems.

1.3.1.3 When is a supernova not a supernova?

KL Dra and V406 Hya were originally designated SN1998di and SN2003aw. As is sug-

gested by these initial designations, they were thought to be supernovae. Schwartz (1998)

detected a 16.8 mag source which had not been present in an image taken 11 days previ-

ously with a limiting magnitude of 19. However a spectrum revealed the source, which was

4 arcsec from a galaxy, was in fact a star with 3000 km s−1 wide neutral helium absorption

lines and was likely similar in nature to CR Boo. A modulation in its light curve on a pe-

riod of 25.03 min (Wood et al., 2002) revealed it to be another member of the AM CVn

class of variables. Similarly, Wood-Vasey et al. (2003) found SN 2003aw in NEAT survey

data but a spectrum of the source consisted of blue continuum with broad and weak Hei

emission lines at nearly zero redshi� (Chornock & Filippenko, 2003). Fast-photometry

by Woudt & Warner (2003) showed a 2041 s period revealing its true nature. A third AM

CVn systemwas identi�ed because of its outbursting behaviour in SDSS survey data (SDSS

J204739.40+000840.3 Prieto et al., 2006), this time the supernova designation was not pre-

maturely applied and a spectrum revealed remarkably similar features to KL Dra.



Chapter 1: Introduction 23

1.3.1.4 Ultra-short period systems

V407 Vul and HM Cnc discovered as variable X-ray sources using ROSAT (Voges, 1992).

Motch et al. (1996) discovered a 568 s modulation in the X-ray light curve of V407 Vul and

Israel et al. (1999) found a 321 smodulation inHMCnc. Both sources were initially believed

to be intermediate polars and the modulation was due to the spin period of an accreting

white dwarf. However no other periods were detected in either V407 Vul (Cropper et al.,

1998) or HM Cnc (Burwitz & Reinsch, 2001) which led to speculation that the modulation

was orbital in nature. �e optical counterparts of V407 Vul (Ramsay et al., 2000) and HM

Cnc (Ramsay et al., 2002a)were found to vary on the same period as theX-ray observations

though the modulations were not in phase. �ese was still signi�cant debate as to whether

the measured period really was related to the orbital period of these systems. However, for

HM Cnc at least, this debate was was settled when Roelofs et al. (2010) found the spectral

lines of HM Cnc were Doppler shi�ed in a sinusoidal manner on the period detected in

the light curve, thus con�rming that the 321 s modulation was the orbital period.

It was the discovery of these ultra-short period systems that provided the impetus for

the RATS project. �ey show optical modulation on their orbital period which changes

the brightness of them by up to 30 per cent (Ramsay et al., 2002a). It is for this reason a

survey was planned that would be able to detect short-period optical modulations in faint

sources.

1.3.1.5 Sources found in SDSS data

�e number of AMCVn systems took a huge leap forward with the release of SDSS survey

data. �e primary aim of SDSS was to measure redshi�s of distant galaxies and quasars

and in the course of this obtained photometry of around 3.5 × 108 sources and spectra

of more than a 1.6 million sources, 4.6 × 105 of which are stars (Abazajian et al., 2009).

�ese enormous quantities of data were systematically searched for AM CVn system, the

spectroscopic side being primarily led byAnderson et al. (2005, 2008) and the photometric

search led by Roelofs et al. (2009).
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�e �rst AM CVn systems to be discovered in the SDSS archive was found in the early

release data by Roelofs et al. (2004, 2005). A search for helium emission lines was per-

formed and from the broad lines indicating the presence of a disc SDSS J124058.03-015919.2

was tentatively classi�ed as an AM CVn system. No photometric variation was detected

(Woudt et al., 2004) suggesting that if the system were to be an AM CVn then it would

likely be a longer period system similar to GP Com. Time-resolved spectra revealed the

characteristic S-wave pattern which is a sure sign of orbital motion.

A search of the early release data had proved the method worked, and sure enough

with more SDSS data came more AM CVn systems. Anderson et al. (2005) and the

SDSS Serendipity Working Group search through 286,000 spectra visually and amongst

the many unusual spectra, four had broad helium emission lines with evidence for dou-

ble peakedness indicating the presence of a rotating disc. �ese were identi�ed as AM

CVn systems though follow-up photometric observations revealed a periodic modulation

in only one of the sources – SDSS J092638.71+362402.4 (herea�er SDSS J0926). SDSS J0926

had a strong 28.3 min period, but most strikingly had sharp decreases in brightness of

over 1 mag during every periodic cycle. �e 28.3 min period is orbital in nature and the

dips are eclipses of the hop-spot by the donor star. SDSS J0926 is an important discov-

ery marking the �rst eclipsing AM CVn system to be discovered. As well as being able to

derive the masses of the two components of the binary and the radius of the secondary

(M1 = 0.85 ± 0.04M⊙, M2 = 0.035 ± 0.003M⊙, R2 = 0.047 ± 0.001R⊙, Copperwheat et al.,

2011) precise timing of the eclipse will allow for a measure of the change in period over

time. During the course of several years it will be possible to measure the e�ect gravita-

tional wave radiation has on the period of the system from which it will be possible to test

the prediction of general relativity in a similar manner as is done using observations of

pulsars (e.g. Kramer et al., 2006).

Anderson et al. (2008) noted that all the AM CVn systems found in SDSS data (six up

to that point) appeared in a remarkably tight range on a colour-colour diagram. Shown

in Fig. 1.3 is a portion of �gure 2 from Anderson et al. (2008) which shows the position

of AM CVn systems as black triangles in (u′ − g′), (g′ − r′) colour space (a similar plot is
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given in Anderson et al. (2008) for (g′−r′), (r′− i′) colour space with a similarly restrictive

colour regime). �is property has been used to extend the search from SDSS spectra to the

photometric database. Roelofs et al. (2009) used the small colour space where AM CVn

stars exist to query the SDSS database. �eir search parameters were:

1. Object is a point source

2. Object is not saturated in any �lter

3. g′ < 20.5

4. (u′ − g′) <min[0.14, 1.35(g′ − r′) + 0.32] − σ(u′−g′)

5. −0.42 + σ[g′−r′) < (g′ − r′) < 0.02 − σ(g′−r′)

6. −0.33 + σ[r′−i′) < (r′ − i′) < 0.03 − σ(r′−i′)

7. Not previously identi�ed (not in Simbad2)

where σ is the error on the colour measure. �e brightness limit is set because they ex-

pected a low ‘hit rate’ on �nding AM CVn systems (or order 1 in 40) and it was therefore

not practical to include faint targets which require more time or 8-m class telescope. �e

search parameters yielded 1523 candidates a�er sources with photometric errors were re-

moved through visual inspection. �ey observed 15 per cent of these spectroscopically

and found one source with features matching an AM CVn system – J080449.49+161624.8.

Further time-resolved spectroscopy revealed the characteristic S-wave on a period of 44.5

min. �eir remarkably low ‘hit rate’ hinted that the space density of AMCVn systemsmay

be lower than the models predict (i.e. Nelemans et al., 2001a, 2004, models predict one

AMCVn for every 40 spectra observed but they found only one in ∼230). Rau et al. (2010)

continued this work �nding another four systems a�er obtaining spectra of half the 1532

candidates, still signi�cantly below the∼19 thatwould be expected frompopulationmodels

(Roelofs et al., 2007c).

2http://simbad.u-strasbg.fr/

http://simbad.u-strasbg.fr/
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Figure 1.3: Stars from the SDSS survey that have good photometric measure are plotted as
black dots. Ten AM CVn systems that have well de�ned photometric colours are plotted
as black triangles. �e AM CVn systems occupy a small area in colour-colour space as
indicated by the dashed box. For comparison DB white dwarfs are plotted as open circles.
�e plot is taken from �gure 2 of Anderson et al. (2008).
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1.3.1.6 �e newest member – its not a helium pulsator

SDSS J190817.07+394036.4 (herea�er SDSS J1908) was observed during the SEGUE phase

of the SDSS project (Yanny et al., 2009) and found to be very blue in colour (g′−r′ = −0.22).

Itwas added to the list of targets to be observed by theKepler satellite in short cadencemode

(one data-point every 58.85 s) andwas observed for 26 days. Low amplitude variability was

found with several periods ranging from 222–953 s; it was suspected that the sources was

either a DAV (ZZ Cet) or a DBV (V777 Her) pulsator. Spectroscopy revealed broad neutral

helium lines which addedweight to theDBV classi�cation (Østensen et al., 2011). However,

when it became clear that it was not possible to �t the source with a DB white dwarf model

atmosphere other classi�cation were considered. It was noticed that the spectrum of this

source was remarkably similar to that of V803 Cen in its high state. �e variability in its

light curve was found to be caused by a 938.5 s orbital period. �e discovery of SDSS J1908

showed a remarkable similarity to the processes which led to the discovery of the �rst six

AM CVn systems – a blue star is found to have variability and broad helium lines in its

spectrum.

1.3.2 Evolutionary sequence

From the observations of AM CVn systems it has become clear that there is a well de�ned

evolutionary sequence for these systems. �ere are thought to be two main formation

mechanisms for these systems.�e starting point for bothmechanisms is a main sequence

binary system. Both stars must be of a low enough mass that they will never produce a

core collapse supernova, the upper limit on the mass of either star is therefore 8 ± 1M⊙

(Smartt, 2009). �e minimum mass of the two components is in the region of one solar

mass lower mass stars will not have had the time to evolve o� the main sequence. �ese

two stars are not interacting and so initially evolve as single stars. �e more massive star

will evolve o� the main sequence �rst. �e unevolved star must be on a close enough orbit

with the evolved star that when the evolved star enters a red giant phase the unevolved

star exists within the radius of the red giant atmosphere. �e unevolved star remains fully
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Name Period Amp. Outbursts Mag Ref.
(s) (g′) (g′)

HM Cnc 321 21.1 Ramsay et al. 2002a1,2

V407 Vul 569 19.9 Ramsay et al. 2002b1,2

ES Cet 621 0.15 17.1 Warner & Woudt 20021,2

SDSS J1908 939 0.02 16.1 Fontaine et al. 20111,2

AM CVn 1028 0.04 14.0 Smak 19671

Roelofs et al. 2007a2

HP Lib 1103 0.02 13.6 O’Donoghue et al. 19941

Roelofs et al. 2007b2

CR Boo 1471 0.05 Yes 14.5 Nather et al. 19841

Roelofs et al. 2007a2

KL Dra 1500 0.04 Yes 20.0 Wood et al. 20021,2

V803 Cen 1596 0.01 Yes 14.0 Elvius 19751

Roelofs et al. 2007b2

SDSS J0926 1699 Yes 20.2 Anderson et al. 20051,2

CP Eri 1701 0.2 Yes 19.7 Howell et al. 19911

Roelofs et al. 20062

V406 Hya 2028 0.1 Yes 20.5 Woudt &Warner 2003
Roelofs et al. 20062

2QZ J1427-01 2194 Yes 20.3 Woudt et al. 20051,2

SDSS J1240 2224 19.7 Woudt et al. 20041

Roelofs et al. 20052

SDSS J0804 2670 18.2 Roelofs et al. 20091,2

SDSS J1411 2760 19.4 Anderson et al. 20051,2

GP Com 2794 15.9 Nather et al. 19811

SDSS J0902 2899 20.2 Rau et al. 20101,2

SDSS J1552 3376 20.2 Anderson et al. 20051,2

Roelofs et al. 2007b2

V396 Hya 3906 17.6 Woudt &Warner 20011,2

SDSS J0129 unknown Yes 19.8 Anderson et al. 20051,2

SDSS J1208 unknown 18.8 Anderson et al. 20081

SDSS J2047 unknown Yes 20.8 Prieto et al. 20061

SDSS J1525 unknown 19.8 Rau et al. 20101

SDSS J1642 unknown 20.3 Rau et al. 20101

SDSS J1721 unknown 20.1 Rau et al. 20101

Table 1.2: �e known AM CVn systems. 1Discovered by. 2Period taken from. �e
information on whether the system has high and low states (i.e. whether it under-
goes outbursts) is taken from Barclay et al. (in prep.). Most of these system have
been given alternate names when they were discovered, where possible I use the correct
variable star designation, for a list of the original names see Solheim (2010). For the
SDSS sources an abbreviated name is given, for their full names see Solheim (2010) or
the coordinate given in http://www.astro.ru.nl/~nelemans/dokuwiki/doku.php?
id=verification_binaries:am_cvn_stars.

http://www.astro.ru.nl/~nelemans/dokuwiki/doku.php?id=verification_binaries:am_cvn_stars
http://www.astro.ru.nl/~nelemans/dokuwiki/doku.php?id=verification_binaries:am_cvn_stars
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intact as a red giant atmosphere is tenuous and of low density. �is is known as a common

envelope (CE) phase and may result in the spiralling in of the unevolved star as it loses an-

gular momentum owing to the drag it experiences (Tutukov & Yungelson, 1996), although

Nelemans et al. (2001a) �nd this e�ect is minimal as the envelope quickly co-rotates with

the binary orbital period. �e envelope is eventually ejected leaving a white dwarf-main

sequence star binary.

In the next stage of their evolution the initially unevolved star must go through a red

giant phase which leads to a second common envelope. During this phase the white dwarf

does not co-rotate with the envelope and loses considerable angular momentum because

of frictional forces inside the common envelope which decrease the orbital period of the

system (Roelofs, 2007). What comes out of the second common envelope phase is de-

pendant on what went in. If the unevolved star had a mass lower than 2.3M⊙ the resultant

source will evolve into a heliumwhite dwarf (Solheim, 2010), this is the double white dwarf

branch. On the other hand, if it has amass between 2.3−5M⊙ it is massive enough to ignite

helium and the star will leave the common envelope phase with a non-degenerate helium

core which is burning helium (Savonije et al., 1986; Iben & Tutukov, 1987).

In both the double white dwarf channel and helium star channel the two components

in the system are brought closer because of the emission of gravitational wave radiation

which removes angular momentum from the system (Roelofs, 2007). In the white dwarf

channel, when the sources get close enough for the lower mass star to �ll its Roche lobe

(an approximate 3D teardrop shape of gravitational equipotential), mass transfer will be-

gin. Since mass is being transfered from the less massive star to the more compact object,

material is getting closer to the centre of mass. An equilibrium is reached between the

emission of gravitational wave radiation and the mass loss rate but as white dwarfs get

larger when they lose mass, this equilibrium can only be reached by increasing the sepa-

ration of the two stars (Roelofs et al., 2007b). �e system will evolve to longer and longer

periods at a decreasing rate of mass transfer as is shown in Fig. 1.4.

In the helium star channel the opposite situation occurs initially relative to the white

dwarf channel. �e non-degenerate helium star will get smaller as it loses mass and hence
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Figure 1.4:�e evolution of AMCVn periods and the dependence on the formationmech-
anism of the system. Labelled as ‘CVs’ is the evolution of hydrogen-rich cataclysmic vari-
ables which cannot evolve to have orbital periods below ∼60 min. In the evolved CV chan-
nel is may be possible to evolve to periods shorter than this a join the helium star channel.
�e helium star channel contains a ‘bounce period’ when the degeneracy pressure begins
to dominate over radiation pressure. �is �gure is taken from Nelemans (2005).

the binary orbit will initially shrink. Eventually the helium star will have lost enoughmass

that it no longer produces enough radiation to overcome the degeneracy pressure and be-

come semi-degenerate (Roelofs, 2007). �is occurs when the helium star has a mass of

around 0.2M⊙. Now when it loses mass the period will increase. �e ‘bounce point’, the

reversal in the sign of the mass loss rate, occurs when the system has a period of roughly

11 min (Iben & Tutukov, 1987), as can be seen in Fig. 1.4.

A third proposed formation channel initially consists of a cataclysmic variable with a

hydrogen-rich, slightly evolved donor (Podsiadlowski et al., 2003) which is shown as evolv-

ing from CVs in Fig. 1.4. However, these sources are thought to be vary rare – Nelemans

et al. (2004) predict the number of sources resulting from this mechanism is 2400 while

other channels will lead to 140,000 visible sources.
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Figure 1.5: �e optical spectrum of HM Cnc, the shortest period binary system. �is is
an average of 400 exposure lasting 60 s each obtained using the 10-m Keck telescope in
Hawaii. While the lines are prominent here, consider that the spectrumwas obtained using
the world’s (second) biggest optical telescope with total exposure time of nearly 7 h and the
lines heights are only a few times greater than the scatter in the continuum. Figure taken
from Roelofs et al. (2010).

Once mass transfer begins, the two stars will evolve apart. �ey will pass through 3 or

4 phases in evolution during which their observational properties change.

1. Ultra-short periodphase. WhenAMCVnsystems evolve on the doublewhite dwarf

formation channel, theywill being their life as anAMCVnsystemwith anultra-short

period. �ese systems are rather di�erent to the other three AM CVn evolutionary

stages andmuch rarer (only 2 are known).�eir optical spectra are almost featureless

– there are weak helium emission lines in one source (HMCnc, Ramsay et al., 2002a;

Roelofs et al., 2010) as can be seen in Fig. 1.5.

�eir orbital motion can be seen in the optical as periodicmodulations in their light

curves at high amplitudes – up to 30 per cent variation (Ramsay et al., 2002a). �ey
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Figure 1.6:�e optical and X-ray light curves of V407 Vul (le�) andHMCnc (right) folded
on their respective orbital periods [5.5 min is the orbital period of HM Cnc (Roelofs et al.,
2010) and 9.5 min for V407 Vul which is thought to be the orbital period]. �e X-ray and
optical light curves are shi�ed in phase by 0.2 which suggestes that the accretion regions
may be vary at di�erent wavelengths. �e X-rays drop to zero which suggests that the X-
rays are formed in a single region which is not visible for around half of the orbit. �e plot
is taken from Barros et al. (2007).

also exhibit so� X-ray emissionwhich varies on the orbital period. Shown in Fig. 1.6

are the optical and X-ray modulations of HM Cnc and V407 Vul folded on the or-

bital period of the systems (5.5 min for HM Cnc and 9.5 min for V407 Vul which is

thought to be the orbital period). �e most popular model for these system is that

thematerial from the donor star does not form a disk but directly impact the surface

of the primary white dwarf and it is the eclipsing of this impact point that causes

x-ray modulations. �e optical variability may also come from the accretion spot

though it has also been suggested that it is caused by the heated side of an irradiated

donor passing in and out of sight as the donor orbits the centre of mass (Ramsay

et al., 2002a; Barros et al., 2007).

2. High state Systems formed from the low mass helium star channel start their life in

the high statewhile doublewhite dwarf systems evolve into this statewhen the orbital

period increases enough for a disc to be formed. In the high state the mass trans-

fer rate is high enough to maintain a disc that outshines the primary white dwarf.

�ey have short orbital periods (10–20 min) and are identi�ed through their optical
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Figure 1.7: A section of the optical light curve of SDSS J1908 which was made using ob-
servations from the Kepler satellite. �e period of this system is 958 s and the mean full-
amplitude is close to 1 per cent. However the amplitude changes as does the shape of the
light curve. this is likely caused by �ickering in the disc.�is �gure is taken from Fontaine
et al. (2011).

variability and their helium-rich spectra. �e optical variability manifests itself as

a modulation in a sources light curve on a period related to the orbital motion of

the system (and example light curve is shown in Fig. 1.7. �eir spectra have broad,

sometime double peaked, helium lines in absorption (shown in Fig. 1.8). Material

from the donor star forms an optically thick disc round the accretor and the light

from the system is dominated by the disc with a contribution from the impact of the

accretion stream onto this disc – called the hot-spot. �e optical modulation comes

from the hot-spot moving in and out of sight as the system rotates about the cen-

tre of mass. �eir spectra look very similar to DB (helium-rich) white dwarfs’ and

the most e�ective way to distinguish these from pulsating DB stars is through �tting

models to their spectra (e.g. Fontaine et al., 2011).

3. Outbursting systems As the orbital period increases further the states enter an ‘in-

between’ phases. �ey have orbital periods between the high state and and a lower

luminosity state. �ese system spend some of their time in the high state and some

in this low state. �e orbital periods range from 20–45 min and the time they spend

in each state is loosely related to their orbital period. For example, CR Boo has an

orbital period of 24.5 min and spends over 70 per cent of its time in the high state

(Wood et al., 1987) while V406 Hya has a period of 33.8 min and spends only a few

weeks a year in the high state (Barclay et al., 2009, Barclay et al., in preparation).

�eir spectra change dependant on whether they are in the high or low state, with

emission lines in the low state and absorption lines in the high state (e.g. �gure 2 of

Ramsay et al., 2010)
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Figure 1.8: An optical spectrum of SDSS J1908, a high state AMCVn systemwith an orbital
period of 939 s.�e spectrumwas obtained using the BokTelescope and the spectrum con-
tained no hydrogen lines and the helium lines are all broad and in absorption. �e heavy
line is a model �t to the observed data (fainter line). �is �gure is taken from Fontaine
et al. (2011).
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Figure 1.9: �is �gure shows the optical spectrum of an AM CVn system in the low state.
�e source, SDSS J0804, has an orbital period of 48 min. �e solid lines beneather the
spectrum mark neutral helium emission while the fainter lines mark ionised helium. �is
�gure is taken from Roelofs et al. (2009).

4. Low state systemsWhen the orbital period of a system is greater than ∼40 min the

source has little or no photometric variability related to the orbital motion of the

system. �e source still has a disc but the mass transfer rate is low and the light

detected from the source is dominated by the primary white dwarf (or white dwarf

+ disc) with helium emission lines from an optically thin disc which may be double

peaked owing to Doppler shi�ing from the orbital motion (an example spectrum is

shown in Fig. 1.9).

1.3.3 Space Density

One of the key reasons to study AMCVn systems is that their Galactic population has im-

portant implications for binary population synthesis models. �ere are three paths which

close white dwarf binary systems may follow: they will merge; they form a type Ia super-

nova; or they form an AMCVn system. Whether theymerge or form a supernova depends

on whether the total systemmass exceeds the Chandrasekhar mass (∼ 1.4M⊙). Either way,

they leave no remnant from which we can easily identify the progenitor. With AM CVn

system however, there is a clear remnant – the AM CVn star itself – from which is is pos-

sible to deduce the progenitor objects. By carefully counting (and accounting for any bias
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in the sample) the number of AM CVn system it is possible to tune the binary population

synthesis models which in turn allows for better prediction on the number of mergers and

thermonuclear supernovae.

Nelemans et al. (2001a, 2004) make predictions of the local space density of AM CVn

system which can be tested by observations. �ey make two models; one optimistic, the

other pessimistic. In the optimistic model the angular momentum is fed back into the

system because of tidal coupling in the system and has a low probability of an edge-lit

detonation of the primaryCOwhite dwarf destroying the system. In the pessimisticmodel

the opposite conditions exist. �e local space density these model predict are shown in

Table 1.3. �e predicted space density varies greatly dependent on the Galactic latitude: at

latitudes of ∣b∣ < 20○ the number of AMCVn systems is signi�cantly greater than at higher

Galactic latitudes.

�e number of AM CVn systems found in the SDSS leads to a direct test of these pop-

ulation models. Anderson et al. (2008) �nd a sky surface density of approximately 3× 10−3

per square degree which is somewhat lower than the optimistic model predicts but higher

than seen in the pessimistic model.

A more complete analysis of the galactic population was performed by Roelofs et al.

(2007c) who found the observed space density was a factor of 20 lower that that predicted

by the optimistic model and a factor of 2 lower than predicted by the pessimistic model.

�e di�erences between the AM CVn population estimated by Roelofs et al. (2007c) and

that of Anderson et al. (2008) was due to a more rigorous analysis of the completeness of

observations by Roelofs et al. (2007c).

It should be noted that Anderson et al. (2008) and Roelofs et al. (2007c) only searched

for emission line AM CVns and hence was limited to looking at the longer period, low

state systems. It is unclear whether the de�ciency in systems extends to lower periods.

�is thesis describes the work being undertaken to address this question.
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Model Number Observable Space density [pc−3]

Pessemistic 1.82 × 107 33 0.4−4

Optimistic 8.0 × 107 116 1.7−4

Table 1.3: �is table, modi�ed from a table 1 in Nelemans et al. (2001a), gives details of the
numbers of AMCVn systems.�e �rst column is themodel: optimistic or pessimistic.�e
number column is the total number of systems in the Galaxy while the observable column
details the number of systems observable brighter than V = 15. �e �nal column are the
di�erent local space densities.

1.4 Astrophysical sources with short time-scale variability

While the Rapid Temporal Survey is designed to discover new AMCVn systems, there are

other classes of variable sources that vary in the time-framewhere RATS is sensitive. �ese

include pulsating, erupting and eclipsing stars, to name a few. A number of these classes

are discussed below.

1.4.1 Stellar pulsators

Stellar pulsations are caused by instabilities beneath the surface of a star which cause the

radius to change. In some cases the radius changes are constant in every direction (i.e.

the star retains spherical symmetry), these are known as radial pulsators. In others the

change in the radius of a star is not the same in all directions, these are non-radial pulsators.

Pulsators typically have a one or more periods of pulsation.

In pulsating stars the pulsations are powered by envelope ionisationmechanismswhich

involve the ionisation of an abundant element at a critical depth below the surface of the

star (Cox, 1980). Speci�cally, it is the ionisation of singly ionised helium to doubly ionised

helium (Hei⇌ Heii) at a depth where the temperature of the envelope is ∼ 4 × 104K that

causes the excitation of pulsations in most pulsating stars because of the large increase in

opacity at this layer (Chevalier, 1971; Cox, 1980). �is depth varies depending on the stellar

temperature, mass and radius. When looking at a Hertzsprung-Russell diagram there is a

band from the top-right to the bottom le� where stars will be unstable which is known

as the instability strip. At the red end of the strip exists Cepheid variables and it passes
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Figure 1.10: A Hertzsprung-Russell diagram showing the red and blue edges of the insta-
bility strip. Inside this region are δ Scuti stars marked as crosses and SX Phe stars as open
circles. Figure taken from Breger (1995).

through the main sequence at spectral type A and F as shown in Fig. 1.10.�ose stars close

to the main sequence were known as short or ultra-short period Cepheids (USPC Eggen,

1970) and can be radial or non-radial pulsators (Poretti, 1989). It was found that most of

these USPCs were Population i objects with highmetal abundances. �ese became known

as the δ Scuti stars (Nemec&Mateo, 1990) ofwhich at least 636 are known (Rodríguez et al.,

2000). �e remaining USPCs have Population ii characteristics – low metallicity, found in

the old disc and halo and have kinematics not associated with the spiral arm structure –

but do not share the age of other Population ii stars: they are typically 2–5 billion years old

(Nemec &Mateo, 1990). �ere are at least 83 SX Phe stars known (Poretti et al., 2008) but

the vastmajority of these are found in globular clusters. It should be noted that not all stars

within this instability region pulsate. To pulsate stars likely need a high helium abundance

(Cox et al., 1973), a high metallicity or are fast rotators (Breger, 1972).

Observationally SX Phe and δ Scuti stars look very similar. Both classes include only
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stars of A and F spectral type and therefore have similar colours [(B − V) = 0.1 − 0.35].

SX Phe stars have periods ranging from 56–172 min (Rodriguez et al., 1990; Poretti et al.,

2008) and amplitudes of 0.05–0.80, though in SX Phe stars there is a tendency for higher

amplitudes in longer period variables which is not seen the δ Scutis (Nemec & Mateo,

1990). δ Scutis have a greater period range than SX Phe stars – the shortest period δ Scuti

has a period of 18 min (Amado et al., 2004) while the longest period star has a period of

7.0 h (McNamara & Redcorn, 1977) – though only two δ Scutis have periods shorter than

40 min. �e range of periods seen in δ Scutis extends to lower periods than the SX Phe

distribution but this may be due to the smaller sample size, while at longer periods the

boundary between δ Scuti and RR Lyr stars becomes blurred. �e pulsation amplitudes

seen in δ Scuti stars ranges from 0.002–1.30 mag (Rodríguez et al., 2000) which is broadly

similar to SX Phe stars (Rodriguez et al., 1990). Even in low resolution spectra they look

very similar (e.g Ramsay et al., 2006) and generally requiremetal lines to be visible in order

to separate these two classi�cations.

A third class of main sequence pulsators are the rapidly oscillating Ap (roAp) stars.

�ese are magnetic, chemically peculiar A-type stars which have have pulsations on peri-

ods of around 10 min. �ey always pulsate non-radially and unlike the δ Scuti and the SX

Phe stars, these pulsations are driven a hydrogen ionisation zone (Balmforth et al., 2001).

Periods are seen ranging from 4–21 min (Dupret et al., 2008) in the 37 known roAp stars

(Kochukhov et al., 2009). Other than their pulsation periods, they are notable because of

their unusual spectra which contain rare earth elements (e.g. Ryabchikova et al., 2002) a

fact which can be used to distinguish between these stars and the δ Scutis.

White dwarfs are the degenerate cores of stars that have exhausted all their fuel. �ey

cool over time from very high temperatures (up to 200,000 K Kurtz et al., 2008) and will

eventually end their lives as dense object at the ambient temperature of the inter-stellar

medium. As they cool, they eventually pass through one of the white dwarf instability

strips. �e temperature at which this happens depends on the composition of the star. In

DA (hydrogen-rich) white dwarfs the pulsations are due to the recombination of hydrogen

and this happens at temperature of around 13,000 K, the stars stop pulsating when they
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cool to around 10,000 K (Fontaine & Brassard, 2008). �e instability region is shown in

Fig 1.11. Helium-rich DB white dwarfs – which make up around 20 per cent of all white

dwarfs – have a higher terperature at which recomination occurs and therefore pulsate at

temperatures of around 25,000 K (Fontaine & Brassard, 2008). Hydrogen-rich pulsators

are known as DAV or ZZ Cet stars while the helium-rich sources are known as DBV or

V777 Her stars. �ere are at least 148 DAV white dwarfs known (Castanheira et al., 2010);

these have periods ranging from 100–1400 s with amplitudes at the dominant frequency

of a few per cent (Fontaine & Brassard, 2008). �e DBVs number around 18 (Nitta et al.,

2009) and have a very similar range of periods and amplitudes to the DAVs (Fontaine &

Brassard, 2008; Nitta et al., 2009). Unlike the non-degenerate pulsators, all stars within

the DAV and DBV instability strips pulsate (Castanheira et al., 2010; Fontaine & Brassard,

2008). �is important as it implies that the mechanism that triggers the pulsations is only

a function of the e�ective temperaure of the white dwarf (Fontaine et al., 1982).

1.4.2 Eclipsing and contact binaries

It is thought that the majority of stars are in binary system, for example Duquennoy &

Mayor (1991) estimate that 57 per cent of G-type stars are components in a binary or mul-

tiple star system. A proportion of these (of the order a few percent) are eclipsing binaries,

systems where the stars pass in front of each other along our lines of sight. �is produces

two eclipses every orbit as each star passes in front of the other one. An eclipse is noticeable

from Earth as a sharp decrease in brightness followed by an increase at the star moves out

of eclipse. An example of an eclipsing binary light curve is shown in Fig. 1.12 – two eclipses

can be seen, the deeper is caused by the larger star passing in front of the smaller. �e du-

ration of the eclipse is related to the distance between the two stars and the centre of mass

and the stellar radii while the depth is related to their relative radii and their luminosities.

�e duration of eclipses can vary from a few 10’s of minutes if the stars are very close to-

gether, to many hours or days if the systems are in a wide binary (Budding et al., 2004).

In order to identify an eclipsing system it is necessary to observe an eclipse (and at least

two eclipses to determine an orbital period) and as a result, short period systems are much
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Figure 1.11:�eDAV instability region in e�ective temperature, surface gravity space. Vari-
able stars are shown as �lled circles while non-variables are shown as open circles. �e
dotted lines show the evolutionary tracks taken by di�erent masses of white dwarfs from
0.4M⊙ at the top to 1.1M⊙ at the bottom. �e solid lines are the theoretical blue edge of the
DAV instability strip using two di�erent models. Figure taken from Fontaine & Brassard
(2008).
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Figure 1.12: �is light curve of an eclipsing binary was obtained using the CoRoT satellite.
�is light curve has been folded on the orbital period and two eclipses can be seen. �e
deeper, primary eclipse happens when the larger star passes in front of the smaller, while
in the shallower, secondary eclipse the smaller passes in front of the larger. �is �gure is
taken fromMaciel et al. (2011).

more commonly identi�ed that longer period ones. For example in the eclipsing binary

catalogue of Budding et al. (2004), the median period of eclipsing sources is 1.9 days. �e

reason that these systems are astrophysically important is that that it is one of the few ways

to directly measure the radii of stars and so to determine masses, which helps to contrain

stellar models.

Contact binaries or W Ursae Majoris systems share many similarities with classical

eclipsing binaries. �ey consist of a binary star system where the two stars are so close to

each other that they are in contact. �e stars are not spherical; the gravity of each star warps

the shape of the other. At the point of contact they are able to transfer material and are

therefore usually close to being in thermal equilibrium. Such systems are more common

that one would expect with some estimates indicating that their frequency may be as high

as 1 per cent of main sequence star systems (Rucinski, 1998, though they exclude stars with



Chapter 1: Introduction 43

spectral type K5 and later). �ey have typical periods ranging from 0.23–0.7 d though are

occasionally seen with longer periods (Pribulla et al., 2003) and can have periods as short

as 0.21 d (Rucinski & Pribulla, 2008). �eir light curves are highly variable and do not have

the same restrictions as eclipsing systems where one must observe an eclipse to discover

their nature. �e heating of one side of each star more than the other (i.e. the side that

faces the other star) causes the stars vary in brightness continually as they orbit a common

centre of mass.

1.4.3 Flare stars

Stellar �ares are large increases in brightness of a star in optical, UV and X-ray light caused

by the releasing of stored energy from surfacemagnetic loops (Kowalski et al., 2009). �ese

eruptions on the surface of the star last for as short a time as only a few minutes and which

can increase the optical brightness of the star by a factor of over 100 (e.g. Kowalski et al.,

2010).�e cause of these events is thought to be similar to the cause of solar �ares:magnetic

reconnection events on the stellar surface. �ey normally occur on M-type stars though

they have been seen in stars of earlier spectral type (e.g. Andrews, 1967).

�ere is currently signi�cant interest in M-type stars amongst the exoplanet commu-

nity as host stars for habitabable planets (a detailed discussion of M-star habitability is

given in Scalo et al., 2007). �e reason for this is twofold; transits by Earth-mass planets

are easier to detect if the stellar radius is low, and the habitable zone (the semi-major axis

range where the temperature of a planet would be conducive to life, usually de�ned as the

region where liquid water could exist) is closer to the star than in higher mass stars, which

makes the detection of transits easier as there aremore of them in a given time-frame. One

possible problem for M-stars making good hosts for habitable planets is the prevalence of

�aring in M stars. Little work has been undertaken on the e�ect �aring has on any life that

may be present on the planetary surface but there are suggestions that habitability may be

highly sensitive to the rate of �aring from a host star (Segura et al., 2010). An ozone layer

which protects a planet’s surface from ultra-violet radiation may be able to survive a�er a
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single �are but if there are more than one in a give time frame this could strip the ozone

layer away (Segura et al., 2010). An unbiased study of the �aring rate of M-stars would be

able to provide interesting constraints on the potential habitability of these sources. Such

a study would need to have a high time resolution in order not to miss any short �ares. A

survey such as RATS will be able to provide this

1.4.4 Cataclysmic variables

Cataclysmic variables are a class of binary system where a low mass main sequence (or

evolved) donor �lls its Roche lobe and transfers mass onto a white dwarf (Warner, 1995).

�ey evolve in a similar way to AM CVn systems but do not go through the second com-

mon envelope phase and instead evolve together via a combination of magnetic breaking

– coupling of the magnetic �eld of the white dwarf to the stellar wind of a tidally locked

donor – and gravitational wave radiation (Ritter, 2008). �e presence of a hydrogen dom-

inated donor star causes the orbital period of these source to never gets below ∼60 min

(Augusteijn et al., 1996).

Spectroscopically they are blue and have hydrogen lines which are o�en in emission,

while their light curves modulate on a period related to the orbital period of the system.

�ey also exhibit other phenomena such as dwarf novae outbursts which are dramatic in-

creases in brightness [4 mag is typical (Warner, 1995)] and typically last for several weeks.

During outbursts short time period variability known as dwarf nova oscillations and quasi-

periodic oscillation (QPOs) are o�en observed. �ese are modulations on a period of sec-

onds to several tens of minutes which remain coherent for several hours because of the

orbit of ‘blobs’ between the inner disc and star (Warner & Woudt, 2008, and §6.1 where

this phenomenon is discussed in more detail). However, they have also been observed

when the system is quiescent (e.g. Ramsay et al., 2009, and §6.1).
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1.5 Summary of�esis

�is thesis describesmy work on the RATS project. I have been leading the writing of data

reduction and the analysis pipeline. �is pipeline processes the images, performs the pho-

tometry and identi�es variable sources. In Chapters 2 and 3 I describe the development of

this pipeline and the choices made when deciding how to detect variability. In Chapter 4 I

discuss the primary objective of the project: testing theAMCVnGalactic populationmod-

els of Nelemans et al. (2001a, 2004). I describe how I developed a list of candidate AMCVn

systems and the follow-up observations made of the prime candidates. I go on to discuss

some of the variable sources that have been detected and elaborate on in Chapter 5 when I

look at some of the populations of pulsating stars in the RATS data. In the Chapter 6 I go

into some detail describing the follow-up observations I have performed and the physics

that can be deduced in a study of two di�erent variable stars. I conclude by assessing the

success of the project and look to the future of both this survey and variability surveys in

general.



Chapter 2

Wide-�eld observations and data

reduction

We had the sky up there, all speckled with stars, and we used to lay on our
backs and look up at them, and discuss about whether they was made or only
just happened.

M. Twain, Adventures of Huckleberry Finn, 1884.

�e Rapid Temporal Survey (RATS) will, when completed, cover 40 deg2 of sky within

±10○ of the Galactic plane. For this area we will have variability information for every star

down to a brightness of g′ ∼ 23 as well as complementary colour information.�is Chapter

describes the data reduction and analysis of the �rst 5 years of this project.

2.1 Observations

2.1.1 Strategy

We take a series of 30 s exposures of a particular �eld for 2–2.5 h in white light and before

this we observe the �eld using 3 standard �lters (cf.§2.1.2.3). We use white light (i.e. no �l-

46
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ter) for the time series in order to maximize the number of photons we are detecting which

in turn allows us to use shorter exposures and therefore to have higher time resolution for

a given limiting brightness. We perform the photometry using the di�erence image anal-

ysis technique (Alard & Lupton, 1998, see §2.2.1 for details of this technique) and identify

sources that merit follow-up observations (cf. Chapter 3). �ese follow-up observations

are used to determine the nature of these variables (cf. Chapters 4, 5 and 6).

RATS �elds are biased towards the Galactic plane as the models of Nelemans et al.

(2001a, 2004) predict that AMCVn systems are much more numerous at low Galactic lati-

tudes (as shown in Fig. 2.1). Using thesemodels, the estimated number of AMCVn systems

(close to the Galactic plane) with periods less than 25 min (a conservative limit on those

sources which show optical variability) is 0.15 per square degree brighter than g′ = 20 and

0.4 brighter than g′ = 22. �e reason 40 deg2 is selected as the target sky coverage for the

RATS project is that is will allow us to to the Galactic population models with statistical

signi�cance – there are predicted to be ∼18 in 40 deg2.

2.1.2 Instruments

�e wide-�eld survey strand of this work makes use of two instruments: the Wide Field

Camera (WFC) on the 2.5m Isaac Newton Telescope (INT) at the Observatorio del Roque

de los Muchachos, La Palma; and the Wide Field Imager (WFI) on the MPG/ESO 2.2m

telescope at La Silla Observatory, Chile.

2.1.2.1 WFC on the INT

�e WFC is placed at the prime focus of the INT (shown in Fig.2.2) and consists of four

thinned 4096 × 2048 pixel EEV CCDs. �e pixel size is 13.5 micron which corresponds

to a 0.33 arcsec per pixel. �e total �eld of view of 0.28 deg2. �e CCDs have a quantum

e�ciency over 50 per cent from 3500–8000 Åwhen run at the operating temperature of 153

K and their e�ciency peaks at 4600 Å(see Fig. 2.3). �e camera has fast and slow readout
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Figure 2.1:�e surface density of AMCVn systems at di�erent Galactic latitudes. �e solid
line is for ‘optimistic’ model and the dotted line for the ‘pessimistic’ model. �e y-axis is
the number of systems per square degree for systems brighter than g′ = 21. Systems with
b < 30○ are much more numerous than systems further from the Galactic plane. �is plot
of shows the positiveGalactic latitudes, the distribution is expected to be symmetrical. �is
plot is taken from Roelofs et al. (2007c).
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Figure 2.2: �e WFC mounted at the prime focus of the INT. �e telescope is in the park
position where it may be �lled with liquid nitrogen which is used to cool the instrument.
�e dewar for �lling the camera with the coolant is below the instrument in this image.
�e image was taken from the website of the ING group of telescopea.

ahttp://www.ing.iac.es/astronomy/instruments/wfc/

modes; we use the fast mode which has a readout time of 29 s with an average readout

noise over the four CCDs of 8.8 electrons per pixel.

2.1.2.2 WFI on the MPG/ESO 2.2m

�e WFI is mounted at the Cassegrain focus of the MPG/ESO 2.2m and has eight 4098 ×

4046 CCDs and a total �eld of view of 0.29 deg2. �e pixel scale is 0.238 arcsec per pixel

and a readout noise of 4.5 electrons per pixel. �e CCDs which make up the WFI have

a quantum e�ciency which peaks in the blue and spans wavelengths from 3500 Å to the

near infra-red and the readout time is ∼110 s (much higher than the WFC which is due to

there being double the number of CCDs).

http://www.ing.iac.es/astronomy/instruments/wfc/
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Figure 2.3: A plot showing the quantum e�ciency of the WFC CCDs as a function of
wavelength. �e CCDs are most e�cient at the blue end of the spectrum with the peak
e�ciency at 4600 Å.�is plot is taken from the WFC information websitea.

ahttp://www.ing.iac.es/Engineering/detectors/ultra_wfc.htm

2.1.2.3 Filters

At each epoch we used 3 �lters which are shown in Tab. 2.1. For the �rst two epochs of INT

observations we used the Harris B and V �lters and the Sloan i′ �lter. In the later epochs

we used Sloan g′ and r′ �lters and the RGO U �lter. In the �nal epoch we also used a Heii

4686 Å �lter. �e change of �lters was made for two reason. Firstly, the Sloan �lters are of

higher throughput than the Harris �lters, the maximum throughput of B and V is 66 and

88 per cent, respectively whereas the g′ and r′ �lters both have a maximum throughput

of 90 per cent. Secondly, it allows for direct comparison with observations from the Sloan

Digital Sky Survey (York et al., 2000). On top of this, there is some scratches in the centre of

the Harris B �lter, whereas the Sloan �lters are in better condition1. In Figures 2.4 and 2.5

are shown the transmission for the �lters used in the earlier and later epochs, respectively.

When observing using the WFI on the MPG/ESO 2.2m we used Bessel B, V and I

�lters. �e transmission curves for these �lters are shown in Fig. 2.6. �ese �lters were

1http://catserver.ing.iac.es/filter/list.php?instrument=WFC

http://www.ing.iac.es/Engineering/detectors/ultra_wfc.htm
http://catserver.ing.iac.es/filter/list.php?instrument=WFC
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Figure 2.4: �e transmission of the �lters using during the INT1 and 2 epochs. �e blue,
green and red curves are the Harris B and V and the Sloan i′ �lters, respectively.

Figure 2.5:�e transmission of the �lters using during the INT3, 4 and 5 epochs. �e blue,
green and red curves are the RGO U and the Sloan g′ and r′ �lters, respectively. In the
INT5 epoch we also used a Heii 4686Å �lter, the transmission of this �lter is plotted in
black.
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Figure 2.6: �e transmission of the �lters using during the ESO1 epoch. �e blue, green
and red curves are the Bessel B, V and I �lters, respectively.

Filter Filter Epoch Central FWHM Peak
System Name Wavelength Å Å transmission %
Harris B INT1,2 4298 1065 66
Harris V INT1,2 5425 975 88
Sloan i′ INT1,2 7743 1519 94
RGO U INT3,4,5 3581 638 80
Sloan g′ INT3,4,5 4846 1285 90
Sloan r′ INT3,4,5 6240 1347 90

Heii INT5 4686 100 78
Bessel B ESO1 4491 1235 88
Bessel V ESO1 5396 894 87
Bessel I ESO1 8268 2031 87

Table 2.1: Summary of the �lters used.

chosen as they give relatively good coverage over optical wave-bands, though poorer than

the later INT observations because the Bessel B and V �lters overlap and there is no trans-

mission from 6000–7000 Å. More infra-red �ux is obtained with the Bessel I �lter relative

to the SDSS i′ �lter.

2.1.3 Fields observed

All �elds are selected in such a way that no stars brighter than g ∼12 are present. In addi-

tion, �elds are typically chosen to be close to the zenith to reduce di�erential atmospheric
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Figure 2.7: �e position of the �eld centres of all the �elds observed during the �rst �ve
years of the RATS project. �e �elds are plotted in Galactic coordinates using an Aito�
projection. Many of the �elds are spatially close and so appear only as a single point in this
�gure.

di�raction.

In the �rst three epoch of observations (INT1 and 2 and ESO1), the �elds were located

at Galactic latitudes with 20○ < ∣b∣ < 30○. Since then our �elds have been biased towards

∣b∣ < 15○. �e distribution of RATS �elds are shown in Figs. 2.7 and 2.8.

A number of �elds in the INT3 epoch were observed at high airmass (1.4–2.0) in order

to observe close to the Galactic plane. On these occasions we did not observe in white light

but instead used a g′ �lter in order to limit the e�ects ofwavelength dependent atmospheric

extinction.

Our data were taken at 6 separate epochs: 5 using the Wide Field Camera (WFC) on

the INT and 1 using the Wide Field Imager (WFI) on the MPG/ESO 2.2m telescope (cf.

Tab. 2.2). We have observed a total of 110 �elds which cover 31.3 deg2 of which 16.2 deg2 are

at low galactic latitudes (∣b∣ < 10○). Full details of these observations are given in Table 2.3.

�e �elds observed in the earlier epochs – INT1 and 2 and ESO1 – were mostly observed
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Figure 2.8:�e galactic latitudes of all the stars observed during the �rst 5 years of theRATS
project that have more than 60 photometric data-points. Our �eld are biased towards the
Galactic equator: 78 percent of the stars in our sample lie within ∣b∣ < 10○.

Epoch Dates # of Galactic Total Filters
ID �elds latitudes stars
INT1 20031128-30 12 > ∣16○∣ 45572 BVi′

INT2 20050528-31 14 a 234029 BVi′

ESO1 20050603-07 20 b 750109 BVi′

INT3 20070612-20 26 < ∣15○∣ 1223803 Ug′r′

INT4 20071013-20 29 < ∣10○∣ 678025 Ug′r′

INT5 20081103-09 9 < ∣10○∣ 112788 Ug′r′

a3 �elds < ∣10○∣ and 11 �elds > ∣22○∣
b4 �elds < ∣10○∣ and 16 �elds > ∣16○∣

Table 2.2: Summary of the 6 epochs in which our observations were taken. �e total stars
column refers to sources with at least 60 photometric data-points.

at Galactic greater than ∣b∣ > 15○. �e reason for this was to enable us to develop our data

reduction so�ware in �elds with relatively low stellar density. However, this does have the

added bene�t of allowing us to determine Galactic scale-heights of stellar populations. On

top of this, we are also able to calibrate our photometry against the Sloan Digital Sky Survey

in a few �elds where our observations overlap.



C
h
apter

2:
O
bservation

s
an
d
d
ata

red
u
ction

55

Field ID Date RA DEC l , b Duration Seeing # light
(J2000) (J2000) (′′) curves

INT1-2 2003-11-28 22:57:08.9 +34:13:02 97.5 −22.9 2h 33m 0.8–1.3 4061
INT1-6 2003-11-28 02:08:10.7 +36:16:13 139.8 −24.1 2h 23m 1.0–1.5 2786
INT1-11 2003-11-28 04:11:31.1 +19:24:55 174.6 −22.8 2h 04m 1.0–1.5 2762
INT1-21 2003-11-28 07:29:20.0 +23:25:36 195.4 +18.4 2h 31m 1.0–1.5 4097
INT1-1 2003-11-29 23:10:43.9 +34:19:48 100.3 −24.1 2h 47m 1.2–2.0 3464
INT1-8 2003-11-29 02:02:15.6 +34:21:40 139.2 −26.3 2h 22m 1.3–2.6 3321
INT1-16 2003-11-29 04:55:55.5 +13:04:42 186.9 −18.4 2h 02m 0.9–1.3 4783
INT1-806 2003-11-29 08:06:23.0 +15:27:31 206.9 +23.4 2h 06m 0.8–1.1 4518
INT1-3 2003-11-30 23:04:48.0 +34:26:19 99.1 −23.4 2h 18m 0.7–1.1 4576
INT1-307 2003-11-30 03:06:07.2 −00:31:14 179.1 −48.1 1h 59m 1.0–1.4 1722
INT1-17 2003-11-30 04:50:42.5 +18:11:59 181.8 −16.4 2h 30m 0.9–1.3 4838
INT1-22 2003-11-30 07:39 51.9 +23:50:03 196.0 +20.8 2h 41m 0.9–1.3 4644

Table 2.3: Summary of the �elds observed in the �rst 6 epochs of our survey. Field ID is in the format epoch-�eld#, see table 2.2 for a summary of each
epoch. Field centre refers to the centre of CCD4 in the INTWFC observations and close to the centre in the case of ESOWFC observations.�e duration
is the time-span for the series of 30 sec exposures. �e seeing was determined from the FWHM of the images; the number of light curves is those stars for
which more than 60 data-points were obtained.
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Field ID Date RA DEC l , b Duration Seeing Number of
(J2000) (J2000) (′′) light curves

INT2-1 2005-05-28 13:57:08.6 +22:48:16 20.3 +74.5 1h 53m 1.5–3.0 988
INT2-2 2005-05-28 16:05:45.8 +25:51:45 42.8 +46.8 1h 53m 0.8–1.2 2209
INT2-3 2005-05-28 20:01:53.9 +18:47:41 57.8 −6.2 1h 57m 1.5–1.9 32428
INT2-4 2005-05-29 12:00:00.0 −00:00:00 276.3 +60.2 0h 56m 0.7–1.2 1517
INT2-5 2005-05-29 13:59:31.7 +22:10:56 18.9 +73.8 1h 51m 0.8–1.3 1590
INT2-6 2005-05-29 16:09:10.0 +24:00:13 40.4 +45.6 1h 51m 0.7–1.0 2634
INT2-7 2005-05-29 18:03:29.9 +29:56:25 56.1 +22.8 2h 09m 0.8–1.0 4333
INT2-8 2005-05-30 14:00:37.2 +22:45:59 21.2 +73.7 1h 57m 0.7–0.9 2511
INT2-10 2005-05-30 17:59:12.6 +28:25:20 54.2 +23.2 1h 51m 0.6–0.8 8465
INT2-11 2005-05-30 19:53:46.1 +18:46:42 56.7 −4.6 1h 40m 1.4–1.5 90451
INT2-12 2005-05-31 13:58:40.1 +23:34:19 23.5 +74.4 2h 26m 0.6–0.8 1983
INT2-13 2005-05-31 17:56:28.9 +29:09:39 54.7 +24.0 2h 02m 1.3–1.5 8172
INT2-14 2005-05-31 19:55:30.5 +18:42:04 56.9 −5.0 1h 57m 1.3–1.5 76748
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Field ID Date RA DEC l , b Duration Seeing Number of
(J2000) (J2000) (′′) light curves

ESO-1 2005-06-03 12:04:20 −24:50:31 289.6 +36.8 1h 46m 1.0–1.3 1573
ESO-2 2005-06-03 14:03:32 −22:17:05 324.1 +37.6 1h 56m 0.8–1.1 2872
ESO-5 2005-06-03 20:04:50 −24:04:46 17.9 −26.2 2h 32m 0.8–1.2 8000
ESO-4 2005-06-03 16:23:36 −26:31:39 351.0 +16.0 3h 28m 0.7–1.0 36424
ESO-7 2005-06-04 12:08:15 −22:56:35 290.1 +38.9 2h 37m 1.4–2.6 1356
ESO-8 2005-06-04 13:53:46 −23:41:48 320.9 +37.0 2h 25m 1.2–2.4 2567
ESO-10 2005-06-04 18:01:03 −26:54:22 3.5 −1.9 2h 16m 0.7–1.2 142523
ESO-13 2005-06-05 12:02:40 −22:32:40 288.4 +38.9 2h 28m 0.6–1.4 1696
ESO-14 2005-06-05 14:03:47 −24:55:05 323.1 +35.1 2h 27m 0.7–1.1 4402
ESO-16 2005-06-05 18:07:54 −24:56:23 5.9 −2.3 2h 32m 0.7–1.4 173696
ESO-17 2005-06-05 20:05:13 −22:32:36 19.6 −25.8 2h 35m 0.8–1.4 8711
ESO-19 2005-06-06 12:01:38 −24:25:27 288.7 +37.1 2h 28m 0.8–1.4 2556
ESO-21 2005-06-06 16:00:16 −25:33:01 347.9 +20.4 2h 27m 0.6–0.9 9877
ESO-22 2005-06-06 18:36:26 −23:55:04 9.9 −7.6 2h 32m 0.7–1.0 162417
ESO-6540 2005-06-07 18:06:01 −27:44:40 3.3 −3.3 2h 25m 0.6–0.8 185173
ESO-25 2005-06-07 12:08:07 −25:14:10 290.7 +36.6 1h 52m 0.6–2.0 3512
ESO-30 2005-06-07 22:03:11 −24:43:56 26.8 −52.3 2h 00m 0.6–0.9 2754
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Field ID Date RA DEC l , b Duration Seeing Number of
(J2000) (J2000) (′′) light curves

INT3-2 2007-06-12 17:59:00 +01:38:00 28.4 +12.4 1h 45m 1.1–1.4 34275
INT3-3 2007-06-12 19:42:00 +19:06:00 55.6 −2.0 1h 19m 1.0–1.3 117341
INT3-4 2007-06-13 18:04:00 +02:20:00 29.6 +11.6 2h 08m 1.1-1.7 13194
INT3-5 2007-06-13 18:00:30 +01:35:00 28.5 +12.0 2h 00m 0.9–1.2 43524
INT3-6 2007-06-13 19:41:00 +19:48:00 56.1 −1.4 1h 53m 0.8–1.1 135686
INT3-7 2007-06-14 18:04:00 +01:31:00 28.8 +11.2 2h 05m 0.9–1.5 17583
INT3-8 2007-06-14 17:55:00 +01:46:00 28.0 +13.4 2h 00m 0.8–1.2 34249
INT3-9 2007-06-14 19:37:00 +19:47:00 55.6 −0.6 2h 00m 0.8–1.0 117956
INT3-10 2007-06-15 18:00:00 +02:13:00 29.0 +12.4 2h 16m 1.3–2.6 10358
INT3-11 2007-06-15 18:04:00 +00:46:00 28.2 +10.9 2h 20m 1.0–1.4 43084
INT3-12 2007-06-15 19:40:00 +22:50:00 58.6 +0.3 2h 00m 0.8–1.1 41726
INT3-13 2007-06-16 17:55:00 +02:22:00 28.5 +13.6 2h 06m 1.3–1.8 10323
INT3-14 2007-06-16 18:01:00 +00:42:00 27.7 +11.5 2h 00m 1.2–1.5 38365
INT3-15 2007-06-16 19:31:00 +19:03:00 54.3 +0.2 2h 04m 1.1–1.5 84418
INT3-16 2007-06-17 18:23:04 +05:53:25 35.0 +9.0 2h 17m 1.3–2.0 9553
INT3-17 2007-06-17 18:22:51 +08:25:34 37.3 +10.3 2h 10m 0.9–1.2 51788
INT3-18 2007-06-17 19:27:00 +22:40:00 57.0 +2.8 2h 09m 0.9–1.0 93095
INT3-20 2007-06-18 18:19:42 +05:52:01 34.6 +9.7 2h 04m 1.9–3.0 4622
INT3-21 2007-06-18 18:18:00 +07:35:41 36.0 +10.9 2h 00m 1.4–2.6 30470
INT3-22 2007-06-18 19:39:00 +20:24:00 56.4 −0.7 2h 00m 1.1–1.4 78067
INT3-24 2007-06-19 18:18:18 +06:31:15 35.0 +10.3 2h 00m 1.1–1.5 48472
INT3-25 2007-06-19 20:32:00 +25:11:00 67.0 −8.5 2h 00m 1.2–1.7 52974
INT3-26 2007-06-20 18:20:21 +08:11:47 36.8 +10.6 2h 00m 1.0–1.6 13554
INT3-27 2007-06-20 18:23:47 +07:51:23 36.8 +9.7 2h 00m 0.9–1.2 59027
INT3-28 2007-06-20 20:31:00 +27:26:00 68.7 −7.0 2h 00m 0.8–1.1 40099
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Field ID Date RA DEC l , b Duration Seeing Number of
(J2000) (J2000) (′′) light curves

INT4-1 2007-10-13 21:04:25.9 +45:40:34 87.2 −0.8 2h 16m 1.2–1.6 52237
INT4-2 2007-10-13 21:57:14.8 +54:01:00 99.1 −0.6 1h 56m 1.3–1.7 33917
INT4-3 2007-10-13 01:27:01.0 +53:50:51 128.2 −8.7 2h 09m 1.2–1.8 9355
INT4-4 2007-10-13 02:52:26.6 +50:42:29 141.7 −7.7 2h 55m 1.1–2.0 5707
INT4-5 2007-10-14 21:01:15.0 +44:30:47 85.9 −1.2 2h 20m 0.8–1.1 51566
INT4-6 2007-10-14 23:48:10.0 +56:26:08 114.2 −5.4 2h 29m 0.9–1.1 22154
INT4-7 2007-10-14 01:42:15.0 +55:21:46 130.2 −6.8 2h 10m 0.9–1.3 16942
INT4-8 2007-10-14 04:55:19.0 +34:42:02 169.2 −5.5 2h 19m 0.9–1.2 9030
INT4-9 2007-10-15 20:59:15.0 +45:34:42 86.5 −0.2 2h 21m 1.0–1.3 57117
INT4-10 2007-10-15 23:48:04.0 +54:19:49 113.7 −7.4 2h 19m 1.1–1.3 17730
INT4-11 2007-10-15 01:41:42.0 +54:33:14 130.2 −7.6 2h 10m 1.0–1.2 15605
INT4-12 2007-10-15 05:03:31.0 +34:56:22 170.0 −4.0 2h 16m 0.9–1.2 12597
INT4-13 2007-10-16 21:08:06.0 +44:14:06 86.5 −2.3 2h 10m 1.2–1.4 37264
INT4-14 2007-10-16 23:48:04.0 +54:19:49 113.7 −7.4 2h 00m 1.1–1.4 11212
INT4-16 2007-10-17 21:05:39.0 +46:20:27 87.8 −0.6 2h 10m 1.3–1.7 56719
INT4-17 2007-10-17 01:26:19.0 +54:49:00 128.0 −7.7 1h 54m 0.9–1.1 12945
INT4-19 2007-10-17 05:04:51.0 +36:14:33 169.1 −3.0 2h 35m 0.8–1.2 14854
INT4-20 2007-10-18 21:01:49.0 +45:10:21 86.5 −0.8 2h 10m 0.9–1.2 33033
INT4-21 2007-10-18 23:57:34.0 +56:11:06 115.4 −5.9 2h 10m 0.9–1.2 23038
INT4-22 2007-10-18 01:42:22.0 +53:58:47 130.5 −8.1 2h 25m 1.0–1.4 13504
INT4-24 2007-10-19 21:07:34.0 +45:31:43 87.4 −1.3 2h 10m 1.1–1.4 52761
INT4-25 2007-10-19 23:52:37.0 +56:20:59 114.8 −5.6 2h 10m 1.2–1.4 16588
INT4-26 2007-10-19 02:54:43.0 +49:49:49 142.4 −8.3 2h 00m 0.9–1.4 10470
INT4-27 2007-10-19 05:07:38.0 +34:18:48 171.0 −3.7 2h 00m 1.0–1.4 10242
INT4-28 2007-10-20 22:09:27.0 +55:27:30 101.3 −0.5 2h 11m 1.0–1.4 43867
INT4-29 2007-10-20 00:02:06.0 +53:34:37 115.6 −8.6 2h 00m 1.0–1.4 14069
INT4-30 2007-10-20 02:49:23.0 +50:17:50 141.5 −8.3 2h 00m 0.9–1.3 12571
INT4-31 2007-10-20 05:03:57.0 +34:16:49 170.6 −4.3 2h 00m 0.8–1.3 12571
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Field ID Date RA DEC l , b Duration Seeing Number of
(J2000) (J2000) (′′) light curves

INT5-2 2008-11-03 01:49:58.6 +56:19:39 131.0 −5.6 2h 46m 0.7–1.1 9497
INT5-3 2008-11-03 04:34:33.4 +39:55:22 162.5 −5.2 2h 31m 0.7 7541
INT5-4 2008-11-06 21:10:10.0 +49:31:56 90.7 +1.0 2h 10m 0.8–0.9 21967
INT5-5 2008-11-06 23:40:09.0 +57:01:33 113.3 −4.5 2h 49m 0.8–1.0 14379
INT5-6 2008-11-06 04:31:45.0 +40:27:12 161.7 −5.3 2h 11m 0.7 10837
INT5-7 2008-11-06 06:55:57.5 +10:37:54 203.9 +5.8 2h 01m 0.7–0.9 11288
INT5-8 2008-11-07 23:24:50.2 +57:13:57 111.4 −3.7 2h 10m 0.7–0.8 15334
INT5-9 2008-11-07 03:05:05.7 +55:35:15 141.1 −2.5 2h 00m 0.7 10605
INT5-10 2008-11-07 06:04:33.8 +24:42:45 185.8 +1.5 2h 20m 0.7 11340
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2.1.4 Image preparation

Each night, before science observations, we took bias frames and twilight �at-�eld images

in each �lter. Each night’s bias frames were combined to make a median image using the

medsky programwhich is included as part of the Figaro package which, in turn, is part of

the Starlink suite of so�ware. I then subtracted a nightly master bias from �at-�eld and

science images.�e de-biased �at-�elds images for the whole epoch were combined using

medsky but this time each image was scaled to the �rst image in the list of �at-�elds, this

was to reduce the e�ects caused by having a di�erent number of average counts in each �at-

�eld image. I was careful to exclude any �at-�eld images that were saturated. �e science

images were then divided by a master �at image which limits the e�ects of di�erences in

the sensitivity of di�erent pixels on the CCD.

Fringing is a pattern which occurs on a CCD consisting alternating brighter and darker

bands. �ey are caused by interference between re�ected light and incoming light within

the CCD or long wavelength light passing through the CCD and being re�ected back into

the CCD, essentially forming a pattern of Newton’s rings which is detected at red and near

infra-red wavelengths. �e formation of them is usually caused by OH emission lines in

the upper atmosphere (Pecker, 1970). �ey are forbidden transitions and appear as a very

narrow feature if observed spectroscopically. �ey can be variable over the course of sev-

eral nights (Howell, 2000). Fringing is highly undesirable as when stars move in x , y space

across theCCDover the course of the time series observations they pass over an alternating

bright/dark pattern and they appear to be variable, depending on the pattern even period-

ically variable. In the case of our white light and i′ band images, fringing was present in

most images. However, when there was thin cloud the fringing disappeared. I removed

the e�ects of fringing in all but a handful of �elds where thin clouds were present. I did

this by making a super-�at – also known as a fringe-map. In most epochs I made this by

taking a number of images throughout the night (typically one from each �eld observed)

and removing the stars from the image using daophot and allstar. �e super-�at was

then created from the median of these. In INT5 observations we observed blank �elds,

which contain minimal numbers of stars, and created a median of these using medsky.
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Each blank �eld was observed for approximately 5 times with an o�set of ±20 arcsec in

both the right ascension and declination directions from the �rst blank image. �is has

the e�ect of removing any stars that are in the image when the median is created. All the

science images were then divided by a super-�at. I found that fringing patterns did not

show signi�cant variations over the course of the night but changed subtly over several

nights. �e fringing le� in the data is below the level of 1 per cent which is below the level

of other photometric errors and therefore not considered any further.

2.2 Photometry

2.2.1 Extracting light curves

In our �rst set of observations (Ramsay & Hakala, 2005) the Starlink aperture photom-

etry package, Autophotom was used. �is technique provides accurate photometry at a

reasonable computational speed for �elds with low stellar density but proved to be unsuit-

able for �elds containingmore than a few 1000 stars owing to the computational processing

time involved and – for very crowded �elds – its inability to separate blended stars. �e

computational time was so great that it would have taken longer than the length of my

Ph.D to reduce our whole data-set.

I opted to switch to a di�erent method of photometry, di�erence image analysis (DIA

Alard & Lupton, 1998), which is more suitable for crowded �elds and takes into account

changes in seeing conditions over the course of the observation. �e principle of DIA is

to take reference image of a �eld and then subtract each individual science image from

that reference image. �e intensity of any residuals can then be measured, which gives the

brightness of the source relative to the reference. �e reference is generally made from

a median of several images – usually those with the best seeing – and before images are

subtracted the reference must be degraded to the seeing of the science image.

I use a use a modi�ed version of the Dandia (Bond et al., 2001; Bramich, 2008; Todd
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et al., 2005) implementation of DIA. A summary of the parameters used in this technique

are given in Table 2.4. �e reference image is made from the four images with the best

seeing which are aligned and averaged to increase the signal-to-noise in the reference im-

age. Sources are detected on each science image if their �ux is more than 3σ above the

background and are then used to align the images. Each CCD is split into eight 1024× 1024

pixel sub-frames. �e point-spread function (PSF) for each sub-frame is calculated using

the stars that are a minimum of 14σ above the background and have no bad pixels nearby.

I split each CCD into sub-frames to reduce the e�ects of changes in the PSF across the

CCD. A maximum of 22 stars were used in calculating the PSF. Each frame is aligned to

the reference image and subtracted using the equation

D(x , y) = I(x , y) −M(i, j) (2.1)

where D(x , y) is the resultant di�erence image, I(x , y) is the science image, andM(i, j) is
themodel which is created to represent the PSF degraded reference frame, which is de�ned

as,

M(i, j) = [R(x , y)⊗ K(u, v) + B(x , y)] (2.2)

where R(x , y) is the reference image, K(u, v) is the kernel that matches the image and the

reference PSF and B(x , y) is the spatially varying di�erential background. x and y refer

to the column and row of pixels the image; u and v refer to the row and column for the

kernel. Reducing this to a least-squares problem, I try to minimize

χ2 =∑
x ,y

( I(x , y) − [R(x , y)⊗ K(u, v) + B(x , y)]
σ(x , y) )2

(2.3)

where σ(x , y) are the uncertainties on each pixel. �e kernel used is circular and degrades

the PSF of all sources in the reference image, R(x , y), to that of the science image, I(x , y).
�e task is now to create an acceptablemodel (i.e. degraded reference frame). As shown

in Bramich (2008), I can rewrite Equation 2.2 to represent the kernel as a pixel array Ku,v

withNK pixels which u and v represent the pixel columns and rows numbers for the kernel.

�e di�erential background is rewritten as a constant B0 and, hence, Equation 2.2 can be
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rewritten as:

Mx ,y = ∑
u,v

Ku,vR(x+u)(y+v) + B0 (2.4)

which has NK + 1 unknowns and the kernel contains pixel K0,0. �e χ2 in Equation 2.3 has

a minimum when the gradient of χ2 with respect to Ku,v and B0 is zero (Bramich, 2008).

We use this to solve Equation 2.4. by performing NK + 1 di�erentiations. Rewriting the set

of linear equation in matrix form give the matrix equation Ua = b where:

Up,q =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑x ,y
R(x+u),(y+v)R(x+u′),(y+v′)

σ 2x , y
for 1 ≤ p ≤ NK and 1 ≤ q ≤ NK

∑x ,y
R(x+u′),(y+v′)

σ 2x , y
for p = NK + 1 and 1 ≤ q ≤ NK

∑x ,y
R(x+u),(y+v)

σ 2x , y
for 1 ≤ p ≤ NK and q = NK + 1

∑x ,y
1

σ 2x , y
for p = q = NK + 1

ap =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
Ku,v for 1 ≤ p ≤ NK

B0 for p = NK + 1

bp =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
∑x ,y

Ix , yR(x+u),(y+v)

σ 2x , y
for 1 ≤ p ≤ NK

∑x ,y
Ix , y

σ 2x , y
for p = NK + 1

(2.5)

p and q are the indices of the vector a associated with the kernel indices (u, v) and the

di�erentiated (u′, v′), respectively. To �nd the values of a, that is, Ku,v and B0, requires the

calculating of a = U−1b.

Dead and saturated pixels are ignored in both the science image and the reference im-

age when calculating U and b which limits the maximum kernel size that can be used if

there are many bad and saturated pixels in the images. What is le� a�er the subtraction

of the model from the science image is a ‘di�erence image’ which consists of photon and

other random noise except where the stars have changed in brightness from the reference

or where the background has changed. Aperture photometry is then performed on the

residuals to create a light curve made up of positive and negative residuals.
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For the uncertainties in each pixel we use the equation

σ2
x ,y = σ2

0 +
Mx ,y

G
(2.6)

where σ2
0 is the CCD readout noise and G is the gain. As σ2

x ,y is dependent on Mx ,y the

calculation ofMx ,y is an iterative process (Bramich, 2008), I set 120 as the maximumnum-

ber of iterations. It is assumed that the reference image pixels have no uncertainties as

these pixels are from a high signal-to-noise image. �e initial value for background is set

by manually de�ning a region devoid of stars and bad pixels in the reference image and

calculating the median value. �is region typically has a size of 50 × 50 pixels, though this

varies depending on how many stars are in the image (if the image has very high stellar

density the background region is forced to be smaller). �e initial kernel value is set by

de�ning a region of the reference image which contains a large number of bright – but not

saturated – stars and calculating the mean PSF. �e size of with region varies depending

on the stellar density, with larger regions having to be used if the stellar density is small.

�e initial values for the background and kernel are constant over all sub-frames.

�emeanphotometric scale factor between the reference image and each science image

is given by the sum of the pixel values in the kernel, P = ∑u,v Ku,v . In order to convert from

�ux to magnitudes I �rst calculate the total �ux of a star at time t using equation 3 from

Todd et al. (2005):

ftot(t) = fref +
fdi�(t)
P(t) (2.7)

and then covert to magnitudes using

m(t) = 25.0 − 2.5 log( ftot(t)) (2.8)

�e total �ux at time time, ftot(t), is the combined �ux from the reference and the di�eren-

tial �ux. �e photometric scale factor P(t) accounts for extinction which e�ects the whole

sub-frame relative to the reference image.

Only stars that appear in the reference image have a light curve created. �is prevents

us from �nding transient events unless they appear in any of the reference images. In future
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Group Parameter Value
CCD parameters Good pixel values 0–50000 ADU

Bad pixel value -1
Number of subframes 8
Subframe size 1024 × 1024 pixels
CCD region in use, (x,y) (0–2048,0–4096)

Alignment Star detection threshold 3σ
Kernel radius for reference image generation 12 pixels
Number of stars used for alignment 1500
Match range 10 pixles
Match step 1 pixel
Match radius 1 pixel

Kernel model Number of Gaussian functions 3
Polynomial order used to model background 3

DI generation Sigma clipping of outliers 3σ
Max. number of outliers before stopping 70
Max. iterations 120

DI measurement Kernel radius 22
Aperture radius 18

Table 2.4: Parameters used when performing di�erence image analysis (DIA) photometry.
�e parameters are grouped by which part of the DIA code they are used in. When per-
forming the alignment, the alignment program will search within ’match range’ in steps of
’match step’ for a star within ’match radius’ in each star. �e o�set with the most matched
stars is set as the real o�set. DI is an abbreviation for di�erence image

work it will be possible to look for these events in the data but this in not within the scope

of this work.

2.2.2 Removing systematic e�ects

All variability surveys of this type su�er from sources of systematic error and RATS is no

di�erent (for a detailed discussion of systematic errors present in survey data see Collier

Cameron et al., 2006). �ere are many sources of systematic errors which are �eld and

source dependent. Changes in airmass causes changes in the atmospheric absorption of

�ux from a stars and e�ects stars di�erently depending on their colour. Despite our best

e�orts in reducing the e�ects of pixel-to-pixel variations by dividing the science images by a

�at-�eld and a super-�at, some variation still remains. Part of this is due to the sensitivity of

pixels changing over the course of the night. One reason for this is temperature variations

of the CCD over the course of a night. Changes in the transparency also causes systematic
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errors as this can vary on scales less than the size of the CCD (Howell, 2000). �in cloud

can also decreases the e�ect of fringing, as I am dividing the image by a super-�at, if the

fringing pattern changes, I am adding a systematic error to the images.

In order to minimise the e�ects of these trends I apply the Sysrem algorithm (Tamuz

et al., 2005). �e Sysrem algorithm assumes that systematic trends are correlated in a way

analogous to colour-dependent atmospheric extinction, which is a function of airmass and

the colour of each source. �e colour term is unique to each source (i.e. does not vary be-

tween images of the same source) and the airmass term to each individual image. �e

airmass and colour terms do not necessarily refer to the true airmass at which we observed

and the true colour (i.e. a measure of di�erential extinction) of the star but instead ap-

plies to any linear combination of systematic trends. �e algorithm minimises the global

expression

S2 = ∑
i j

(ri j − cia j)2
σ2
i j

(2.9)

Where ri j is the residual of each photometric data-point in an individual light curve when

the mean value of the whole light curve is subtracted, ci is the colour term for light curve i

and a j is the airmass term for image j, σi j is the error on the photometric data-point and i

and j are star number and image number, respectively. Put simply, the algorithm subtracts

the product cia j from each data-point of each light curve. �e global minimum of S2 is

found by using a criss-cross iteration process (Gabriel & Zamir, 1979) which �rst calculates

ci , where

ci =
∑ j(ri ja j/σ2

i j

∑ j(a2j/σ2
i j) , (2.10)

and then uses the value new value of ci to calculate a j, where

a j =
∑i(ri jci/σ2

i j

∑i(c2i /σ2
i j) . (2.11)

I set the initial values for both a j and ci at unity. Tamuz et al. (2005) �nd using any sensible

initial values does not e�ect the �nal values: my testing agrees with these results. I �nd that

using the true airmass as opposed to unity does not a�ect the result of the de-trending.

�e algorithm runs through 20 iterations and once the process is complete the dom-
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Figure 2.9: �ese two plots have the signi�cance of the variability seen in a star increasing
on the y-axis and the period detected by a variability algorithm on the x-axis. Non-variable
sources should be at the bottom of the plot. �e le� plot has had no detrending performed
and it there is a large number of signi�cantly variable sources at ∼60 periods as well as
other peaks at lower periods – these are trends in the data. In the right plot the majority of
this trending has been removed.

inant source of systematic trends is removed. I then run the cycle again using the newly

de-trended residuals to remove the next most important source of trends. I continue this

till the value of S2 decreases by less than 5 per cent over the previous cycle. �is is done

individually for each CCD, though I limit the algorithm to a maximum of six cycles as I

�nd that more than this starts to noticeably degrade signals in high-amplitude variables

such as sources those featuring deep eclipses. �is then leaves me with light curves which

no longer contain strong systematic trends. In Fig. 2.9 I should two plots, in each plot the

y-axis is a measure of variability signi�cance, the x-axis is the period detected that each

source varies on and each dot represent one star. In the top plot it is possible to see that

at some periods (i.e. 60 min) there are peaks in the number of sources detected at high

signi�cance. In the right-hand plot Sysrem detrending has been performed and the peaks

at certain periods are mostly removed.

To determine the quality of the resulting light curves I calculated the root mean square

(rms) from themean for each light curve. When calculating the rms I sigma-clip each light

curve at the 5σ level in order to remove the e�ects of, say, single spurious data-points. In

Fig. 2.10 the measured rms is shown as a function of the g′ mag for all stars in the RATS

data. �e mean rms of all the data is 0.046 mag, with sources brighter and fainter than

g′ = 21.0 having a mean rms of 0.024 and 0.051 mag, respectively. If I look at the mean rms
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Figure 2.10: �e rms noise of each light curve plotted against g′ magnitude.�e grey-scale
refers to the number of sources in each bin.�e red line is the best-�t exponential function
to the expected rms – that is, the mean error of each light curve

of each �eld individually, I �nd two �elds in our whole data-set withmean rms outside of 3

standard deviations which I attribute to very large variations in atmospheric transparency

during these observations. I show the best-�tting exponential function to the expected rms

(equivalent to the average error on each light curve) in Fig. 2.10 and �nd it to be consistent

with the measured rms except of the very faintest stars (g′ > 22). �is implies that for all

but the faintest stars, the RATS data, a�er de-trending, does not su�er from any signi�cant

systematic errors.

2.3 Colours

2.3.1 Determining colours2

When conditions appeared photometric we obtained images in di�erent �lters of a num-

ber of Landolt standard �elds (Landolt, 1992). We made use of data kindly supplied by

www.astro-wise.org who give the magnitude of Landolt stars in a range of di�erent �lters.

2Taken from ?
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We assumed the mean atmospheric extinction coe�cients for the appropriate observing

site. �e resulting zero-points were very similar to that expected3.

For our target �elds we initially used SExtractor (Bertin & Arnouts, 1996) to ob-

tain the magnitude of each star in each �lter. However, in comparison to Daophot (Stet-

son, 1987), SExtractor gave systematically fainter magnitudes for faint sources. Since

the photometric zero-point for Daophot is derived from the PSF (and therefore di�erent

from �eld-to-�eld) we calculated an o�set between the magnitudes of brighter stars deter-

mined using SExtractor and Daophot. We then applied this o�set to the magnitudes

derived using Daophot. To convert our BVi′ data (Table 2.2) to g′r′ magnitudes we used

the transformation equations of Jester et al. (2005).

Although our light curves were obtained in white light, the depths are given the appro-

priate value as implied in the g′ �lter. For stars with (g− r) ∼1.0, the typical depth for �elds
observed in photometric conditions and with reasonable seeing (better than 1.2 arcsec) is

g ∼ 22.8 − 23.0, while for redder stars (g − r ∼2.0) the depth is g ∼ 23.6 − 24.0.

To test the accuracy of our resulting photometry, we obtained a small number of im-

ages of SDSS �elds (York et al., 2000). For stars g′ < 20 we found that for gRATS − gSDSS,

σ=0.12 mag and for (gRATS − rRATS) − (gSDSS − rSDSS), σ=0.22. For stars 20 < g < 22 we

�nd for gRATS − gSDSS, σ=0.29 mag and (gRaTS − rRATS)− (gSDSS − rSDSS), σ=0.27. Given our

project is not optimised to achieve especially accurate photometry these tests show that

our photometric accuracy is su�cient for our purposes, namely determining an objects

brightness and approximate colour.

2.3.2 Colours of sources in our data

A colour-magnitude diagram of all the stars in our data in the g′ − r′, g′ plane is shown in

top panel of Fig. 2.11. Two broad populations are present: one which is bright (g′ ∼ 19− 21)

and blue (g′−r′ ∼ 0.6−0.7); the other is fainter (g′ ∼ 22−−23) and redder (g′−r′ ∼ 1.5−2.0).

3e.g www.ast.cam.ac.uk/ wfcsur/technical/photom/zeros/
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�e bluer population is thought to originate in the Galactic halo or thick disc, while the

redder population is thought to originate in the thin disc (e.g. Robin et al., 2003). Data

similar to these has been used to model the structure of the Milky Way as a function of

Galactic latitude and longitude (cf. Chen et al., 2001), but this is beyond the scope of this

present work.

In the low panel of Fig. 2.11 I show a colour-colour plot of the RATS data in the (U −

g′, g′ − r′) plane. If I compare this to the colour-colour diagram in �g.5 of Morales-Rueda

et al. (2006) which shows data from the Faint Sky Variability Survey (FSVS), the RATS data

have a much broader width over the strip where the main sequence lies. �is is likely to

be because the RATS observations are biased to low Galactic latitudes whereas the FSVS

�eld were predominantly at mid to high Galactic latitudes. Our �elds will be a�ected to

a far greater e�ect by interstellar reddening/extinction than the FSVS which causes the

greater spread of colours. Similarly to the colour-magnitude plot, there appears to be two

populations in colour-colour space, one bluer in the (U − g′) �lters than the other. �e

bluer population is attributable to the thick disc population and the redder population to

the thin disc (Schultheis et al., 2006).

2.4 Astrometry4

As part of our pipeline we embedded sky co-ordinates into our images using so�waremade

available by Astrometry.net (Lang et al., 2010). �is uses a cleaned version of the USNO-B

catalogue (Barron et al., 2008) as a template for matching sources in the given �eld. �e

only inputwe provide is the scale for the detectors and the approximate position of the �eld,

which is taken from the header information in the images. �e Astrometry.net so�ware

works well in either sparsely or relatively dense �elds. By comparing the resulting sky co-

ordinates of stars withmatching sources in the 2MASS (Jarrett et al., 2000) the typical error

was 0.3–0.5 arcsec.
4Taken from ?
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Figure 2.11: �e top plot shows a colour-magnitude diagram [in (g′ − r′, g′) space] of the
source in the RATS data. �e redder and bluer populations are due to the thin disc and the
thick disc,respectively. �e low plot is a colour-colour diagram [in (U − g′, g′ − r′) space]
of the same data as the top plot. Again, there are two populations. �e redder and blue
populations are due to the thin and think disc, respectively.
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2.5 Summary

In this Chapter I have described the wide-�eld observation which comprise the majority

of the RATS data-set. I have described our strategy of observing �elds every minute for

around two hours and the di�erence imaging technique used to determine the brightness

of these sources. I �nish the Chapter by describing some of the information contained in

the data such as colour and spatial position.�e primary aim of this survey, however, is the

detection of variability. �e next Chapter will address this aspect of the survey. I describe

how to detect variability in the light curves which have been produced. �ese variability

data form a databasewhich can be searched for sourcesmatching the description of various

di�erent populations of variable sources.



Chapter 3

Searching for variability

A safe but sometimes chilly way of recalling the past is to force open a
crammed drawer. If you are searching for anything in particular you don’t
�nd it, but something falls out at the back that is o�en more interesting.

J. M Barrie, Peter Pan; or,�e Boy WhoWouldn’t Grow Up, 1902.

�e RATS data-set contains over 3 million fully reduced light curves, many of which I

expect to be scienti�cally interesting. �e aim of this Chapter is to explain how I identify

the most interesting light curves for further study. Put simply, how do we separate the

wheat from the cha�?

�e �rst question to ask is, what am I looking for? I expect to �nd many classes of

systems in the RATS data such, e.g. �are stars, eclipsing and contact binaries and pulsating

stars. Below I discuss a number of algorithms which can be used to detect periodic vari-

ability, their strengths and weaknesses and how they are used to detect variable sources.

3.1 Variability algorithms

Writing bespoke so�ware for the purpose of detecting variability would be time consuming

and relatively pointless as there is a wealth of tools available for this task. I settled on using

74
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the Vartools package written by Hartman et al. (2008) for the majority of the variability

tests I run. �is so�ware contains a good selection of variability detection algorithms, is

computationally fast to run, and can easily be incorporated into a so�ware pipeline.

Of the algorithmswhich are available inVartools for the purposes of variability detec-

tion and classi�cation I selected; alarm, Stetson J, kurtosis, χ2, analysis of variance, Lomb-

Scargle periodogram and Fourier series �tting. I excluded some exoplanet speci�c algo-

rithms such as theMandel&Agol (2002) transitmodel and others such as box least-squares

�tting (BLS Kovács et al., 2002) as they provide little in the way of useful information when

compared with the extra computational expense, which for BLS is signi�cant.

Before the light curves are processed by the variability detection and classi�cation al-

gorithms the light curves are �rst ‘cleaned’. First, any data-point in light curve which are

more than 5 standard deviations from the mean are clipped – I do not remove these data

from the light curves, they are just ignored by the variability algorithms. I pick 5σ as the

clipping cut-o� as this provides a good balance between removing bad data-points while

not clipping any short period variability such as short eclipses or �ares. �is clipping is

done to improve the results given by statistics such as alarm, χ2, and analysis of variance

which are heavily in�uenced spurious data-points. I also remove light curves from the data

which contain less than 60 data-points. �is, again, is done as a number of algorithms can

give spurious detections of variability is a signi�cant portion of the data is missing. Of the

initial 3.7 million stars I am le� with 3.1 million which have 60 or more data-points. It

should be noted that this does limit my potential to �nd optical transient sources although

these are unlikely to be detected anyway as they would have to appear in the image with

the best seeing (cf. Chapter 2).

Below is a description of the algorithms that are used. �ey are split into non-periodic

and periodic variability detection based on whether they determine a period for a given

source.
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3.1.1 Non-periodic variability

Chi-squared test �e chi-squared test is a measure of the variance of a population

from a model. �e model I use is the mean brightness of the light curve, giving the chi-

squared equation as

χ2 =
n

∑
i=1

(Oi − O)2
σ2
i

(3.1)

whereO(i) is the observed brightness,O is themean brightness of the light curveweighted

to take account of the errors and σi is the error on the brightness. Sources where the vari-

ability is signi�cantly greater than the size of the errors will have a high chi-squared value

whereas non-variable sources will have a chi-squared that tends to unity. �ere are, how-

ever, a number of weaknesses in using this algorithm alone to detect variability. Firstly, it

gives no information onwhat type of variability is present, be it periodic or non-periodic. A

high amplitude, short lived �are could have the same value as a low amplitude pulsator. As

we are dealing with millions of stars, it is not particularly useful to know that, say, 100,000

of them are variable as one does not particular relish the prospect of visually classifying

105 or more stars. A second issue is that sources that pass over hot and dead pixels and

other non-uniformities in the CCD, which have not been removed during the �at-�elding

process, are detected as highly signi�cant variables (though a visual inspection of the pro-

cessed images suggests that this is not a signi�cant issue).�ese weaknesses mean I do not

use the chi-squared test for detecting variable sources in this work. Chi-squared does have

some redeeming features, however. It is useful when trying to describe the variability of the

RATS data-set as a whole. �e chi-squared distribution shown in Fig.3.1 closely approx-

imates a normal distribution with a long tail which represents the variable sources. �e

mean chi-squared of our data is 2.8, while the standard deviation on the chi-squared val-

ues (σ) is 440, although because of the very long tail in the distribution these statistics are

rather meaningless. More robust statistics are the median and the median absolute devia-

tion from the median (MAD, Hampel, 1974) which I use as a measure of the distribution.

MAD is de�ned for parameters {x1, . . . , xn} as
MADn = bmedi ∣xi −med jx j∣ (3.2)
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Figure 3.1: �e distribution of Chi-squared values for the light curves in the RATS data.
�e data have been binned with a bin width of 0.01 in chi-squared. �e distribution peaks
very close to unity.

where b is a constant which makes the MAD consistent with the standard deviation. For

a Gaussian distribution b = 1.4826 (Rousseeuw & Croux, 1993) which I use for simplicity.

�emedian of the chi-squares is 1.01 and theMAD is 0.31. Given that our data consist of 3.1

million sources, one would expect 4110 sources to have a chi-squared value three times the

MAD or more above the median, and 96 have chi-squares of �ve times the MAD or more

above themedian if the distribution of chi-squares were normal and the data contained no

variables sources. In fact, I �nd that 1.94 × 105 have a chi-squared values of three or more

MADs above themedian and 1.16×105 are �veMADs above themedian.�is suggests that

our data contains amore than 105 variables (or at least sources whichmimic variability such

as sources which pass over non-uniformities in the CCDwhich have not been removed by

�at-�elding).

Alarm �e alarm variability statistic (Tamuz et al., 2006) is designed to detect eclips-

ing binaries. It measures correlated residuals to a �t of a mean to the light curve. A run of

negative residuals which is followed by a later run of positive residuals in the light curve

then indicates that the light curve contains an eclipse. A run is de�ned as the number of
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consecutive residuals with the same sign and if ki is the number of residuals in the ith run

the alarm statisticA is de�ned (from eq. 3 in Tamuz et al., 2006) as

A =
1
χ2

M

∑
i=1

( ri,1
σi,1

+
ri,2
σi,2

+ . . . +
ri,ki
σi,ki

)2

− (1 + 4
π
) , (3.3)

where ri, j is the jth measurement of the ith run and σi, j is the uncertainty. �e sum is

over all measurements in the run and then over M runs and χ2 is the chi-squared which is

de�ned in Equ. 3.1. If the residuals are uncorrelated, A is low; the more runs of correlated

residuals, the higher the statistic.

�e algorithm is equally adept at detection of eclipsing binaries, �are stars and even

solar systembodies such as asteroidswhich pass through the point-spread function of stars.

Stetson J �e Stetson (1996) J statistic (SJS) is, like the alarm statistic, a measure of

correlated residuals and is designed to detect high amplitude variables with low photo-

metric errors. �e algorithm measures whether pairs of residuals [a brightness with the

weighted mean (see Equ. 3.7) subtracted] have the same sign. �e SJS is given by:

J = ∑n
k=1wk + Λ

∑n
k=1wk

(3.4)

where there are k pairs of observations each with weight wk and,

Λ =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
+
√(Pk), if Pk ≥ 0

−
√(Pk), if Pk < 0

(3.5)

�e value of wk is 1.0 for observations that are close together in time (with 3 min for INT

epochs and 5 min for ESO) and 0.1 for all other observations. Pk is the product of nor-

malised residuals of the observation pairs i and j, where:

Pk =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
δi(k)δ j(k) , if i(k) ≠ j(k)
δ2
i(k)

− 1, if i(k) = j(k) (3.6)
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Figure 3.2: �e distribution of Stetson J statistics for the light curves in the RATS data. �e
data have been binned with a bin width of 0.005 in SJS.�e distribution peaks close to zero
but is not symmetric.

δ, the magnitude residual is de�ned as:

δ =
√

n

n − 1
x − x

∑ x
(3.7)

where x is the brightness and n is the number of data-points in the light curve. �e SJS

should be close to zero for a non-variable star and be positive for a variable source.

In the RATS data the mean of the SJS distribution (which is plotted in Fig. 3.2) is 0.44

and the median is 0.072 while the MAD is 0.13. �e distribution does indeed peak around

zero which is what would be expected if the majority of stars are non-variable. �e dis-

tribution is not symmetric about zero but has a longer tail on the positive side than the

negative side.

�e SJS was designed to identify Cepheid variables. �ese are high amplitude long

period variables and as such this algorithm is good at �nding long period and non-periodic

variables with high amplitudes, these include sources such as contact binaries, �ares, and

pulsators with periods longer than the observation length. �e weakness in using the SJS

alone is that it gives no information on the type of variability per cent, so while 6.2 × 104
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sources have a SJS 5 MADs above the median of the distribution, nothing is known about

this variability.

Kurtosis �e kurtosis of a light curve is ameasure of the peakedness of a distribution

relative to a normal distribution (Press et al., 1992). In my case I de�ne the light curves and

its brightness as the two axes of the distribution. Distributions can be either platykurtic,

which has negative kurtosis and a shape similar to that of Navan Fort, shown in 3.3(a), or

leptokurtic which is more similar to the Matterhorn, shown in 3.3(b) which has positive

kurtosis.

(a) �e Navan fort, just outside Armagh, has a
platykurtic shape which has nagative kurtosis.

(b) �e outline of the Matterhorn has the shape
of a leptokurtic distribution which has positive
kurtosis. �e image is a retouched version by
Zacharie Grossen of an origianal photo by Mar-
cel Wiesweg. Image licensed under the Creative
Commons Attribution-Share Alike 3.0 Unported
license.

Figure 3.3: Navan Fort, outside Armagh, N. Ireland and the Matterhorn on the border of
Italy and Switzerland. �e outline of these two landmarks have the shape of negative and
positive kurtosis, respectively.

Kurtosis is calculated using the equation:

K =
1
n ∑

n
i=1(xi − x)4

1
n ∑

n
i=1 ((xi − x)2)2 − 3 (3.8)

where n is the number of data-points in the light curve, xi is the ith data-point and x is the

mean of the light curve.

�is parameter is not used on its own but combined with other algorithms to iden-

tify classes of variables. For example when identifying �are stars we combine alarm with
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kurtosis.

Uncertainties on the second and third coe�cients of polynomials �is technique

involves �tting a third order polynomial to the light curve. To do this we use the idl routine

poly_fitwhich performs least-squares �tting. We then look at the 1σ uncertainties on the

coe�cients to the x2 and x3 terms. Contact binaries have light curves that are typically well

�t by either a second of third order polynomial. �is work is being done in collaboration

with Pasi Hakala at the Finnish Centre for Science with ESO and is still ongoing but intial

results suggest that there are several thousand contact binaries in RATS data.

3.1.2 Periodic variability

I use two algorithms in order to identify periodic variable sources: analysis of variance

(AoV), and the Lomb-Scargle periodogram (LS). From these algorithms we determine the

analysis of variance formal false-alarm probability, AoV-FAP; and the Lomb-Scargle for-

mal false-alarm probability, LS-FAP. As before, I use the Vartools suite of so�ware to

calculate these parameters (Hartman et al., 2008).

3.1.2.1 Lomb-Scargle periodogram and Analysis of Variance

�e Lomb-Scargle periodogram (Lomb, 1976; Scargle, 1982; Press & Rybicki, 1989; Press

et al., 1992) is an algorithmdesigned to pick out periodic variables in unevenly sampled data

by performing least-squares �tting of sinusoids. �e advantage to using this method over

Fourier techniques (such as the Fast Fourier Transform) is that the �t is only evaluated at ti ,

where ti is a measurement (in our case, a �ux measurement), whereas Fourier techniques

need to interpolate missing data (Press et al., 1992).

To use the LS technique one must pick a start frequency and end frequency and the
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steps in which to evaluate the equation:

PN(ω) = 1
2σ2

⎡⎢⎢⎢⎢⎣
(∑ j(h j − h) cosω(t j − τ))2

∑ j cos2 ω(t j − τ) +
(∑ j(h j − h) sinω(t j − τ))2

∑ j sin
2 ω(t j − τ)

⎤⎥⎥⎥⎥⎦ (3.9)

where PN(ω) is the spectral power as a function of frequency, ω ≡ 2π f where f is the

frequency, h j �ux measurement taken at time t j and h is the mean �ux of the light curve.

σ2 is the variance of the data where:

σ2 ≡
1

N − 1

N

∑
1
(hi − h)

2
(3.10)

τ is de�ned by:

tan(2ωτ) =
∑ j sin(2ωt j)

∑ j cos(2ωt j)
(3.11)

Here τ is an o�set that makes PN(ω) independent of shi�ing the t j’s by any constant (Press

et al., 1992) as well as making solving Equation 3.9 equivalent to �tting

h(t) = Acosωt + B sinωt (3.12)

using linear least-squares �tting at a frequency ω.

In a periodic variable the spectrum of PN(ω) is a sum of Gaussian noise and the pe-

riodic signal. It is important to know how signi�cant a peak in the spectrum of PN(ω) is

(and therefore, whether a source is variable). I use a technique described by Press et al.

(1992). �e probability that PN(ω) lies between some positive value z and z + dz is e−zdz.

�erefore, if I scan M independent frequencies, the probability that none are greater than

z is (1 − ez)M . �e Lomb-Scargle False Alarm Probability (LS-FAP) is them de�ned as

LS − FAP = 1 − (1 − e−z)M (3.13)

which is the probability that any peak we see in the spectrum is due to random noise.

A small value indicates that the source has signi�cant periodic modulation. I search for

periods ranging from the Nyquist frequency (∼2 min for INT observation) to the total

observation length in steps of 0.5 min.
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Figure 3.4:�e distribution of the LS-FAP statistic inmagnitude and number.�e contours
refer to the number of stars. �is plot contains data from the INT1, 3, 4 and 5 epochs as
these have similar distributions (cf. §3.2).

�e distribution of LS-FAP as a function of magnitude is shown in Fig. 3.4: the vast

majority of source have LS-FAP close to unity, in other words, the probability that they do

not show periodic modulation is close to one. As this parameter is a measure of the proba-

bility that the highest peak in the periodogram is due to random noise, if the noise present

in our data were frequency independent the LS-FAP would refer to the probability of the

detected period being caused by random (Gaussian) noise. However, my data is subject

to sources of systematic error which I attribute to red noise: these include the number of

data-points in the light curve and the range in airmass at which a star is observed. Hence,

I use it as a relative measure of variability.

I use a modi�ed implementation of the analysis of variance periodogram

(Schwarzenberg-Czerny, 1989; Devor, 2005). �e AoV algorithm folds the light curve

and selects the period which minimises the variances of a second-order polynomial in 8

phase-bins. A periodic variable will have a small scatter around its intrinsic period and

high scatter on all other periods. �e statistic ΘAoV is a measure of the goodness of the �t

to the best �tting period, with larger values indicating a better �t. In order to be consistent

with the LS-FAP I calculate the formal false-alarm probability of the detected period being

due to random noise (AoV-FAP) – with the same caveats as with the LS-FAP – using the
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Figure 3.5: A similar plot to Fig. 3.4 but this time showing the distributions for AoV-FAP.
�is plot contains data from the INT1, 3, 4 and 5 epochs as these have similar distributions
(cf. §3.2).

method described by Horne & Baliunas (1986). I show the distribution of the AoV-FAP

statistic in number and as a function of magnitude in Fig. 3.5. I note that unlike LS-FAP

in which the distribution peaks close to zero, AoV-FAP peaks close to 0.1.

�e AoV algorithm, while similar to the LS method, should allow better variable de-

tection as it �ts a constant term to the data as opposed to subtracting from the mean as

is done in the LS routine (Hartman et al., 2008). However, I �nd that AoV is subject to

a number of problems. It su�ers from severe aliasing at periods of 2–3 min and for this

reason I only search for periods longer than 4 minutes. In addition there is a tendency to

detect a multiples of the true period when the true period is less than ∼40 min. In tests

with simulated light curves I found approximately 10 per cent of sources with a period of

20 minutes were detected by AoV as having 40 min periods. �e main weakness of the LS

algorithm is that if a source has a periodic modulation in brightness for only a short dura-

tion then – according to the LS-FAP – it is detected as signi�cantly variable. �is leads to

a large number of false-positive detection which are caused by random noise. To combat

this I have developed a technique to combine the AoV and LS algorithms.
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3.2 LS-FAP + AoVmethod

I have developed amethod for detecting sources that showperiodic or quasi-periodicmod-

ulations on time-scales less than two hours. My technique, which combines the LS-FAP

and AoV-FAP statistics is a multi-stage process. �e �rst step is determine if the source is

detected as signi�cantly variable by both the LS and AoV algorithms, I then test whether

the period each algorithm detects is the same. Shown in Figure 3.7 are the AoV-FAP and

LS-FAP statistics plotted against the period that is measured by the respective methods.

Here it can be seen that the distributions of AoV-FAP and LS-FAP are not constant with

period, but tend to higher signi�cance at longer periods. In order to account for the bias of

the distribution I use an approach whereby I bin the data in period with each bin 2minutes

wide. A source passes the �rst two stages of the algorithm if it is above a speci�c signi�-

cance in both AoV-FAP and LS-FAP with respect to the other sources in the period bin. In

order to determine this signi�cance I use the median absolute deviation from the median

(MAD, see §3.1.1). I use the median, as using the mean is not appropriate when the �rst

moment of the distribution tail is large (Press et al., 1992); the large tails in the distributions

of AoV-FAP and LS-FAP are shown in the right-hand plots in Figs. 3.4 and 3.5. �emedian

and MAD are more robust statistics.

I vary the number ofMADs a sourcemust be above themedian to be classed as variable

depending on epoch as the distributions of LS-FAP and AoV-FAP parameters are di�erent

at di�erent epochs. In order to identify this cut-o� I visually inspected several hundred

sources from each epoch with MADs ranging from 100 to 1500 above the median in their

respective period bin. I looked at both the full light curve and a light curvewhichwas phase

folded and binned on the period which this source was detected as having. I then set the

cuto� independantly for each epoch by �nding the value below which light curves ceased

to be obviously variable. For INT2 and ESO1 I use 200 MADs, for INT1, INT4 and INT5

I use 800 MADs. �ese number of MADs above the median are used as they provide an

appropriate balance between low amplitude detections and false positives – which I discuss

in §3.2.1 and §3.2 – I attribute the need for di�erent numbers of MAD above the median

to the use of an autoguider on INT2 and ESO1 and not on the other epochs. As di�erent
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epochs have di�erent distributions of variability parameters I have calculated the median

independently for each epoch. I acknowledge that this method is fairly subjective but the

fact that I get similar values for epochs where the instrumental set-ups were similar at least

show that I am consistent in where I set the cut-o�.

Both the AoV and LS algorithms produce a periodogram; from the highest peak in the

periodogram I calculate themost likely period of a given light curve. I take all the candidate

variables and test whether the period detected by AoVmatches that detected by LS. I class

a period as a match if

PAoV ± ∆PAoV = PLS ∓ ∆PLS (3.14)

where PAoV and PLS are periods detected by the two algorithms AoV and LS, respectively.

∆P is the error in measured period. I determine ∆P using an approximation of equation

(25) in Schwarzenberg-Czerny (1991) whereby I assume that

∆P/P2 ∼ k. (3.15)

�is assumption holds for all but the lowest signal-to-noise detection of variability. In order

to determine an appropriate value for the constant, k, I inject sinusoidal signals of various

periods into non-variable light curves and measure the standard deviation on ∣PAoV −PLS ∣.

I set the constant, k, in Eq. 3.15 so as to give a ∆P at a given period equal to twice the

standard deviation of ∣PAoV −PLS ∣. I �nd k = 0.002 to be a appropriate. �e AoV algorithm

has an annoying habit of detecting amultiple of the true period, so for this reason I modify

Eq. 3.14 to
PAoV
n

± ∆PAoV = PLS ∓ ∆PLS (3.16)

where n = {1, 2, 3, 4}.

Sources that have matching periods and have been classi�ed as candidate variable

sources by both AoV-FAP and LS-FAP are then regarded as ‘signi�cantly’ variable sources.

I detect 124,334 stars which show variability on a timescale of 4–115 minutes: the distribu-

tion of the measured periods are shown in Fig. 3.6. I caution that this technique can detect

variables that are not truly periodic – many �are stars are detected periods near the ob-
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Figure 3.6: �e distribution of the period detected as variable by the technique for com-
bining LS-FAP and AoV-FAP.

servation length – or may have periods longer than that detected by our method – contact

binaries typically have a true twice the period that which I measure. If a period of less than

half the observation length is measured then this is likely to be a true period. However,

longer periods detected by the LS and AoV algorithms indicate only that the source varies

signi�cantly on time-scales less than ∼2 hours.

3.2.1 False positives

In order to determine the false positive detection rate, that is, the chance of a source with

variability caused by noise being identi�ed as a real variable, I pick a light curve at random

from the whole data-set and construct a new light curve using a bootstrap approach. �e

light curve consists of three columns of data: time, �ux and error on the �ux. I keep the

time column as it is, and for a light curve with N individual photometric observations,

randomly select N �uxes and errors from the N points in the original light curve. I do not

limit the number of times a �ux-error combination is selected. An example of an original
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Figure 3.7: LS-FAP andAoV-FAP statistics in the top and bottom plot, respectively, plotted
against the periodmeasuredby those statistics.�ere is spurious variability obvious at very
short periods in AoV-FAP, while LS-FAP is less sensitive to longer period variability.
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Original
Time Flux Error
1 10.0 2.0
2 11.5 2.1
3 12.2 2.2
4 11.4 2.3
5 10.2 2.4

Reconstructed
Time Flux Error
1 11.4 2.3
2 11.5 2.1
3 10.0 2.0
4 11.5 2.1
5 10.0 2.0

Table 3.1: An example of the light curve data (le�) and a reconstruction made up from
randomly selected �ux-error combinations (right). �e technique removes any periodic
signal present and therefore any detection of variability is due to random noise.

and reconstructed light curve is shown inTable 3.1. Note the use of �ux-error combinations

more than once. �e reason for reconstructing a light curve in this fashion is that any

periodic variability which is present in the original light curve is removed, allowing me to

measure the chance that any variability present is due to noise.

I reconstruct 105 bright and 105 faint randomly selected light curves and attempt to

detect variability using the method for combining the AoV and LS algorithms. Bright and

faint refers to sources brighter than and fainter than g′ = 21.0, respectively where 21.0 is

approximately the median g′ magnitude. For the bright sample I class 10 stars as variable

and for the faint sample this increases to 17. �is equates to a false positive rate of 0.01 and

0.02 per cent for bright and faint sources, respectively.

3.2.2 Sensitivity and completeness of survey

To determine the space densities for di�erent classes of sources which vary on time-scales

of less than ∼2 h it is essential that I determine the sensitivity of the RATS data to di�erent

brightness, periods and amplitudes. To do this I inject sinusoids of known period and

amplitude into non-variable light curves and then attempt to detect it using our LS-FAP

+ AoV-FAP test. Similarly to the false positive test, I split the data into two groups based

on whether they are brighter or fainter than g′ = 21.0 and I refer to as the bright and the

faint group, respectively. For each brightness range I inject a periodic signal into a non

variable light curve. �e non variable light curve is drawn randomly from a pool of light

curves that have AoV-FAP and LS-FAP statistics within 0.5 median absolute deviations of
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the median AoV-FAP and LS-FAP of all light curves with g′ greater than and less than 21.0

for the bright and faint groups, respectively. �e periodic signal injected is drawn from

a grid of period-amplitude combinations where the periods range from 4 − 120 minutes

and amplitudes from 0.02 − 0.2 mag. I de�ne amplitude as peak-to-peak. �e advantage

of using real (non-variable) light curves over simulated data is that it preserves the noise

values which may be non-Gaussian.

I run the entire grid 100 times for each brightness range which allows me to build up

con�dence of a variable with a given period and amplitude being detected. �e results of

this are plotted in Fig. 3.8 and show that in the brighter sample, sources with a period less

than 90 min have a ∼70 per cent chance of being detected if they have amplitudes greater

than 0.05 mag, rising to above a 90 per cent chance for amplitudes greater than ∼ 0.10

mag. Stars fainter than g′ = 21.0 with injected period less than 90 min have ∼ 50 per cent

detection chance if they have an amplitude greater than 0.08 mag and only sources with a

period less than 40min and an amplitude greater than ∼0.15mag have a 90 per cent chance

of detection.

From these results I �nd that our LS-FAP + AoV-FAP method is relatively good at

identifying variables with periods less than 90 min in bright sources but is weaker at iden-

tifying periodic variability in the fainter sources.�e advantage of this method is the small

number of false-positives expected to be detected.
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Figure 3.8: Our sensitivity to periodic sources of di�erent period and peak-to-peak amplitudes. In the le� plot, the contours refer to the percentage of
sources detected as variable when the original non-variable light curve was brighter than g′ = 21.0. �e right plot show the same but for sources fainter
than g′ = 21.0.
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Figure 3.9: Colour-magnitude diagram showing g′ − r′ against g′ magnitude. �e le� plot
contains all the stars in our data, the right plot show the proportion of stars in each bin
that are classi�ed as variable using the method in Chapter 3.

3.3 Colour of sources which vary on time-scales of less

than two hours

In this section I will discuss only the colours of sources that have been classi�ed as variable

(for a discussion of the colours of all the RATS sources, see §2.3.2). Shown in the right-

hand panel of Figure 3.9 are the stars which have been classi�ed as variable (cf. Chapter 3)

in the (g′ − r′, g′) plane. In the le�-hand panel of Fig. 3.9 is shown the colour of all the

stars in our data for reference. �e variable sources are concentrated at the faint, red end of

the of the colour-magnitude diagram. In contrast, the Faint Sky variability Survey (FSVS)

found that the variable sources they detected were biased towards bluer colours (Morales-

Rueda et al., 2006). I attribute this di�erence to the fact that the FSVS was typically more

sensitive to longer time-scale variations than our survey, coupled with the fact that they

observed �elds at mid to high Galactic latitudes (Groot et al., 2003).

3.4 Discussion

In this Chapter I have described the algorithms that are used to identify sources as variable

and how they are able to give an idea as towhat the type of variability is present (i.e periodic,

non-periodic). All these algorithms have their own particular strengths and weaknesses
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and thereforewe nearly always usemore than onewhen classifying a variable source. As the

primary aim of the RATS project is to identify short-period variables most of the work in

algorithm development is geared towards this aim. �e technique for combining AoV and

LS algorithms goes a long way to removing the issues when only using a single variability

algorithm. A potential issuewith this technique is that, as sourcesmust be detected by both

AoV and LS, we aremissing out on variables which are only picked up by one or other of the

algorithms.�ese concerns are eased because the results from the sensitivity testing shows

that this technique detects sources with low-amplitudes in the brighter targets. However,

this testing is done using sinusoids. Many of the variable sources we �nd are not strictly

sinusoidal and the AoV+LS technique may not be optimal for the detection of these. �e

increase in the number ofwide-�eld surveys (particularly in the �eld of exoplanet searches)

has in turn led to a number of newly developed period searching algorithms. Future work

in the RATS project focusing in this area will need to look at recently developed algorithms

such as Plavchan (Plavchan et al., 2008) and�e Fast Chi-squared Period Search (Palmer,

2009).

An important question to ask is whether the RATS project is able �ndAMCVn systems

which are present in the data. From the sensitivity plots in Fig. 3.8, it is clear that high am-

plitude AM CVn systems such as CP Eri and HMCnc will be detected even at magnitudes

fainter than g′ = 21. Systems with smaller amplitudes prove more challenging. �e project

will likely detect any source brighter than g′ = 21 if the semi-amplitude is above 0.05 mag

and in sources brighter than g′ ∼ 19 the project will detect even a 0.02mag semi-amplitude.

Only one of the known AM CVn systems which show optical variability would likely be

missed by our observations if it were in the data and that is V803 Cen which has only a 0.01

semi-amplitude.

�e success of this project relies on the detection of interesting new variables. �e

enormous number of new (quasi-)periodic variable (over 105) moves the problem on from

the discovery of variables to how to decide what is interesting and worthy of follow-up

work and what is not. �is is a highly subjective assessment but in the next Chapter I will

discuss which sources we selected for follow-up (particularly focusing on the new short-
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period variables) and the results of this work.



Chapter 4

Short-period blue variables

I do not know what I may appear to the world, but to myself I seem to have
been only like a boy playing on the sea-shore, and diverting myself in now
and then �nding a smoother pebble or a prettier shell than ordinary, whilst
the great ocean of truth lay all undiscovered before me.

I. Newton, spoken a short time before his death, Memoirs of the Life, Writings,
and Discoveries of Sir Isaac Newton, D. Brewster, 1855

In this Chapter I will describe the process of developing a list of candidate AM CVn

system from an initial set of over 105 sources which show variability on time-scales less

than 2 hours. I go on to discuss follow-up observations of these systems which reveal their

nature. �e �nal part of this Chapter deals with the implications our results have on the

space density of AM CVn systems.

4.1 Short period blue variables

AM CVn systems which an show optical modulation on a period close to their orbital pe-

riod are intrinsically blue in colour – the reddest have g′−r′ colours of−0.1 – andmodulate

on periods of < 40 min with amplitudes between 0.01 (V803 Cen, Kepler, 1987) and 0.20

mag (CP Eri, Howell et al., 1991). HM Cnc has an amplitude of 0.30 mag (Ramsay et al.,

95
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2002a) though because of the unusual properties of this system– see §1.3.2 – this amplitude

is probably not typical of AMCVn systems. In this section I restrict my search to stars with

parameters ful�lling these criteria.

�e known AM CVn systems found in SDSS data have de-reddened g′ − r′ < −0.1

(Roelofs et al., 2009). �e majority of RATS stars are close to the Galactic plane where the

interstellar reddening is high. �e total average neutral hydrogen column density (NH) of

the RATS �elds which are close to the Galactic place (∣b∣ < 15○) is 3.7× 1021 cm−2 (Kalberla

et al., 2005). I calculate the optical extinction in the V band, AV , using the relation found

by Güver & Özel (2009):

NH = (2.21 ± 0.09) × 1021AV . (4.1)

and

AV = 3.10 × E(B − V) (4.2)

fromFitzpatrick (1999)which givesAV = 1.66 and E(B−V) = 0.54.�is result is consistent

with Joshi (2005) who observe open clusters close to the Galactic plane (∣b∣ < 5○) and �nd

E(B−V) = 0.6. If I convert this extinction to Sloan g′ and r′ �lters I �nd E(g′− r′) = 0.60.

Adding this to the red cut-o� for AM CVn systems (g′ − r′ < −0.1) I get a cuto� for AM

CVn systems in my data of g′ − r′ < 0.5

A�er these cuts the number of sources le� as candidate AMCVn systems is 250. I visu-

ally inspected these as a �nal level of quality control, and class 66 of these short-period blue

variables as ‘good’ candidates – that is, having a strong period and no obvious systematic

e�ects present. �e 66 sources presented should be regarded as the top candidates. �e

rest of the sources were excluded for a number of reasons. Some showed signs of system-

atic errors that were not removed during detrending. �ese include cases where several

stars from the same �eld had similar periodic variations, i.e. they had similar periods and

phases. Others were excluded where there were large sections of the data missing or when

the source was faint and the amplitude was very low – below what I would reasonably ex-

pect to detect (cf. §3.2.2). �ough my false positive testing suggests that the variability

seen in these sources should be trusted to be astrophysical, the weakness of the false pos-
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Figure 4.1: Colour-magnitude diagram of all the detected variable stars plotted as grey-
scale. �ose stars identi�ed as short period (P < 40 min) blue variables – shown in Tab. 4.1
and 4.2 – are indicated by blue dots.

itive testing is that I only injected sinusoidal variations. Other shapes of waveforms will

have a di�erent false positive rate. As short-period blue sources are considered a priority

for follow-up observations, when considering faint, low amplitude sources I am inclined to

take a more conservative view because of the signi�cant amount of telescope time required

to obtain spectra.

In Tabs. 4.1 and 4.2 I show the short period blue variables for those sources with periods

less than 25 minutes and for those with periods 25–40 minutes, respectively. I split these

into two tables for ease of comparison with the Nelemans et al. (2001a, 2004) model of the

Galactic population of AM CVn systems which is only relevant for sources with periods

less than 25minutes (see Section 4.3). �e sources contained in these two tables are plotted

as blue dots in Fig. 4.1.�e light curves of these sources are shown in Figures. 4.2–4.7. �e

light curves are over-plotted with the best-�tting sine curve which was obtained by �tting a

sine function to the light curve at the peak period found in the Lomb-Scargle periodogram.
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Table 4.1: Sources identi�ed as periodic variable stars with periods less than 25 minutes and a g′ − r′ colour of less than 0.5. �ey have also passed a
visual quality check. �e period is determined from the Lomb-Scargle periodogram and the amplitude is peak-to-peak of the best �tting sine curve. If
classi�cation of the source has been possible then this is stated in the notes column. For the previously know sources the classi�cation come from the
literature, for the newly discovered variables we classify the sources based on spectral type and the spectral �tting described in Section 5.1.

Cat. name R.A. (J2000) Dec. (J2000) Period [min] g′ [mag] g′ − r′ [mag] Amplitude [mag] Notes Ref.

4-7-3-9108 01:41:31.42 +55:34:11.3 5.3 20.48 0.18 0.03 3

4-11-1-2519 01:42:26.37 +54:16:33.1 13.2 21.12 −0.00 0.13 1 3

5-6-3-4828 04:32:10.40 +40:33:33.9 8.4 20.10 −0.34 0.25 1 3

1-16-4-1316 04:55:15.22 +13:05:29.8 6.2 17.32 −0.22 0.12 Pulsating sdB star 4

4-27-3-662 05:07:51.28 +34:31:55.5 22.2 16.31 0.03 0.03 2 3

1-22-4-1415 07:39:19.05 +23:52:39.9 14.7 20.83 0.06 0.07 Pulsating white dwarf 3

1-806-4-713 08:06:22.95 +15:27:31.2 5.4 20.77 −0.89 0.28 AM CVn star 5

3-2-3-14617 17:58:46.34 +01:45:59.8 9.6 22.00 0.26 0.10 3

3-5-1-25551 17:59:52.90 +01:22:19.4 22.1 20.01 0.49 0.03 3

3-5-3-4143 18:00:57.72 +01:42:03.0 20.4 20.48 0.34 0.04 3

2-7-2-1301 18:01:52.91 +29:42:30.4 8.6 19.92 0.06 0.06 3

1Low signal-to-noise spectrum – no obvious emission lines,2A-type star spectrum

3? and this thesis, 4Ramsay et al. (2006), 5Ramsay et al. (2002a), 6Ramsay et al. (2009)
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Table 4.1 – Continued

Cat. name R.A. (J2000) Dec. (J2000) Period [min] g′ [mag] g′ − r′ [mag] Amplitude [mag] Notes Ref.

3-26-1-604 18:20:56.80 +07:58:33.5 14.2 19.96 0.14 0.13 3

3-27-2-6182 18:22:20.95 +07:48:02.1 14.2 21.24 0.22 0.10 1 3

2-11-4-34562 19:53:24.03 +18:50:59.6 12.4 20.68 −0.06 0.11 3

2-11-3-25021 19:53:27.17 +18:59:14.4 20.0 19.98 −0.07 0.24 Dwarf nova 6

4-9-2-9694 20:58:00.24 +45:32:32.8 7.2 19.16 0.50 0.04 3

4-9-4-14918 20:59:02.93 +45:37:35.9 15.3 18.36 −0.06 0.08 Pulsating white dwarf 3

4-16-4-21281 21:05:14.75 +46:15:41.9 22.4 15.77 0.25 0.01 2 3

1-3-2-46 23:03:11.95 +34:31:04.1 9.2 20.78 0.47 0.04 3

4-6-4-2813 23:49:06.89 +56:24:40.4 22.7 18.06 0.32 0.04 2 3

4-6-3-470 23:49:29.00 +56:34:26.2 5.8 16.58 0.25 0.02 3

4-25-3-9719 23:52:42.07 +56:31:53.2 12.9 19.46 −0.66 0.10 3

1Low signal-to-noise spectrum – no obvious emission lines,2A-type star spectrum

3? and this thesis, 4Ramsay et al. (2006), 5Ramsay et al. (2002a), 6Ramsay et al. (2009)
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Table 4.2: �e same as Tab. 4.1 for sources with periods between 25 and 40 min.

Cat. name R.A. (J2000) Dec. (J2000) Period [min] g′ [mag] g′ − r′ [mag] Amplitude [mag] Notes Ref.

5-7-2-1129 06:54:32.71 +10:31:52.8 35.9 16.00 0.10 0.03 3

5-7-4-9019 06:55:15.30 +10:38:59.0 33.9 15.92 0.34 0.02 2 3

5-7-4-7787 06:55:26.31 +10:36:48.4 39.2 15.96 0.30 0.01 3

5-7-4-7234 06:55:31.08 +10:35:31.8 30.7 17.13 0.49 0.02 3

5-7-4-3601 06:56:04.22 +10:34:35.3 28.6 17.01 0.48 0.02 3

5-7-3-1149 06:56:33.59 +10:45:41.4 33.9 19.02 0.17 0.04 1 3

3-8-1-21492 17:54:29.79 +01:37:52.2 29.8 21.38 −1.23 0.06 3

3-5-3-16324 17:59:58.53 +01:50:28.5 38.6 19.46 0.49 0.02 3

3-14-2-12275 18:00:02.54 +00:34:08.4 34.8 19.53 0.38 0.03 3

3-14-3-6993 18:01:06.36 +00:54:18.1 36.9 21.16 0.17 0.10 3

3-5-3-1384 18:01:11.05 +01:46:36.4 38.4 21.39 0.46 0.09 3

3-11-2-3507 18:02:50.62 +00:43:52.8 34.1 18.97 0.29 0.05 3

1Low signal-to-noise spectrum – no obvious emission lines,2A-type star spectrum

3? and this thesis
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Table 4.2 – Continued

Cat. name R.A. (J2000) Dec. (J2000) Period [min] g′ [mag] g′ − r′ [mag] Amplitude [mag] Notes Ref.

3-11-3-14721 18:03:18.71 +00:57:30.1 28.6 21.88 0.47 0.09 3

3-11-3-14333 18:03:20.82 +00:52:40.9 33.1 20.91 0.43 0.05 3

3-11-3-14041 18:03:22.48 +00:52:07.8 33.7 21.11 0.46 0.05 3

3-11-3-176 18:04:45.09 +00:53:26.4 37.5 21.72 −0.12 0.15 3

3-24-3-21598 18:16:48.03 +06:16:11.4 39.5 21.54 0.50 0.12 3

3-24-3-27252 18:17:41.11 +06:39:30.2 33.9 21.95 0.48 0.14 3

3-24-3-27068 18:17:41.80 +06:39:55.2 33.9 19.17 0.47 0.02 3

3-24-3-26839 18:17:42.61 +06:39:47.5 37.5 20.11 0.39 0.03 3

3-24-3-25379 18:17:47.71 +06:42:21.7 37.6 19.63 0.50 0.02 3

3-24-3-24553 18:17:50.35 +06:40:36.7 38.2 19.37 0.36 0.03 3

3-24-4-10602 18:17:52.98 +06:31:33.2 37.0 21.55 0.47 0.08 3

3-24-3-23361 18:17:54.38 +06:41:38.7 38.2 20.92 0.33 0.07 3

3-24-3-22275 18:17:58.05 +06:42:55.7 39.0 19.86 0.48 0.03 3

1Low signal-to-noise spectrum – no obvious emission lines,2A-type star spectrum

3? and this thesis
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Table 4.2 – Continued

Cat. name R.A. (J2000) Dec. (J2000) Period [min] g′ [mag] g′ − r′ [mag] Amplitude [mag] Notes Ref.

3-24-3-20681 18:18:03.13 +06:39:50.2 25.2 19.78 0.30 0.02 3

3-24-4-7636 18:18:12.79 +06:26:23.7 29.7 22.38 −0.31 0.11 3

3-24-3-13813 18:18:26.67 +06:44:01.8 37.6 21.45 0.36 0.07 3

3-24-3-13658 18:18:27.31 +06:47:06.2 36.7 19.33 0.46 0.02 3

3-24-1-8755 18:18:32.46 +06:23:19.9 35.9 19.41 0.48 0.02 3

3-24-3-11788 18:18:33.04 +06:37:17.9 39.5 18.25 0.45 0.02 3

3-24-3-11343 18:18:34.46 +06:37:09.7 35.0 20.85 0.48 0.05 3

3-24-3-11006 18:18:35.62 +06:38:43.4 35.0 21.44 0.46 0.07 3

3-17-2-5279 18:21:41.24 +08:22:28.3 27.9 19.70 0.21 0.04 3

3-27-1-24759 18:23:14.11 +07:36:50.9 34.1 20.48 0.28 0.05 3

3-27-3-9867 18:23:36.70 +07:58:00.5 29.7 19.17 0.44 0.02 3

3-27-3-9744 18:23:37.56 +07:59:07.1 28.9 22.32 0.41 0.13 3

3-25-3-11740 18:42:54.64 +00:21:48.7 36.1 21.76 0.09 0.17 3

1Low signal-to-noise spectrum – no obvious emission lines,2A-type star spectrum

3? and this thesis
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Table 4.2 – Continued

Cat. name R.A. (J2000) Dec. (J2000) Period [min] g′ [mag] g′ − r′ [mag] Amplitude [mag] Notes Ref.

2-11-4-41975 19:53:06.30 +18:48:39.4 32.2 17.87 0.30 0.02 2 3

2-11-1-24882 19:53:35.94 +18:38:08.7 25.5 18.86 0.14 0.03 1 3

2-3-4-4027 20:02:18.77 +18:49:37.9 34.4 20.41 0.50 0.11 3

4-16-3-16761 21:05:03.14 +46:27:45.5 33.0 15.11 −0.16 0.03 2 3

4-16-4-21946 21:05:12.19 +46:20:38.3 31.8 14.98 0.22 0.02 2 3

4-6-4-11525 23:47:46.82 +56:28:52.0 31.3 21.15 0.09 0.09 3

1Low signal-to-noise spectrum – no obvious emission lines,2A-type star spectrum

3? and this thesis
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�e Simbad database1 was searched for previously known sources. �ree matches

were found within 5 arcsec of our target. One is HM Cnc, an AM CVn system (Ram-

say et al., 2002a, this source is discussed is Chapter 1) and two are previously published

RATS sources: RAT J0455+1305, a high amplitude pulsating sub-dwarf B star (Ramsay

et al., 2006), which is a rare object as it exhibits both gravity and pressure mode pulsa-

tions (Baran et al., 2010); and RAT J1953+1859 (Ramsay et al., 2009), a dwarf nova, which

is discussed in detail in §6.1.

Of the other sources; 22 have periods less than 25 min, of which 9 have periods of less

than 10 min. �e amplitudes of the short-period blue sources ranges from 0.012–0.284

mag with a mean of 0.066 mag and the g′ band brightness range from 14.9–22.4 mag with

a mean of 19.6 mag.

4.2 Follow-up observations

�e RATS project includes a programme to obtain optical spectroscopic observations of

variable sources found in our survey (cf. Chapter 3). �ese data are low resolution spectra

with which to determine the nature of sources. AM CVn systems have no hydrogen evi-

dent in their spectra and have neutral and ionised helium lines typically double peaked in-

dicating the presence of a disc. Hydrogen-rich (DA) white dwarfs have very broad Balmer

absorption lines and are well �t by DA models and helium-rich (DB) white dwarfs have

broad and deep helium absorption lines. It is possible to tell AM CVns and DBs apart as

AM CVn systems are not well �t by DB model atmospheres though at �rst sight they can

look remarkably similar. To identify main sequence stars I use the library of stellar spec-

tra produced by Jacoby et al. (1984) to compare my spectra with the standards which they

observed.

Five instruments have been used for this work. �ese instruments are described below.
1�e SIMBAD database is operated at CDS, Strasbourg, France
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Figure 4.2: �e blue short-period variable stars shown in Tables 4.1 and 4.2. �e green
curve shows of the best-�tting amplitude, period and phase of the light curve. �e period
was found using the Lomb-Scargle periodogram algorithm, the amplitude and phase from
�tting a sine function to the light curve on that period.
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Figure 4.3: Light curves of the blue short-period variable stars shown in Tables 4.1 and 4.2.
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Figure 4.4: Light curves of the blue short-period variable stars shown in Tables 4.1 and 4.2.
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Figure 4.5: Light curves of the blue short-period variable stars shown in Tables 4.1 and 4.2.
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Figure 4.6: Light curves of the blue short-period variable stars shown in Tables 4.1 and 4.2.
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Figure 4.7: Light curves of the blue short-period variable stars shown in Tables 4.1 and 4.2.
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4.2.1 �e ISIS instrument on theWHT

Most spectra were obtained with the 4.2-mWilliam Herschel Telescope on La Palma using

the dual-beam Intermediate dispersion Spectrograph and Imaging System (ISIS) instru-

ment which is mounted at the Cassegrain focus of the WHT. ISIS splits the light into a

red component and a blue component via a dichroic at approximately 5500 Å, each beam

passes though a blazed grating and is exposed onto a separate CCDs allowing simultane-

ous exposures in each arm. �e blue CCD is a 4096 × 2048 pixel EEV12 array, while the

CCD used by the red arm is a RED+ array of 4096× 2048 pixels. RATS observations have

typically used the R300B and R158R gratings in the red and blue arms, respectively, and a

slit width of 0.8 arcsec giving wavelength coverage from 3500–10000 Å. �e R300B grat-

ing has a blaze (maximum e�ciency) at 4000 Å and a dispersion of 0.86 Å per pixel. �e

R158R has a blaze wavelength of 6500Å and a dispersion of 0.93 Å per pixel. �e unvi-

gnetted wavelength ranges are 3024 and 2302 Å for the blue and red arms, respectively.

�e throughput of the instrument over this wavelength range is illustrated in Fig. 4.8. �e

sensitively peaks is the blue which means the instrument is ideally suited for our needs.

4.2.2 �e ALFOSC instrument on the NOT

�e Andalucia Faint Object Spectrograph and Camera (ALFOSC) instrument is mounted

at theCassegrain focus of theNordicOptical Telescope on the island of La Palma.�is very

versatile instrument is capable of both imaging, spectroscopy and (spectro-)polarimetry.

In the course of RATS follow-up observations I have used ALFOSC in imaging mode (as

described in §6.1.2) but in this section I will discuss the use of ALFOSC in spectroscopic

observations.

Our observations have used the #7 grism which has a blaze wavelength of 5300 Å.�e

wavelength covered when using this grism is 3850–6850 Å. Grism #7 was chosen as it gives

good coverage in the optical and covers the Balmer lines as well as helium lines with a

resolution of 4.1 Å which is good enough for identi�cation of the nature of the sources as

well as simple �tting of model atmospheres.
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Figure 4.8:�e throughput of the ISIS instrument whenmounted on theWHT.�e grisms
used in this plot are the R300B and the R158R. Plotted on the x-axis is wavelength and on
the y-axis is the apparent ABmagnitude of star observed at zenith which gives one detected
photon per second per Angstrom obtained when the condition were photometric. �e
image is taken from the ISIS instrument guide on the ING website.
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4.2.3 �e Grating Spectrograph on the SAAO 1.9-m telescope

From South Africa we observed bright targets (g′ < 17) in the southern sky. We used the

Grating Spectrograph mounted at the Cassegrain focus on the 1.9-m Radcli�e telescope at

the South African Astronomical Observatory at Sutherland. We used grism #7 which has

a blaze wavelength of 4600 Å and a wavelength coverage of 1600 Å.

4.2.4 �e EFOSC2 instrument on the ESO 3.6-m telescope

Our southern target follow-up of sources too faint for the SAAO 1.9-m telescope has been

performed using the ESO Faint Object Spectrograph and Camera version 2 (EFOSC2) on

the ESO 3.6-m telescope at La Silla Observatory in Chile. We used grism Gr#04 which

covers the wavelength range 4085–7520 Å.�e blaze wavelength is 4700 Å and the disper-

sion is 1.68 Å per pixel. �e resolution of this instrument (FWHM) when using the Gr#04

grism is 10.5 Å.

4.2.5 GMOS on the Gemini South telescope

For the faintest targets (g′ < 19) we need to use 8m class telescopes when obtaining spectra

in order to get a su�cient signal-to-noise ratio. For these targets we have used the Gemini

Multi-Object Spectrograph on the Gemini-South telescope at the Cerro Pachón observa-

tory in Chile.

�e camera consists of 3 CCDs which each have a length of 2048 pixels. We have used

the B600 grism which has a blaze wavelength of 4610 Å and covers a wavelength of 2760

Å.�is results in a spectral resolution of 0.45 Å per pixel and a ∆λ/λ of 1688. We chose a

central wavelength of 4800 Å in order to cover the main hydrogen and helium lines visible

in the optical. �e e�ciency of GMOS when using the B600 grism is plotted in Fig. 4.9.

�e e�ciency is greatest at the blue end of the spectrum which is the area exposed on the

CCDs.
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Figure 4.9:�e e�ciency of the GMOS instrument which ismounted the Cassegrain focus
of the Gemini-South telescope. �e e�ciency plotted here is for the B600 grismwhich was
used for our observations.
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4.2.6 Spectral data reduction

I reduced these spectroscopic observations using the Starlink2 packages Figaro and

Kappa and Molly and Pamela which were written by Tom Marsh3. For this process I

based my reduction procedure on a guide written by John Southworth4

I de-biased the images and created master lamp �ats. �e �at images then need to have

the response of the �at-�eld lamp removed to leave only the slit response and the CCD

pixel-to-pixel variations. �is is done by summing up each pixel of the CCD along the

spectral dispersion axis using the ystract routine in Figaro and then taking the log of

the counts in this spectrum using log10. �is is the spectral response of the master �at-

�eld image. I �t a third order polynomial to this (in the case of the redder CCD on the

WHT I use a ��h order polynomial) and, a�er taking the anti-log of the response using

exp10, I divide the master �at image by the response using isydiv. �e �nal steps to create

the �at-�eld are to divide the image by its mean and then to take the inverse of the image

(i.e. for replace every pixel px ,y by 1/px ,y) as this image is used directly by the tools used

for extracting the spectrum.

�e extraction of the spectrum is done using the Pamela 2D spectrum analysis pro-

gram. �e �rst step is to use track to which tracks the position of the spectrum on the

CCD along the spacial axis by �tting a third order polynomial. �e next step is to use

regpic to pick the regions of the CCD from which to extract the spectrum and where to

extract a sky spectrumwhichwill later be subtracted from the source spectrum.�e source

spectrum region is picked so that it is as small as possible without losing any �ux while the

sky regions are are typically 50–100 pixels wide on each side of the source spectrum. It is at

this point that the inverse �at �eld image created earlier is multiplied by the science image.

�e third step is to �t a polynomial to the sky regions using skyfit. I typically use a third

order polynomial but for red spectra a ��h order is needed for a good �t. Pixels with �ux

2�e Starlink So�ware Group homepage can be found at http://starlink.jach.hawaii.edu/
starlink

3Molly and Pamela were written by T. Marsh and can be found at http://www.warwick.ac.uk/go/
trmarsh

4John Southwoth’s guide can be found at http://www.astro.keele.ac.uk/~jkt/

GrSpInstructions/GrSpInstructions.html

http://starlink.jach.hawaii.edu/starlink
http://starlink.jach.hawaii.edu/starlink
http://www.warwick.ac.uk/go/trmarsh
http://www.warwick.ac.uk/go/trmarsh
http://www.astro.keele.ac.uk/~jkt/GrSpInstructions/GrSpInstructions.html
http://www.astro.keele.ac.uk/~jkt/GrSpInstructions/GrSpInstructions.html
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3σ away from the �ts are excluded iteratively.

I use optimal extraction of the spectrum using the profit and optext procedures,

this method is based on a technique developed by Marsh (1989) which is analogous to

pro�le �tting photometry. profit performs the �tting of third order polynomials along the

spectrum with polynomials �t every 0.5 pixels along the spectrum. optext then extracts

the spectrum.

�e next step is to wavelength calibrate the spectrum. At the WHT I took Cu-Ne and

Cu-Ar arc lamp images several times through the night, with similar arcs taken at other

telescopes. I use the 1D spectrum analysis program called molly for the calibration. �e

process involves identifying lines in the arc spectrum from an arcmap. A third order poly-

nomial is then �t to the wavelengths identi�ed. A wavelength calibration is then applied to

the spectra of our sources, interpolating between the di�erent arc calibrations which were

taken over the course of the night.

On the WHT the typical FWHM of the lines in the arc spectra were 5 and 3 Å for the

red and blue arms, respectively. �is is the spectral resolution of our spectra. �e SAAO

1.9-m spectra have a typical resolution of 5 Å, our Gemini spectra have a higher resolution

of ∼1 Å while the EFOSC2 spectra have a resolution of 10.5 Å.

4.2.7 �e nature of short period blue sources

�e RATS follow-up observations have included spectra of 10 sources with periods less

than 25minwhich appear in Table 4.1, and 7 sources fromTable 4.2which contains sources

with periods from 25 to 40 min. �e details of these observations is given in Table 4.3. �e

classi�cation which I have given individual sources are shown in Tab. 4.1 and 4.2. Six of

these spectra are very low signal-to-noise and I can put no constraints on the nature of

these sources other than to say there are no obvious emission lines. As mentioned above,

one source is a pulsating sdB star and one is a dwarf nova (see §6.1), the spectra of these

two sources are shown in Fig. 4.12. Two sources are pulsating white dwarfs (their spectra
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Date Telescope Target (RAT J ...) Exposure (s)

2004 12 07 NOT 045515.22+130529.8 600
2008 08 03 WHT 205902.9+453735.9 240

195327.17+185914.4 420
2009 10 09 WHT 065515.30+103859.0 420

180250.62+004352.8 600
195306.30+184839.4 600
210503.14+462745.5 400
210512.19+462038.3 600
210514.75+461541.9 400

234906.89+562440.4 400
2009 10 10 WHT 050751.28+343155.5 600

Gemini-South 073919.05+235239.9 600

Table 4.3: Details of the spectroscopic observations of AM CVn candidates. Only the tar-
gets with a high enough signal to noise with which to determine the nature of the source
are included in this table.

are shown in Fig. 4.11), these are discussed in §5.4 and §6.2. Eight sources have spectra of

A and early F-type stars, the spectra of these are shown in Fig. 4.10.�ese spectra were all

obtained with the WHT and are discussed further in §5.2.

None of the spectra are indicative of an AM CVn star. �e implication of this are dis-

cussed in the next section.

4.3 �e space density of AM CVn stars

�e space density of a population is the distribution of the number of stars per unit volume

and is usually express as pc−3.�is quantity is usually calculated theoretically from popula-

tion models and is then compared to the observed local space density. From the predicted

space density it is possible to estimate thenumber of sourceswhich should bedetected if the

models are correct provided a realistic estimate of the completeness of the observed sample

can be made (i.e. what proportion are missed by the observations). Roelofs et al. (2007a)

performed a calculation based on the spectroscopic observationsmade by the SDSS survey

and calculated the predicted number of AM CVn systems which should have been found

spectroscopically and compared this to the actual observed number. In order to calculate
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Figure 4.10: Spectra of 7 A-type and one F-type stars (the F star is second from the top).
All are variable on periods between 20 and 35 min. �e blue and red arms of the spectra
have been normalised separately, such that the bin with the highest number of counts now
has value unity and the other bin have been normalised relative to this. �is preserves the
shape of a spectrum whilst allowing for comparison with other spectra.
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Figure 4.11:�e spectra shown here are of two DA white dwarfs.�e top source was found
in INT4 data and the spectrum was obtained using the ISIS instrument on the WHT.�e
lower spectrum is of a source found in INT1 data. �e spectrum was obtained using the
Gemini-South telescope and the GMOS camera. �e spectral ranges of these instrument
di�er – ISIS has a larger spectral ranges than GMOS. Both spectra have a gap which is
where the gap between CCDs is. In the case of ISIS this is because the light passes through
a dichroic. �e spectra have been normalised to the continuum.
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Figure 4.12: �e two spectra shown here are of a sub-dwarf B star (top) and an accreting
source (bottom) which was later discovered to be a dwarf nova. �e emission lines in the
accreting source are double peaking indicating the presence of a disc. �e top spectra has
been �ux calibrated using a �ux standard star. �e top spectrum was obtained using the
ALFOSC instrument on the NOT while the lower spectrum was obtained using the WHT
and the ISIS instrument.
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the theoretical space density they used the equation

N ′
spec = ∑

tiles
∫

∞

Pmin

dP ∫
dmax(P)

0
Ωtiled

2 C(P, btile , d) ρ′(P, btile , d)dd (4.3)

�is is an integration over the distance to the source, d, and the orbital period, P. N ′
spec is

the predicted number of spectra which could be detected in the SDSS archive. C(P, btile , d)

is the completeness of the spectroscopic observations as a function of orbital period, the

Galactic latitude, btile, and the distance. �e lower limit on the period integral, Pmin, is be-

causeRoelofs et al. (2007a) search only for sources with emission line spectra, asmentioned

in §1.3.2, only AMCVn systems in the low state have emission lines spectra (aside from one

ultra-short period system). �is, therefore, sets the lower period range which they are able

to detect. �e upper limit, dmax(P), on the distance integration is the distance at which

a source with period P would have apparent magnitude gmax, where gmax is the limiting

brightness of the survey. �e sum of solid angle covered by each spectroscopic pointing,

Ωtile, gives the total area of the survey and each spectroscopic pointing encompasses a vol-

ume ∫Ωtile d2 dd. �e modelled space density, ρ′(P, btile , d), is calculated from population

synthesis models and is a function of orbital period, Galactic latitude and distance. �e

observed local space density can be calculated using the equation

ρ0 =
Nspec

N ′
spec

ρ′0 (4.4)

where ρ′0 is the modelled local space density and Nspec is the observed number of AMCVn

sources with an SDSS spectrum.

Roelofs et al. (2007a) use the population synthesis models of Nelemans et al. (2001a,

2004) to calculate the predicted space density and local space density. �ey take Pmin as

30 min, the number of tiles over which they sum, Ntile = 1700, and Ωtiles = Ωspec/Ntile

where Ωspec = 5700. To calculate their completeness and the model population they use a

three-dimensional grid in P, b and d and assume gmax = 21. �ey calculate the modelled

local space density for two di�erent assumptions, one ‘optimistic’ and one ‘pessimistic’ (see

§1.3.3 for a description of the di�erences between these assumptions).�e values they �nd

are ρ′0 = 2.6×10−5 and 1.5×10−6 for the optimistic and pessimisticmodels, respectively. �e
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Figure 4.13: �e predicted number of AM CVn systems which should have been found
in SDSS data using the optimistic (upper lines) and pessimistic (lower lines) models, as
a function of g′ magnitude. �e tress di�erent lines associated with each model are for
di�erent assumption on the scale high of the AM CVn population (200, 300 and 400 pc
for the dotted, solid and dashed lines, respectively. �e 6 known systems (at the time the
paper was written) are marked. �is plot is taken from Roelofs et al. (2007a).

expected number of systems to have been detected in the SDSS survey using the eachmodel

is shown in Fig. 4.13. Given that when the paper was written, Nspec = 6, the observed ρ0 =

1.5 × 10−6 and 3.2 × 10−6 for the optimistic and pessimistic models, respectively. Note that

the observed space density in the pessimistic model is higher, this is due to the pessimistic

model forming more fainter systems and thus the 6 observed systems exist in a smaller

volume.

�e combined sky coverage of the �rst 5 years of RATS data is 31.3 deg2. To apply
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Roelofs et al. (2007a) formulation to the RATS data means modifying Equ. 4.3 to give

N ′
phot = ∑

�elds
∫

Pmax

0
dP ∫

dmax(P)

0
Ω�eldsd

2 C(P, b�eld , d , a) ρ′(P, b�eld , d)dd (4.5)

�e changes made to Equ. 4.3 are to calculate the sum the �elds we observe and to integrate

the periods from 0 to Pmax which is the maximum period at which AM CVn systems how

photometric variability – we assume Pmax = 25 min. Our completeness, C(P, b�eld , d , a) ,

will be a function of an extra term, a which is the amplitudes to which we are sensitive.

An assessment of the completeness is still ongoing but here I assume that we detect every

AM CVn brighter than g′ = 20 and half the AM CVn systems with brightnesses between

g′ = 20 and 22. With these assumptions, the optimistic model predicts we should discover

are 6.8 in the RATS data [2.7 for g′ < 20, (0.5 × 8.2) for g′ = 20 − 22]5.

I have identi�ed 11 candidate AM CVn systems brighter than g′ = 20 with a period

shorter than 25 min (21 brighter than g′ = 22, excluding HM Cnc). We have obtained

optical spectra of 11 of these candidates; none of which are consistent with an AM CVn

system (cf. Table 4.1). Removing these sources leaves �ve candidate AM CVn systems

brighter than g′ = 20 for which we are yet to obtain spectra (10 brighter than g′ = 22). One

could speculate that the observed sample, once follow-up is completed, will indicate the

need to revise the simulations, but for the time being we are le� with an upper limit of ten,

which is consistent with the model predicted number.

Our result is in contrast to the �nding of Roelofs et al. (2007a) which suggests the

model of Nelemans et al. over-predicts the number of long period systems (Porb < 30

min) by a factor > 10 for the optimistic model and 2 for the pessimistic model. If this

were to be replicated at shorter periods we would expect to �nd < 1 AM CVn systems in

our observations so far. It remains to be seen whether there is also a de�cit of systems

compared to the models at shorter periods, or whether there are relatively many more

younger, short period systems compared with older systems.�is is particularly important

for future low-frequency gravitational wave detectors such as LISA as AMCVn systems are

predicted to form the dominant sources of background noise which limits the detection of

5�ese calculations were performed by Gijs Nelemans
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Figure 4.14: �is is a plot showning the gravitational wave signal from AM CVn systems
as green boxes. �e y-axis is the strain of the GW signal and the x-axis is frequency [equal
to 1/(2Porb)]. �e dashed line is the LISA 1σ detection a�er a year of observations and
the solid line is the gravitational wave background from double white dwarfs using the
model from Nelemans et al. (2004). �e plot was created using an web applet created by
G. Nelemans.

extra-galactic gravitational waves sources (Nelemans et al., 2001a). In Fig. 4.14 the 1σ LISA

sensitivity is shown as a dashed line and the double white dwarf background as the solid

lines. If the AM CVn systems are much less numerous than predicted then the solid line

can be pushed downwards, hence LISA is more sensitive to extra-galactic signals.
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4.4 Summary

�is Chapter deals with primary aim of the RATS survey – testing the space densitymodels

of AM CVn systems. It describes the path taken to move from having a number of light

curves which show variability on periods of less than 40 min, through the follow-up work

to determine their nature and ends by stating the number of AM CVn systems found and

how this impacts the space density models. We are yet to �nd any AM CVn systems and

currently are not able to strongly constrain the space density. However, the survey is not

�nished and more photometric data is in the process of being analysed. More follow-up

observation are also planned including observations of three sources from Table 4.1 with

theGemini-South telescope in the secondhalf of 2011. When all these data are collected and

analysed we will be able to constrain the space density of AM CVn systems. Importantly,

we will be able to distinguish whether the models of Nelemans et al. correctly estimate the

number of AM CVn systems or whether the space density is consistent with that seen in

longer period systems by Roelofs et al. (2007a).

In the next Chapter I will go onto discuss some of the populations of variable sources

that we have found in the data. �e unique cadence and depth of the RATS projects allows

to probe populations which have either not been observed before or not in a systematic

way such as is done by RATS.



Chapter 5

Stellar pulsators

Pleasure is very seldom found where it is sought. Our brightest blazes of
gladness are commonly kindled by unexpected sparks.

S. Johnson,�e Idler, 26th May 1759

In the previous Chapter I discussed how I identi�ed and obtained follow-up obser-

vations of AM CVn candidates systems. �e Rapid Temporal Survey is much more than

a one-trick pony, however. In this Chapter I will describe some work undertaken to de-

termine the nature of a number of types stellar pulsations. In the �rst Section I discuss

the process used to �t stellar models to spectra which have been obtained as part of the

RATS follow-up programme. �e technique for �tting stellar spectra with models is then

exploited in the remaining sections to help understand the nature of variable sources in

the RATS data. �e �rst class I consider are the variable A-type stars discussed in the pre-

vious chapter, then move on to consider a class of longer period blue pulsator and �nish

the Chapter examining a sample of degenerate pulsators.

126
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5.1 Fits to model spectra using fitsb2

�e spectra we obtain are primarily for identi�cation purposes (e.g. is the source a main

sequence star or a hydrogen-rich white dwarf?). However, when the signal-to-noise is high

enough I am able to determine a number of physical properties of the star through spectral

�tting.

�e e�ective temperature, surface gravity andmetallicity of stellar sources can be deter-

mined by �tting their spectra with model atmospheres. To do this I use the Fits2b �tting

programme (Napiwotzki et al., 2004). Fits2bwas developed primarily for �tting model at-

mosphere to spectroscopic binaries though it is equally adept at �tting a single star model

to a spectrum. �e program uses a grid of model atmospheres which vary in e�ective tem-

perature, surface gravity and abundance. In the case of a two component �t it is also able

to calculate radial velocities or orbital parameters.

�e �tting routine is performed by minimising the chi-squared using the amoeba

downhill simple algorithm (Press et al., 1992). �e method was developed by Nelder &

Mead (1965) and uses simplicies – a geometrical �gure consisting of N dimensions and

N + 1 vertices, N = 2 is a triangle, N = 3 is a tetrahedron, etc. – a to �nd a solution. �e al-

gorithm takes a number of steps to move the simplex downhill, closer to aminimum. Each

step is either an expansion, contraction or re�ection of the simplex. An issue with all �t-

ting techniques is the chance of missing the global minimum and getting trapped in a local

minimum. Fits2b attempts to get round this by restarting the algorithmwith initial values

set at the values of the minimum but using the initial, large simplex. If the chi-squared of

this is better than the previous one then the algorithm continues. However, this technique

is far from fool-proof and it is therefore important that the initial parameters are set to

plausible values values.

When calculating errors on the�t foundusing Fits2b a bootstrapping approach is used,

replacing the N points in the spectrum with N points picked at random from the data.

Each point may be picked more than once and the error is computed from the variance of

the �tted spectra. Bootstrapping is good at measuring errors when they are non-Gaussian
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Setting Typical Value Meaning

fit-mode atmos Fit spectrum to model atmospheres

sb-mode sb1 Single component �tting – use sb2 for two
component �tting

clip-mode clip Clip points 3σ from�twhen calculating χ2

sigma-mode atmos Calculate error using model �t

error-mode bootstrap auto Use a bootstrapping technique to calculate
errors and automatically determine num-
ber of iterations

helium-mode variable Calculate metal abundances, use none to
use solar metallicity

Table 5.1: Typical settings used in the param.in �le.

though can be slower than other methods such as Monte Carlo techniques.

�ree �les are used to de�ne how the �tting is performed: params.in which de�nes

the parameters used in the �t; spec.list which contains information on the spectrum to

be �t and wavelength ranges to use in the �t; andmodelgrid.datwhich de�nes themodel

grids to be read. �e parameters which I use when �tting are described below.

5.1.1 params.in

�e parameters which are used in params.in are summarised inTable 5.1. sb-mode is set to

either sb1 or sb2 depending on whether single or double line �tting should be performed.

Single line �tting is used when there is no evidence for a second component (this is true for

all sources except one, this is described in §6.2). Setting bootstrap auto as the error-

mode uses bootstrapping to calculate errors on the �t and to automatically determine the

number of bootstrap iterations to perform (bootstrapping is slow so when modifying the

initial temperatures/log g’s, I run the �tting routine without calculating errors - noerror).

helium-mode refers to whether or not to include the metal abundance in the �t. �is is

set to variable if abundance �tting is to be performed.
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�e next step is to set the initial parameters and to de�ne the positions of lines in the

spectrum. �e temperature and gravity need to be set to plausible values to prevent the al-

gorithm getting stuck in a local minimum. Estimating these is straight forward for hydro-

gen white dwarfs as because the RATS sources are all variable and variable hydrogen-rich

white dwarfs occupy relatively restrictive parameter range (see §1.4.1).�e initial tempera-

ture and gravity are set at Te� = 11500 K and log g = 8 which are typical for pulsating white

dwarfs. For main sequence spectra the temperature is set to an approximate temperature

consistent with the spectral type of the spectrum, e.g. 8000 K for an A-type star, and a

log g of 4. I use an initial �tting step size in temperature and gravity of 100 K and in 0.1,

respectively. �e lines which I de�ne are the Balmer lines from Hα to H10.

5.1.2 spec.list

�e spec.list �le required details of which spectra should be read and which regions are

included in the �t. I specify the Balmer lines to be �t in this �le which takes the form: line-

number (i.e. 2 for Hβ), W1, W2; where W1 and W2 refer blue and red limits of the region

to be included in the �t. In the case of the WHT and Gemini-South spectra two spectra

are included in this �le as the spectra obtained on these instruments are split across several

CCDs. Our spectra are relatively low resolution so for white dwarfs we include only the

regions around the Balmer lines. For main sequence stars I include extra regions between

lines if I am �tting an abundance to the spectra.

5.1.3 modelgrid.dat

�e model grids used in the �ts are de�ned in the modelgrid.dat �le. �e �rst line tells

the so�ware how many e�ective temperatures to include, how many surface gravities and

the number of abundances. �e values are set by the models which will be �t to the data.

�e number of abundances is typically one, save for when �tting metallicity (as is done for

the SX Phe stars later in this section). For stars with DA white dwarf spectra the Balmer
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lines are �t using a grid of hot white dwarf models1 with temperatures ranging from 6000

to 100000K and log g from 5.5 to 9.5. For all other spectra I useatlas9model atmospheres

(Castelli & Kurucz, 2004) which range from 5000–50000 K and from gravities from 2.8 to

6.0. When using the atlas9 models it is possible to vary the metallicity, the models which

I used vary from solar metallicity (Z = 0.0) to -3.0 dex below solar in steps of 0.5 dex.

In the following sections I will discuss some of the pulsating stars discovered by the

RATS project. Many of these sources have spectroscopic data. I describe how the spectral

�tting allows for the determination of the nature of the sources.

5.2 Short-period pulsating A and F-type stars

As mentioned in Chapter 4, I have discovered 8 sources with spectra of A, and F-type stars

and showmodulations on periods of between 20 and 40 min. I �t the spectra with atlas9

models (Castelli & Kurucz, 2004), with the results shown in Table 5.2. �e metallicities

varies from solar to -3.0 dex below solar metallicity. �e regions where the metal abun-

dance is �t are either side of theHβ, Hγ and Hδ. An example �t is shown in Fig. 5.1 which

shows the continuum regions where metal lines are included in the �t.

�e cause of this modulation is very likely to be because of pulsations given that the

modulation is relatively sinusodial and period is too short to originate from orbital motion

as geometrically main sequence stars are too large to have such orbital periods. In this case

the pulsation is likely caused by the sources existing on the δ Scuti instability strip – all the

sources have temperatures in the regime of this instability strip. Variable sources on this

strip pulsate because of either ionisation of singly ionised helium to doubly ionised helium

or from hydrogen ionisation (Cox, 1980).

One possibility is that the A-type stars are long period examples of rapidly oscillat-

ing, chemically peculiar A (roAp) stars which have typical pulsation periods of 10 minutes

(e.g. Kochukhov et al., 2009) although longer periods – up to 21 minutes – have been seen

1A grid of hot white dwarf models was kindly supplied by Detlev Koester
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Figure 5.1: �e best �tting model is shown in red and the spectrum of variable A-type star
RAT J210503.14+462745.5 is shown in black. �e best �tting parameters are Te� = 8138±36
K, log g = 5.03±0.17 and Z = −0.60±0.07. In the continuum regions between the Balmers
lines it is possible to see the �t to unresolved metal lines. A�er Hβ each Balmer line has
been shi�ed upward by 0.5 �ux units.
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Name g′ Period Temp. Gravity Z
[mag] [min] [K] [dex] [Z⊙]

RAT J050751.28+343155.5 16.31 22.15 8528 ± 51 5.04 ± 0.29 −0.72 ± 0.32
RAT J065515.30+103859.0 15.92 33.87 6568 ± 53 3.69 ± 0.27 −0.66 ± 0.05
RAT J180250.62+004352.8 18.97 34.14 8525 ± 125 5.68 ± 0.54⋆ −4.06 ± 1.27
RAT J195306.30+184839.4 17.87 32.19 8066 ± 79 6.23 ± 0.27⋆ −0.80 ± 0.21
RAT J210503.14+462745.5 15.11 32.97 8138 ± 36 5.03 ± 0.17 −0.60 ± 0.07
RAT J210512.19+462038.3 14.98 31.82 8195 ± 27 4.97 ± 0.17 −0.41 ± 0.06
RAT J210514.75+461541.9 15.77 22.42 8586 ± 25 4.70 ± 0.16 −2.03 ± 0.35
RAT J234906.89+562440.4 18.06 22.73 8510 ± 65 5.05 ± 0.35 −0.63 ± 0.37

Table 5.2: Summary of the best �tting parameters when models are �t to the spectra of
seven A and one F-type star. �e period is taken from the a Lomb-Scargle periodogram
of the light curve of the source. Metallicity, Z, is the abundance relative to solar metallic-
ity. Uncertainties are calculated using a bootstrapping technique. Surface gravities marked
with a ⋆ should not be relied upon as they are outside the model grid and therefore are ex-
trapolated. �ey are also in the degenerate regime and therefore are probably not physical.

(Elkin et al., 2005). �ese sources can be identi�ed owing to their optical variability and

the chemical peculiarities in their spectra whose signature is an unusual metal abundance

relative to solar metallicity. Speci�cally, they have over-abundances in rare earth metals

(e.g. Kochukhov et al., 2009).

Alternatively, all the stars could be low amplitude δ Scuti stars with a pulsation period

at the very short period end of the δ Scuti period distribution. δ Scuti stars typically have

periods longer than 40min but at least two examples (HD 13038 andV1366Ori, Rodríguez

et al., 2000; Amado et al., 2004) has a periods less than this. �e F star is likely a short-

period δ Scuti star as it has too low a temperature to be a roAp star but we note that the

only δ Scuti stars with a pulsation period less than 40 min are rather unusual: one likely

has strong metal lines (Martinez et al., 1999) while the other is a pre-main sequence star

(Amado et al., 2004).

�e derived metal abundances are all sub-solar though two of the sources are

within 2.5σ of solar metallicity. Two sources, RAT J210514.75+461541.9 and RAT

J180250.62+004352.8 (herea�er J1205+4615 and J1802, respectively), have a very low metal

abundance of −2.03 ± 0.35 and −4.06 ± 1.27, respectively. As roAp stars have super-solar

metallicities, it is unlikely that J1205+4615 and J1802 are roAp stars. However, δ Scuti stars

typically have solar metallicities and it is also unlikely that this source is a δ Scuti variable.
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One possibility is that this source is a very short period SX Phe star (as these sources have

lowmetallicities) though I consider this unlikely as these sources have periods greater than

50 min.

�e remaining sources havemetallicities between -0.80 and -0.41. While it would seem

unlikely these could be consistent with the high metallicities seen in roAp stars, we have

not �t any super-solar metallicity models. In addition, our spectra are of low resolution

and it is possible, even probable, that metal lines required for classi�cation as a roAp star

are missing as a result of the low resolution. However, a classi�cation of these sources as

very short period δ Scuti variables seem likely with the data available.

Medium–high resolution spectroscopic observation are planned in order to distinguish

between there two scenarios: roAp stars show evidence of heavy metals in their spectra,

whereas the δ Scuti stars show abundances similar to the Sun. With these observations it

will be possible to more robustly determine the nature of these sources. I think that they

are likely to be either roAp or δ Scuti stars, whatever the results found using high resolution

spectra, they represent either the long or short period tail of their class.

5.3 SX Phoenicis and δ Scuti stars

�is section describes stars similar to those described above but the stars discussed in this

section are variable on periods that are longer than those in the previous section. �e stars

discussed here have periods more typical of δ Scuti stars and for this reason I di�erentiate

between those discussed in the previous section and those discussed here. �ese longer

period variables may either be δ Scuti stars or SX Phe stars which are similar classes of

pulsating stars. Both classes pulsate with both radial and non radial modes with periods

as short as 18 and 56 min for the δ Scuti and SX Phe stars, respectively. �ey di�er in

their metal abundances: δ Scutis have abundances typical of Population i stars while SX

Phe stars have Population ii abundances. In the �rst epoch of observations (INT1) a small

number of sources which �t into these classes were detected (Ramsay et al., 2006). In this
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section I describe a study of 31 such sources for which we derive distances and discuss their

nature.

5.3.1 Identi�cation

Both SX Phe and δ Scuti stars are blue pulsating sources. SX Phe stars have (B−V) colours

of 0.1–0.35 mag (Poretti et al., 2008) which equates to (g′ − r′) ranging from -0.12–0.14. δ

Scutis have very similar colours to the SXPhe stars(Rodríguez et al., 2000) and are therefore

very di�cult to distinguish from SX Phe stars. Many of the RATS �elds lie at low Galactic

latitudes where the extinction is high. We limit our search for these sources to regions of

the sky where the extinction E(B − V) < 0.18 which equates to E(g′ − r′) < 0.18, for blue

sources.�is sets our colour search range to −0.12 < (g′ − r′) < 0.4 if we give some leeway

to account for errors in measuring the colour.

�e shortest period SX Phe has pulsations on a period of 56 min (BL Cam Rodriguez

et al., 1990), to account for an estimated 10 per cent error in our period measure we set the

minimum period search for at 51 min whilst the longer end is set by the sensitivity of the

RATS data which becomes poor at periods longer than 90 min (see §3.2.2 and Fig. 3.8).

Since many sources �tted description of having periods from 51–90 min and −0.12 <

(g′ − r′) < 0.4, we manually inspected these and removed sources which showed signs of

obvious systematic e�ects (such as several sources having the same period and phase in

the same �eld), had large gaps in the data or where the periodic signal was weak. �is le�

31 sources with periods ranging from 51 to 83 min, brightnesses from 15.9 < g′ < 20.8 and

full-amplitudes from 0.05–0.65 mag.�e properties of these sources is shown in Table 5.3,

their light curves in Figures 5.2–5.4 and they are shown in a colour-magnitude diagram as

crosses in Fig. 5.5.
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Source name l b g′ (g′ − r′) Period Amp.
[J2000] [J2000] [mag] [mag] [min] [mag]

RAT J000114.7+534305.4 115.46 -8.42 17.8 -0.12 64.3 0.50
RAT J000134.8+535142.2 115.54 -8.29 17.0 0.19 73.5 0.07
RAT J000147.5+532318.7 115.48 -8.76 16.8 0.35 69.6 0.45
RAT J030556.8-003616.2 179.16 -48.23 20.3 -0.08 82.9 0.28
RAT J050351.4+350802.1 169.90 -3.83 18.4 0.30 62.9 0.14
RAT J065521.2+104158.9 203.82 5.72 15.9 0.12 60.9 0.13
RAT J065541.8+104421.5 203.82 5.81 19.3 0.30 56.0 0.10
RAT J120232.2-242917.4 288.96 37.05 20.2 0.04 55.7 0.33
RAT J120709.2-225449.5 289.81 38.82 17.8 0.30 74.7 0.24
RAT J120902.4-231139.0 290.43 38.65 17.2 0.39 72.3 0.17
RAT J135646.3+225440.4 20.61 74.62 18.2 -0.09 53.8 0.13
RAT J135912.9+233655.3 23.76 74.30 17.9 0.03 63.9 0.07
RAT J155955.4-254320.2 347.69 20.35 17.3 0.37 60.8 0.08
RAT J160103.5-254244.6 347.89 20.17 17.6 0.36 58.7 0.08
RAT J175816.2+281752.8 53.97 23.35 19.1 0.04 54.4 0.12
RAT J175836.5+280913.0 53.85 23.23 18.1 0.05 66.1 0.07
RAT J175932.1+011940.4 28.14 12.14 18.2 0.36 74.7 0.50
RAT J180331.0+020840.2 29.34 11.63 17.8 -0.09 72.5 0.65
RAT J180416.2+020832.4 29.43 11.47 18.1 0.23 82.9 0.65
RAT J181727.9+063401.0 34.97 10.53 18.3 0.22 76.9 0.10
RAT J181736.2+062426.0 34.84 10.42 18.6 0.22 60.8 0.06
RAT J181753.2+063149.5 34.98 10.41 18.5 0.34 59.6 0.08
RAT J181816.0+073043.0 35.92 10.77 18.5 0.24 53.0 0.50
RAT J182250.6+075436.8 36.79 9.93 19.1 0.31 64.5 0.13
RAT J182347.7+075345.5 36.88 9.71 19.9 0.24 61.2 0.26
RAT J195235.3+184354.8 56.56 -4.34 18.0 0.38 63.2 0.05
RAT J200210.0+184307.3 57.72 -6.29 18.2 0.39 74.5 0.07
RAT J220915.4+553438.5 101.37 -0.35 15.8 0.03 51.6 0.07
RAT J230507.9+341723.4 99.14 -23.62 20.8 0.25 75.3 0.21
RAT J233907.3+570802.3 113.21 -4.36 18.4 0.18 67.6 0.15
RAT J234635.6+562323.7 114.00 -5.35 15.8 0.38 68.6 0.18

Table 5.3: A summary of the details of the blue pulsators obtained from the RATS obser-
vations. �e period determined from a Lomb-Scargle periodogram and the amplitude is
the full-amplitude of the best �tting sine curve when using least squares �tting on the pe-
riod found from the Lomb-Scargle periodogram. �e source name is in the format RAT
JHHMMSS.s±DDMMSS.s where the coordinates use the J2000 epoch and equinox.
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Figure 5.2: Light curves of blue pulsators. �e green curve is the best �tting sinsoid.
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Figure 5.3: Light curves of blue pulsators.
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Figure 5.4: Light curves of blue pulsators.

5.3.2 Distances

�e distance to SX Phe and δ Scuti stars can be computed using equ. 4 inMcNamara (1997)

where he derives a semi-empirical period-luminosity relation of

⟨MV ⟩ = −3.725 log P − 1.933 (5.1)

where P is the period in days and MV the absolute magnitude in the V �lter. To convert

our g′ magnitudes to V we use

V = g′ − 0.59 × (g′ − r′) − 0.01 (5.2)

taken from Jester et al. (2005). Using the Schlegel et al. (1998) dust maps we determined

the extinction to the edge of the Galaxy and calculate the optical extinction in the V band,

AV , using Equ.4.1.



Chapter 5: stellar pulsators 139

Figure 5.5: A colour-magnitude diagram showing all the stars in the RATS data which
have absorption in the V band, AV < 0.6. �e blue pulsators discussed shown in Table 5.3
plotted as crosses.
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�e distance is calculated using the equation

Vcorr = MV + 5(log d − 1) (5.3)

whereVcorr is theV magnitude corrected for extinction,MV is the absolute magnitude and

d is the distance in parsec. �e distance to the star and distance from the Galactic plane

to the star are given in Table 5.4. �e error on the period is roughly 10 per cent and the

error on the g′ band magnitude is roughly 0.1 mag for sources brighter than g′ = 20 and

0.2 mag for sources fainter than this. We estimate that the error on the distance will be

of order 10–20 per cent. It is possible that for a number of sources we measure half the

true pulsation period, in this case the distance to the source would be underestimated by

a factor of ∼ 1.7. Similarly, if the extinction is less than the extinction to the edge of the

Galaxy then we would be underestimating the distances.

�e distances to these sources vary from 0.6–30 kpc while the median distance is 7.0

kpc. We also �nd that there is a large range in z, where z is the height above the Galactic

equator. �e values of z range from 200 pc to over 20 kpc with the median being 1.4 kpc.

�is is, neatly, twice the scale height of the thick disc of the Galaxy (de Jong et al., 2010).

�e three sources furthest away from us (RAT J030556.8-003616.2, herea�er J0305; RAT

J120232.2-242917.4; and RAT J230507.9341723.4) are at distances well beyond the excepted

limits of the spiral structure of theMilkyWay (21.1, 30.0 and 32.1 kpc, for the three sources,

respectively, while the scale hight of the thin disc is around 100 pc, Kong & Zhu 2008) and

their high Galactic latitude (all 10 kpc above the galactic plane) place these sources deep

into the Galactic halo.

J0305 is in a particularly surprising location, being at aGalactic longitude very close the

Galactic anti-centre (l = 179.16). We wished to con�rm the period measured during the

initial RATS observations. To do this a colleague – Pasi Hakala – obtained optical photom-

etry using the ALFOSC instrument on the NordicOptical Telescope on 2010 December 31.

We windowed the CCD and observed without a �lter in order to maximize the signal-to-

noise. �e total observation lasted 3.8 h, the resulting light curve is shown in Fig. 5.6. �e

periodogram has a peak at a period of 90 min which is consistent with the period we mea-
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Source name Distance Height
[kpc] [kpc]

RAT J000114.7+534305.4 6.0 -0.9
RAT J000134.8+535142.2 4.2 -0.6
RAT J000147.5+532318.7 3.4 -0.5
RAT J030556.8-003616.2 30.0 -22.4
RAT J050351.4+350802.1 3.4 -0.2
RAT J065521.2+104158.9 2.7 0.3
RAT J065541.8+104421.5 11.6 1.2
RAT J120232.2-242917.4 21.1 12.8
RAT J120709.2-225449.5 8.2 5.2
RAT J120902.4-231139.0 5.8 3.6
RAT J135646.3+225440.4 9.0 8.7
RAT J135912.9+233655.3 8.7 8.3
RAT J155955.4-254320.2 5.2 1.8
RAT J160103.5-254244.6 5.7 2.0
RAT J175816.2+281752.8 12.7 5.0
RAT J175836.5+280913.0 9.2 3.6
RAT J175932.1+011940.4 6.5 1.4
RAT J180331.0+020840.2 7.0 1.4
RAT J180416.2+020832.4 8.2 1.6
RAT J181727.9+063401.0 8.6 1.6
RAT J181736.2+062426.0 8.2 1.5
RAT J181753.2+063149.5 7.4 1.3
RAT J181816.0+073043.0 7.1 1.3
RAT J182250.6+075436.8 10.8 1.9
RAT J182347.7+075345.5 15.7 2.6
RAT J195235.3+184354.8 4.9 -0.4
RAT J200210.0+184307.3 5.1 -0.6
RAT J220915.4+553438.5 0.6 0.0
RAT J230507.9+341723.4 32.1 -12.8
RAT J233907.3+570802.3 4.1 -0.3
RAT J234635.6+562323.7 1.8 -0.2

Table 5.4:�e distance to each source, derived from the apparentmagnitude and the pulsa-
tion period, are shown in this table. �e height refers to the height above the Galactic plane
(i.e. height, z = b sin d, where b is Galactic latitude and d is the distance to the source).
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Figure 5.6: J0305 was observed in December 2010 using the ALFOSC instrument on the
NOT.�e top panel shows a light curve of those observations while the bottom is a Lomb-
Scargle periodogram of the light curve. �e periodogram has a peak at 90 min which
represents the dominant pulsation period we detected from the source.

sured during wide �eld observations (where I found a period of 82.9) if we assume a ∼10

per cent error on these periods. If we take this longer period it implies that the source is at

a distance of 31.9 kpc rather than the 30.0 kpc �gure we previously found.

5.3.3 Spectroscopic observations

We were able to observe six of the blue pulsators using the NOT, WHT and SAAO 1.9-m

telescopes (see §4.2 for a description of the spectroscopic instruments mounted on these

telescopes, which e used). In addition we obtained a spectrum of one source (J0305) from

the Sloan Digital Sky Survey archive. In total we have spectra of seven sources which were

extracted and reduced using the techniques described in §4.2.6. �e spectra are shown in

Fig. 5.7 and details of the observations are given in Table 5.5.

Using themethods described in §5.1, we �t these spectra using atlas9models (Castelli
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Figure 5.7: �e spectra of seven candidate SX Phe stars (details given shown in Table 5.5).
Two are these sources have low signal to noise and are therefore useful only in classifying
the sources as A-type stars. Five source have spectra with su�cient signal-to-noise for
�tting purposes.
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Source name Telescope Te� Metallicity
[K] [Z⊙]

RAT J030556.8-003616.2 SDSS 7259 ± 91 −0.9 ± 0.7
RAT J120709.2-225449.5 SAAO 7415 ± 130 −4.4 ± 1.0
RAT J135646.3+225440.4 NOT – –
RAT J135912.9+233655.3 NOT – –
RAT J160103.5-254244.6 SAAO 7341 ± 102 −1.1 ± 0.96
RAT J175816.2+281752.8 WHT 7763 ± 184 −0.6 ± 1.3
RAT J175836.5+280913.0 WHT 7815 ± 79 −0.3 ± 0.2

Table 5.5: �e best-�tting e�ective temperature,surface gravity and metallicity of seven
candidate SX Phe stars are shown here. �e telescope column key is: SDSS – taken from
Sloan Digital Sky Survey archive data; SAAO – Cassegrain spectrograph on the SAAO 1.9-
m telescope; NOT – ALFOSC on the Nordic Optical Telescope; WHT – ISIS instrument
on theWillian Herschel Telescope. Sources which have spectra with a signal-to-noise high
enough to allow �tting withmodel spectra are have e�ective temperatures andmetallicities
shown. �e metallicity is relative to solar.

&Kurucz, 2004). �e e�ective temperature of each sourcewas determined by �tting model

spectra to the Balmer lines of the source (see Fig. 5.8 for an example �t). Ourmodel spectra

which we �t ranged from 65500–8000 K. As there are no gravity sensitive features in the

spectra (Napiwotzki priv. comm.) we set log g at 4.0 which is typical for SX Phe and δ Scuti

stars (McNamara, 1997).

�e resolution of the spectra is too low to see individual metal lines but it is possible to

get an estimate of the overall abundance by �ttingmodel spectra with di�erentmetallicities

to regions of the spectra which contain a large number of metal lines. �e low signal-to-

noise in a number of our spectra causes us to be able to use this technique in only �ve of

our spectra. �e metallicities of our models ranged from −3.0 to 0.0 dex in steps of 0.5. We

selected the regions 4160–4260 Å, 4435–4635 Å, 4960–5105Å and 5105–5455 Å. In these

regions the dominant species is Fei, therefore our derived metallicities is a proxy for iron

abundance. �ese metallicities are given in Table 5.5.

Our sources range in e�ective temperature from 7000-8000 K.�emetallicities are less

well constrained owing to the di�culty in �ttingmetal lines in low resolution spectra. Each

�t is less than solar metallicity though perhaps we should not draw too many conclusions

for this as we did not use any super-solar metallicity models in the �tting process. One
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Figure 5.8: An example of a model atmosphere �tted to a spectrum of one of the blue
pulsators. �is spectrum is of RAT J175836.5+280913.0 and was observed using the WHT
telescope. �e spectrum has been normalised to the continuum and the best �tting model
atmosphere has Te� = 7815 ± 79 K, and Z⊙ = −0.3 ± 0.2.
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source has signi�cantly lower metallicities than the Sun, RAT J120709.2-225449.5 (here-

a�er J1207), which has a metallicity of Z = −4.4 ± 1.0 dex with respect to the solar metal-

licity.

5.3.4 �e nature of our sources

We are convinced that the sources presented in this section are stellar pulsators. �ree

classes of blue pulsators have periods consistent with the periods we observe; SX Phe stars,

δ Scutis and sub-dwarf B (sdB) stars. �e �tted temperatures rule out the possibility that

these sources are sdB stars as these have temperatures typically in the range 20000–35000

K (Pereira & Je�ery, 2008). �e low metallicities in one of our sources, J1207, indicate that

it is likely to be an SX Phe pulsator as these are known to have low metallicities, whereas

δ Scutis have solar metalicities. �e uncertainties on the metalicities derived for the other

three sources do not allow us to distinguish whether they are SX Phe or δ Scuti stars.

�ere are 131 �eld δ Scuti and 20 SX Phe stars in the General Catalogue of Variable

Stars (Samus et al., 2009). Our discovery of 31 new blue pulsators represents a signi�cant

increase on these numbers although we are not able to distinguish the class of the majority

of them. �e SX Phe star with the shortest period is BL Cam which has a period of 56.3

min. Six of our sources have periods lower than this. If they were to be identi�ed through

higher resolution spectra as SX Phe source theywould represent the shortest known period

systems in their class.

Most of our sources aremany kpc distant and are also far from theGalactic plane which

places them in the halo, indeed at distances of over 30 kpc several sources are at the very

limit of theGalaxy. In principle, they can be used to traceGalactic structure such as streams

andmerger remnants (e.g. Vivas et al., 2001, have been able to trace amerger remnant using

RR Lyr stars). J0305 which lies over 30 kpc away in the direction of the Galactic anti-centre

may well be associated with a sub-structure in the halo and sources like this could be used

tomap this structure. On the other hand, it could have been ejected from the galactic plane

and be in the process of leaving our Galaxy.
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Wide-�eld, high cadence variability surveys are well suited to the discovery of short pe-

riod pulsators. Wehave identi�ed 31 blue pulsators periods from 51–83min. Future surveys

such as LSST can expect to discover many more. We have found sources both in the disc

and in the Galactic halo meaning that they can be used to trace the sub-structure of both

these regimes. �is work has been performed using RR Lyr type variables (e.g. Kinemuchi

et al., 2006), our shorter period pulsators provide anothermethodwith which tomap these

structures without the longer observation baseline needed to observe periodicities in RR

Lyr stars.

Determining conclusively the nature of these 31 sources will require median-high reso-

lution spectra in order to measuremetal lines present in the spectra. �is will also provide

a method to test metallicity-period relations (e.g. McNamara, 1997).

5.4 Pulsating white dwarfs

DAV or ZZ Ceti stars are white dwarfs with hydrogen atmospheres that vary on periods

from 100 s to 25min (Fontaine & Brassard, 2008) and have e�ective temperatures of 11000–

13000 K (for a more detailed description see §6.2). We have discovered two such sources

which appear to �t this description, RAT J073919.05+235239.9 (herea�er J0739) and RAT

J205902.93+453735.9. RAT J205902.93+453735.9 is subject to an in depth discussion in

§6.2; we have obtained multi-wavelength observations of this source which hint that it

may have an unusual nature. In this section I will discuss J0739 which we have identi�ed

much more recently.

J0739 is a g′ = 0.8mag source which varies on a period of 14.7minwith an amplitude of

0.07mag (the light curve is shown in Fig. 4.2). As it is also signi�cantly blue (g′−r′ = 0.06),

it was a prime candidate for follow-up spectroscopy. However, because of the star’s faint-

ness we required the use of an 8-m class telescope. We were successful in obtaining time

on the Gemini-South telescope using the GMOS instrument (see §4.2.5 for a description

of the instrument). J0739 was observed for 600 s on 2011 01 11 using the B600 grism which
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gives a wavelength coverage of 2760 Å and used a 1.0′′ slit. �e spectrum was extracted

in the manner described in §4.2.6 (see Fig. 4.11 in the previous Chapter for the reduced

spectrum of the source).

I �t the spectrum of J0739 with a grid of DA white dwarf model atmospheres with ef-

fective temperatures from 6000-100000 K and and log g from 5.5–9.5 calculated by Koester

et al. (2001) using modi�ed Stark broadening pro�les in the Balmer lines which were cal-

culated by (Tremblay & Bergeron, 2009). I included four Balmer lines in the �t – Hβ, Hγ,

Hδ and Hε. Hα is not within the spectral range of the spectrum and the Balmer lines past

Hε are not of a high enough signal-to-noise to be included in the �t. �e best �tting model

is shown in Fig. 5.9 over-plotted on the Balmer lines of J0305. �e model has a best �tting

e�ective temperature of 9724 ± 94 a log g of 7.25 ± 0.3.

A temperature of 9724±94 K is less than that of the coolest known DAV pulsator which

has a temperature of around 11000 K – both BPM 24754 and G30–20 have temperature of

11070 K (Fontaine & Brassard, 2008). �e besting �tting surface gravity of 7.25 ± 0.3 seen

J0739 is also lower than any other DAV white dwarf (a log g of 8 is typical, the lowest is

7.82, Fontaine & Brassard 2008). �e red edge of the DAV instability strip is poorly de�ned

(Fontaine & Brassard, 2008). In �g. 9 of Fontaine & Brassard (2008) (which is reproduced

as Fig. 1.11) is shown a log g/Te� plot, the lowest surface gravity plotted is at log g = 7.5.

However, if we were to extend this strip down to log g = 7.25, J0739 would appear close to

the, albeit poorly de�ned, unstable parameter regime.

J0739 is a white dwarf which exhibit periodicmodulations which are very likely caused

by pulsations. �e low surface gravity and e�ective temperature are unusual in DAV white

dwarfs and if con�rmed will help to increase our understanding of the DAV instability

strip and to extend the parameter space in which we can model these sources
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Figure 5.9: �e Balmer lines of J0739 in red with the best �tting DA white dwarf model
atmosphere. �e best �tting model has a temperature of 9724± 94 K and a surface gravity
of 7.25 ± 0.3.
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5.5 Summary

In this Chapter I have looked at three di�erent groups of pulsating stars: short periodmain

sequence stars, longer period pulsators and degenerate pulsators. In all three groups I �nd

interesting and unexpected results. �e short period A-type stars are likely to be a sub-set

of a larger class of pulsating variable: either they long period roAp stars or short period δ

Scutis. �ey present an interesting question: why has this subset of pulsators never been

noticed before. One possibility is that no one has been looking in the right place before.

RATS samples a relatively unexplored parameter space which leads unexpected discoveries

such as this. �ey are therefore likely to present an interesting proposition to pulsation

modellers who will need to extend their models to this new regime.

A number of the members of the second class of pulsators discussed here – the SX

Phe/δ Scuti stars – seem to be at very large distances from the region of the Galaxy usually

associated with objects as young as A-type stars. �e discovery of these sources can help

us to understand the structure of the Galaxy better. If some of these sources were born in

the halo then they will likely have le� some evidence of this in the form of other stars in

their stellar neighbourhood. Further study of these objects and sources around them will

allow for the study of Galactic steam and even mergers of dwarf galaxies.

�e �nal section discusses the DAV white dwarf J0739. At �rst glance this appeared to

be a rather standard DAV. However, further investigation revealed it to be rather di�erent

to the other members of the DAV class – the e�ective temperature and surface gravity are

both much lower than that seem in any other DAVs. Compared to other DAV stars, J0739

has very low temperature and surface gravity. �is source allows us to test the theoretical

red edge of the DAV instability strip and also to extend the range of surface gravities where

pulsations have been seen.

I think the sources contained in this Chapter highlight how sources that would initially

appear to be well understood, can provide signi�cantly interesting results if one spends the

time to look carefully at the data available. In the next Chapter I will discuss two stars.

�ese sources were both found as short-period blue variables in RATS data and detailed
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follow-up observations revealed them to be of a rather di�erent nature to what I initially

expected.



Chapter 6

A tale of two variable stars

If you do not expect the unexpected, you will not �nd it; for it is hard to be
sought out, and di�cult.

Heraclitus of Ephesus, 535–475 BC

In the previous Chapter, I discussed some of the di�erent types of variable sources

present in the RATS data. In this Chapter I describe in detail two of these sources: RAT

J1953+1859, which is a dwarf nova discovered through high amplitude quasi-periodic os-

cillations in quiescence; and RAT J205902.93+453735.9, a pulsating hydrogen-rich white

dwarf which appears to have a hot close companion.

6.1 RAT J1953+1859: a new dwarf nova

In this section I discuss RAT J1953+1859 which was found in the RATS data and for which

we obtained follow-up spectroscopy and photometry on various telescopes.

152
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6.1.1 INT photometry

RAT J1953+1859 was �rst observed on 2005 June 30 a part of the RATS INT2 campaign as

a g′ = 20.0 mag source. �ese observations consisted of 90 exposures of 30 s; the series

of observations covered 140 min. �e light curve and a power spectrum resultant from a

Fast Fourier Transform are shown in Fig. 6.1, as can been seen from the plot, the source has

a dominant period at 20.0 min with an amplitude of 0.24 mag. �ere are also prominent

peaks at 15.5 and 9.2 min. �e light curve was pre-whitened on a period of 20.0 min and

the peaks at 15.5 and 9.2 min were still present and therefore are unlikely to be due to the

window function. I folded the data on each of the 3 main periods in the power spectrum

but found that the source is not strictly periodic on any of the periods. I deduce from this

that the variability is likely due to quasi-periodic oscillations (QPOs). As this source was

blue in colour (g′ − r′ = −0.07), it was selected as a candidate for follow-up observations

(cf Chapter 3).

6.1.2 Follow-up photometry

I made photometric observations using the Andalucia Faint Object Spectrograph and

Camera (ALFOSC) on the Nordic Optical Telescope (NOT) on 2008 September 28. As

shown in Fig 6.2, it was immediately clear that RAT J1953+1859 was signi�cantly brighter

than in the discovery data. Observations were obtained in white light but from compar-

isons with the INT images I estimate RAT J1953+1859 was ∼4 mag brighter than in the

discovery data which is a �ux increase typical of a dwarf nova outburst (e.g. VW Hyi;

Woudt et al., 2010). A series of 15 s un�ltered exposures of RAT J1953+1859 were obtained

using a windowed CCD which reduced the read-out time to just 5 s.

�e light curve (shown in the top le� panel for Fig 6.3) shows evidence for a 0.4 mag

modulation which repeats on a ∼90min period though this cannot be claimed to be a peri-

odic oscillation as the observation length was only 140 min. In the Fast Fourier Transform

of the light curve (shown in the lower le� panel of Fig 6.3) there is evidence for power at

a period of ∼46 min. �e dominant 90 min period was removed from the data and the
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Figure 6.1: �e light curve (upper plot) and power spectrum (lower plot) of RAT
J1953+1859. �e insert in the lower plot zooms in on the peak periods in the power spec-
trum.

1’

N

W

Figure 6.2: �e le�-hand panel is a white light image of a portion of the �eld containing
RAT J1953+1859made using theWFC on the INT. RAT J1953+1859 is circled in this image.
�e right panel is an image taken at the NOT using ALFOSC. RAT J1953+1859 is approxi-
mately 4 mag brighter in these observations compared with the INT data.
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Figure 6.3: Photometric observations of RAT J1953+1859 made using the ALFOSC instru-
ment on the NOT.�e top le� and bottom le� panels show the light light curve and power
spectrum, respectively. �e right-hand plots are the same observations with the dominant
∼90min period removed. Clear modulations are still visible in the pre-whitened light cure
and power spectrum at periods between 5 and 13 min. �ese modulations are typical of
QPO-type behaviour.�e plot is taken from Ramsay et al. (2009).

resulting (pre-whitened) light curve is shown in the top right panel of Fig 6.3. It is possible

to see evidence for QPO-type behaviour, particularly at the beginning of this light curve.

�e power spectrum of this pre-whitened light curve (in the low right panel of Fig 6.3)

has evidence of power at 5.7, 10.2 and 12.7 min. �ere is no evidence for variability on the

periods seen in the INT data shown in Fig. 6.1.

6.1.3 Optical spectroscopic observations

RAT J1953+1859 was observed on three occasions using the dual-beam ISIS instrument

on the 4.2-mWHT as part of RATS follow-up observations. �ese observations are sum-

marised in Table 6.1.�ese data were reduced in themanner described in §4.2 using Star-

link packages andMolly and Pamela. which werewritten by TomMarsh (cf. §4.2.6). For
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Date Num. Gratings Slit Res. Accretion
spectra (arcsec) (Å) State

2008 Auguest 03 6 R158R, R158B 0.6 5, 5 QU
2008 September 29 24 R316R, R300B 1.5 8, 5 OB
2008 October 06 53 R158R, R300B 0.8 8,3 QU

Table 6.1: A summary of the spectroscopic observation obtained with the dual-beam ISIS
instrument on the WHT during 2008. I show the date on which the observations were
taken; the number of spectra, which refers to the number observed in each arm; the grat-
ings used for the red and blue arms, respectively; the width of the slit used; the spectral
resolution of the spectra in the red and blue arms, respectively; and the accretion state:
whether the source is in outburst (OB) or quiescence (QU).

each epoch, arc calibrations exposures were taken before and a�er each sequence of science

images and the nearest arc wavelength calibration was applied to each science spectrum.

6.1.3.1 First epoch of spectra

Six spectra in each arm were observed on 2008 August 03, two spectra were had an expo-

sure time of 420 s, two of 120 s and two of 240 s. �ese spectra were not taken sequentially

and therefore could not be used to measure any periodic radial velocity shi�s.�e average

spectrum is shown in the lower panel of Fig. 4.12. �e Balmer lines are present and strong:

Hα is in emission and split whereas the Hβ–Hε lines are all in absorption and show some

evidence of being split. No other lines are visible although given the low signal to noise

this is perhaps not surprising.

6.1.3.2 Second and third epoch of spectra

�e second epoch of spectra were obtained using the WHT on 2008 September 29, the

same night as I observed the source in outburst on the NOT. �ese spectra were taken

sequentially with an exposure time of 90 s followed by 12 s for readout.�emean spectrum

of these observations is shown as the top spectrum in Fig. 6.4. Hα, Hβ and Hγ are seen in

emission and there is some evidence that the emission is in the core of a broader absorption

component, whileHδ appears to have no emission and is weakly present in absorption.�e



Chapter 6: A tale of two variable stars 157

Heii 4686 Å line is weak and emission which is typical of a dwarf nova in outburst (e.g.

SS Cyg; Martinez-Pais et al., 1994), and though there is a Hei lines at 6678 Å there is no

evidence for a Hei 5876 Å line.

On 2008 October 06 we observed RAT J1953+1859 for a third time and the source had

returned to its quiescent state. �ese observations consisted of 53 sequential exposures

in each arm using an exposure time of 240 s. �e exposures were separated by a readout

time of 25 s. �e mean spectrum of these observations in shown as the lower spectrum

in Fig. 6.4. �e Balmer Hα, Hβ and Hγ lines are all in emission and are split. All the

Balmer lines are seen in emission and decrease in strength from Hα down to Hε. Hα is

most prominently split and the FWHMof this line is ∼40 Å, which corresponds to a v sin i

of 1800 km s−1, indicative of an accretion disc. Hei lines are also seen at 5876 and 6678

Å in emission, Hei 5876 Å is split and is very strong, stronger then even Hβ. �e strong

Balmer and neutral helium emission lines are typical of dwarf novae in quiescence (e.g.

VW Hyi; Smith et al., 2006). Unlike the spectrum of RAT J1953+1859 in outburst, Heii

4686 Å line is not seen in the quiescent spectrum. �is line is sometimes seen in some

quiescent dwarf nova (e.g. YZ Cnc; Sha�er & Hessman, 1988) though not always (e.g. SS

Cyg; Martinez-Pais et al., 1994).

6.1.3.3 A search for periods in the spectra

Fig. 6.5 shows theHα emission line of the spectrawhichwere observed on 2008October 06

when RAT J1953+1859was is a quiescent state. �e spectra have been stacked on top of one

another with time increasing from the bottom of the plot. In order to increase signal-to-

noise the spectra have been binned so that each line in the stacked plot is the average of two

spectra. �e spectra were normalised to the continuum before being averaged. �e total

time taken to observe each line in the plot is 530 s. It is clear that the line, which has a width

of ∼1800 km s−1, changes over the course of the observations with the line changing from

being double peaked to single peaked and back to being double peaked again. When there

is only a single peak, the position of the peak is at the same wavelength as the redder peak

when two peaks are seen. �is suggests that what were are seeing is not an orbital motion
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Figure 6.4:�e average red and blue optical spectra taken with theWHT on 2008 Septem-
ber 29 and 2008 October 06. �e source was in a high state – outburst – on the �rst of these
dates and in the low state – quiescence – in the second. �ese spectra have not been �ux
calibrated and so the instrumental response is partly re�ected in the shape of the spectra.
�is �gure is taken from Ramsay et al. (2009).

but, perhaps, an obscuring of the blue-shi�ed component. �ere is also no evidence for

any repetition of the single peaked feature during our observation length and therefore no

evidence for any periodic radial velocity motion.

6.1.4 Discussion

RAT J1953+1859 has all the hallmarks of a classical dwarf nova. It has two clear states;

a brighter outburst state which is approximately 4 mag brighter than a fainter quiescent

state. �e width of the Balmer lines are around 1800 km s−1 and there are neutral helium

emission lines in both the quiescent and outburst spectrum which are commonly seen in

cataclysmic variables.

What makes RAT J1953+1859 unusual is the method through which it was discovered.

Over half of dwarf nova were discovered though optical outburst activity while the vast

majority of the rest have been found through their X-ray emission, very blue colour or
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Figure 6.5: Spectra obtained on 2008 October 06 showing the Hα emission line have been
stacked with time increasing upward on the y-axis and velocity on the x-axis. �e spectra
have been normalised and binned so that each line in the stacked spectra consists of the
average of two observed spectra. Each average spectra in the plot took 530 s to observe
which includes two 240 s exposure and 25 s to read out each exposure. �is �gure is taken
from Ramsay et al. (2009).
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spectroscopic properties (Gänsicke, 2005). Until this work none has been found through

quiescent QPO behaviour. In addition, while QPOs are commonly seen during the rising

and falling in brightness during a dwarf nova outburst cycle, quiescent QPOs have only

been seen in two other dwarf novae; V893 Sco (Bruch et al., 2000) andWXHyi (Pretorius

et al., 2006). �ese two sources exhibited QPOs with much shorter periods than RAT

J1953+1859 (5.7 and 3 min, respectively) making RAT J1953+1859 rather di�erent as the

period here seen was 20.0 min.

Pretorius et al. (2006) suggests that the apparent lack of sources observed to display

quiescent QPO behaviour could well be attributed to selection e�ects – it should not be

surprising that they have not been seen if no one has been looking for them. If these QPOs

are common place, many more such systems will be discovered by future surveys such as

that which will be undertaken by the Large Synoptic Survey Telescope.

QPO behaviour is usually modelled using the low inertia magnetic accretor (LIMA)

model (Paczyński, 1978; Warner & Woudt, 2002, 2006; Warner & Pretorius, 2008). �is

model assumes magnetically controlled accretion on to a rapidly rotating equatorial belt

of the white dwarf from the inner edge of the disc. �is model is similar to the interme-

diate polar model, it di�ers because in high magnetic �eld systems, material accreted onto

the surface of the white dwarf is coupled to the interior (Katz, 1975) but in sources with

magnetic �eld below 105 G the accretion torque is not coupled to the interior of the star

and the accretion forms a lowmass surface layer at the equatorial region of the white dwarf

(Warner &Woudt, 2008). �e changing in themass transfer rate during an outburst causes

the disc radius to change on short time-scales and the low inertia material is coupled to the

rotation of the disc. When the star starts fading the inner radius of the disc radius increases,

leaving the accreted equatorial surface layer moving so rapidly that it lies beyond the inner

edge of the disc and so gas is propelled outward into the outer disc which extracts angular

momentum from the surface layer (Warner &Woudt, 2008). �e quasi-periodic change is

brightness is caused by the interaction between the surface layer and the inner disc being

optically thick and rotating with the period of the QPOs. �is leads to the observers line of

sight alternating between the disc partly obscured and an intersection of a rotating beam
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(Warner &Woudt, 2008).

However, thismodel assumes thatQPOs are seen onlywhen the accretion rate is chang-

ing. If quiescent QPOs are indeed commonplace this has implications for both the choice

of parameters used when modelling these behaviours (e.g. Piro & Bildsten, 2004, assume

that QPO behaviour occurs only during outbursts) and indeed the model itself. Further

observations of quiescent dwarf novae are needed to determine the frequency of quiescent

QPO behaviour which will lead to improvements in the model.

Observations of quiescent QPOs RAT J1953+1859 not only presents an interesting and

as yet unexplained phenomena but also leads to a new method with which to discover

dwarf novae. �is study highlights the need for work to be performed on both the observa-

tion side – searching for more dwarf novae white QPOs in quiescence – and the theoretical

side in order to give a more complete understanding of dwarf novae QPOs.

6.2 RAT J205902.93+453735.9

White dwarfs are classi�ed based on the chemical composition of their photosphere us-

ing a classi�cation system introduced by Sion et al. (1983). �ree quarters of these have a

hydrogen-rich photosphere with a temperature of 4.5–170 kK (Kurtz et al., 2008); these are

known as DA white dwarfs. �ey cool from pre-white dwarfs with temperatures ranging

from almost 200 to 80 kK (Kurtz et al., 2008) and follow a well de�ned cooling track on

the HR diagram. During their evolution they will pass through an instability strip when

at temperatures of 13–11 kK (Fontaine & Brassard, 2008). �is instability is caused by re-

combination in the hydrogen envelope which leads to an increase in opacity which limits

the �ow of radiation and causes instabilities to g-mode pulsations. At this point they are

known as DAV or ZZ Ceti stars. �ere are at least 148 DAVs known (Castanheira et al.,

2010); these have periods ranging from 100–1400 s with amplitudes at the dominant fre-

quency of a few per cent (Fontaine & Brassard, 2008).

At least 8 DAVs are found in cataclysmic variable systems (CVs); for example, Gän-
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sicke et al. (2006) �nd that the accretor in SDSSJ133941.11+484727.5, which has an 83 min

orbital period, is a DAV pulsator. Other than these, only one DAV is known to exist as a

component of a binary system (Jordan et al., 1998) and this is a wide visual binary. It is

remarkable that no other DAV had been found in a non-interacting binary system despite

the majority of stars being in binary systems and being expected to pass though the DAV

instability strip at some point in their evolution.

In this Section, I present the discovery of a new DAV source which appears to have a

close, hot companion. If con�rmed it would represent the �rst such binary.

6.2.1 INT Photometry

I observed the �eld containing RAT J205902.9+453735.9 – herea�er RAT2059 – on 2007

October 15 for a total duration of 141 min. �e mean airmass of the observations was 1.085

and the seeing ranged from 1.0–1.3”. 131 un�ltered 30 s exposures of the �eld were observed

as well as single images in each of; the RGOU �lter, SDSS g′ and SDSS r′ �lters. I use these

single images to calculate stellar colour.

I identi�ed a blue star (g′ = 18.4, g′ − r′ = −0.06, U − g′ = −0.39) with a 920 s periodic

signal in its light curve. �e peak-to-peak amplitude in white light is 0.08 mag. A �nding

chart for RAT2059 is shown in Fig. 6.6 and the white light light curve and resulting power

spectrum is shown in Fig. 6.7.

6.2.2 Followup Optical Photometry

Since the original INT photometric data were in white light – and has a time resolution

of ∼1 min – I obtained further broad-band data to get a better overall picture of its pulsa-

tion characteristics and also �ltered data to determine the pulsation amplitude at di�erent

wavelengths.
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Figure 6.6: A white light �nding chart of RAT2059 made using the WFC on the INT. �e
exposure time was 30 s and the image is 2 × 2 arcmin and the pixel scale is 0.33 arcsec.
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Figure 6.7: White light photometric observations of RAT2059 made using the INT. Each
exposure was 30 sec which resulted in a cadence of ∼1 min. �e upper panel shows the
light curve while the lower panel shows the normalised power spectrum with the insert
showing a zoomed-in view of the peak in the power spectrum.
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Figure 6.8: �e light curve of RAT2059 obtained using the NOT. �e time resolution is
16 s. A ‘sky contrast’ �lter was used. �e y-axis refers to the di�erential magnitude with
respect to several reference stars and has had the mean of the light curve subtracted from
each data-point.

6.2.2.1 Nordic Optical Telescope

I obtained a series of images using the 2.5-m Nordic Optical Telescope and the Andalucia

FaintObject Spectrograph andCamera (ALFOSC) on La Palma on 2010August 24 in ‘Fast-

Track’ service mode, when the seeing ranged from 0.9–1.1 arcsec. Each exposures was for

10 s the CCD was windowed so the cadence was 16 s. �e ‘sky contrast’ �lter1 was used

in order to limit the e�ects of di�erential di�raction on the star images and second order

colour e�ects on the di�erential photometry. I show in Fig. 6.8 the resulting photometric

light curve. �ere is a strong pulsation on a period of 937 s with the amplitude varying over

the course of the observation which lasted 3.3 h.
1�e details of the ‘sky contrast’ �lter are shown as �lter #92 at http://www.not.iac.es/

instruments/filters/filters.

http://www.not.iac.es/instruments/filters/filters
http://www.not.iac.es/instruments/filters/filters
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6.2.2.2 IAC 80 cm Telescope2

A series of images were obtained in Bessell B and SDSS g′ and r′ �lters using the Cámara

Mejorada Ligera del Observatorio del Teide (CAMELOT) detector on the IAC 80-cm tele-

scope (IAC80) at in Tenerife. �e CCD was windowed and the exposures were between

60 and 70 sec with 10 sec dead-time. Photometric light curves were obtained in each band

using standard reduction so�ware and these were used to obtain power spectra. A clear

peak in these power spectra was obtained, the period of which varied between 830 and

880 sec (given the uncertainty on the period these di�erences are not signi�cant). I folded

the data on the strongest period in the power spectra for the appropriate data-set and show

these folded light curves in Fig. 6.9.�e peak-to-peak amplitude in the r′ band is 0.05mag,

and 0.10 in the B and g′ �lters. However, given that the NOT light curve shows signi�cant

variation in amplitude of the pulsations and the observations were not simultaneous, the

pulsation modes present in RAT2059 cannot be strongly constrained (such as is done by

Clemens et al., 2000).

6.2.3 Swi� observations

In order to extend the spectral energy coverage to shorter wavelengths, I obtained target of

opportunity observations of RAT2059 using the NASA swi� satellite (Gehrels et al., 2004)

between Aug 29 and Sept 01 2010. �e observations used the UVOT instrument and the

available UV �lters plus the U �lter (see Table 6.2). �e UVOT exposures were obtained in

fast mode allowing light curves to be made in di�erent bin sizes. For the three UV �lters

the exposures were over 1700 s while for theU�lter the durationwas ∼1000 s. Simultaneous

exposures were taken using the X-ray Telescope but the source was not detected (the count

rate measured was −0.0002 ± 0.0003 ct s−1).

To determine the �ux of RAT2059 the swi� tool uvotmaghist was used which is

part of the HEASoft3 package of so�ware. �is tool takes into account e�ects such as

2�ese observations were performed by Anna Hourihane, Heather Patrick and ColinWade fromUniver-
sity College Cork.

3http://heasarc.gsfc.nasa.gov/docs/software/lheasoft/

http://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
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Figure 6.9: �e folded light curves of RAT2059 obtained in Bg′r′ �lters using the IAC80
telescope.
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Filter Wavelength FWHM Ct/s Flux
(nm) (nm) erg s−1 cm−2 Å−1

UVW2 188 76 0.66±0.02 4.07±0.14 × 10−16

UVM2 225 50 0.46±0.02 3.88±0.02 × 10−16

UVW1 251 70 0.79±0.03 3.17±0.10 × 10−16

USwi� 347 79 1.43±0.06 2.33±0.09 × 10−16

URGO 358.1 63.8 2.24±0.04 × 10−16

g′ 484.6 128.5 2.27±0.05 × 10−16

r′ 624.0 134.7 1.24±0.02 × 10−16

Table 6.2: �e integrated count rate and �uxes of RAT2059 is four di�erent �lters made
using the Swi� UVOT and the three observations made using the INT – converted to �ux
using the zeropoints found by Holberg & Bergeron (2006) – for comparison. �e wave-
length shown is the central wavelength of the �lter.

coincidence loss and converts the count rate to �ux based on observations of white dwarfs

made as part of the swi� calibration process (Poole et al., 2008). As recommended in the

UVOT so�ware guide4 a source radius of 3 arcsec was used. Shown in Table 6.2 is the count

rate and �ux of RAT2059 in the four �lters: it is clear that the �ux increases towards shorter

wavelengths.

Despite the low count rate a search for periodic signal wasmade but none was detected

I used a bootstrapping technique to inject periodic signals into the data and determined

an upper limit of 0.2–0.3 mag on the amplitude of a periodic signal. �is higher than

amplitudes seen in either the �ltered or white light observations so a non-detection was

perhaps not surprising.

6.2.4 �e UV-Optical photometric spectrum

�e broad-band photometric observations ranged from theUV to the red. From these data

I constructed a spectral energy distributionwith which to constrain the temperature of the

RAT2059. I corrected the �uxes for reddening using the relationships given by Cardelli

et al. (1989), and have assumed a ratio of total selective extinction in theV band, AV/E(B−

V), of 3.1 (Fitzpatrick, 1999). �e reddening at UV wavelengths is very sensitive to the

extinction, E(B − V). I compared the (g′ − r′) colour of RAT2059 to white dwarfs in the

4http://swift.gsfc.nasa.gov/docs/swift/analysis/UVOT_swguide_v2.pdf

http://swift.gsfc.nasa.gov/docs/swift/analysis/UVOT_swguide_v2.pdf
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Filter Corrected Flux
erg s−1 cm−2 Å−1

UVW2 2.48±0.09 × 10−15

UVM2 1.95±0.01 × 10−15

UVW1 9.22±0.29 × 10−16

USwi� 5.92±0.23 × 10−16

URGO 5.08±0.10 × 10−16

g′ 4.61±0.09 × 10−16

r′ 2.04±0.04 × 10−16

Table 6.3: Reddening corrected �uxes of RAT2059 assuming E(B − V) = 0.23.

SDSS survey and found typical de-reddened colour of (g′ − r′) = −0.31 and −0.36 mag

for e�ective temperatures of 12.0 ± 0.2 and 20.0 ± 0.2 kK, respectively. RAT2059 has a

(g′ − r′) colour of −0.06 which implies a reddening of E(g′ − r′) = 0.25 and 0.30 for the

cooler and hotter white dwarfs, respectively, which equates to E(B − V) = 0.23 and 0.27.

I adopted the more conservative reddening of E(B − V) = 0.23 and give the corrected

�uxes in Table 6.3. �ese data are plotted in Fig. 6.10 along with two black-body curves of

temperatures of 10 and 40 kK. Neither single black-body temperatures �t all the data. �e

optical data is consistent with the source having a temperature in the region 10–15 kK and

the UV observations with a temperature above 25 kK.

6.2.5 Optical Spectroscopy

To get a better understanding of RAT2059 I resolved to obtain optical spectra of the sourch

which were of a su�cient resolution and signal-to-noise to classify the spectral type of the

source. On 2008 August 3 and October 6, RAT2059 was observed using the dual-beam

Intermediate dispersion Spectrograph and Imaging System (ISIS) instrument on the 4.2-

mWilliam Herschel Telescope (WHT) on La Palma. �e observations are summarised in

Table 6.4. �e spectra obtained in these two nights do not show signi�cant di�erences in

the positions, and depths of the spectral lines and the same lines were visible on each night

so I created an average spectrum of the 9 observed spectra which is shown in Fig. 6.11. �e

spectrum of RAT2059 shows strong Balmer absorption lines and is consistent with it being

a DA white dwarf. �e Hβ − Hδ Balmer lines are all deeper than the Hα line and the Hα
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Figure 6.10: A spectral energy distribution of RAT2059. �e Swi� and INT de-reddened
�uxes are plotted as �lled circles. Black-body curves of temperatures 40 kK and 12 kK are
plotted for comparison. �e hotter and cooler black-bodies are normalised to the UVW2
and r′ �uxes, respectively. It is clear that one temperature does not �t the data.

Date # spectra Exp. time Grism Slit width FWHM
(s) (′′) (′′)

20080803 2 240 a 0.6 4
20081006 7 240 b 0.8 4
aR158R + R300B, bR158R + R158B

Table 6.4: Summary of the spectroscopic observations of RAT2059 made using the WHT.
�e ISIS spectrograph is a dual beam instrument with a red and blue arm, the number of
spectra refers to the number observed in each arm.

line – and to a lesser extent Hβ and Hγ – shows structure in the core of the line, though

given the relatively low signal-to-noise of the spectrum I do not draw �rm conclusions

from this.

6.2.5.1 Fits to optical spectra

Although the spectra obtained of RAT2059 were primarily for identi�cation and classi�-

cation purposes, it was also possible to �t the average spectrum of RAT2059 with model
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Figure 6.11: �e average of 9 optical spectra of RAT2059 observed with the WHT and the
ISIS instrument. �e �ux has been normalised individually for each arm and re-binned to
the instrumental resolution, which was estimated from arc-lamp emission lines.

spectra of various e�ective temperatures and surface gravities. I used the Fitsb2 �tting

program (Napiwotzki et al., 2004) to �t a grid of white dwarf atmospheres5 to the average

spectrum of RAT2059. I found that the best-�tting single star model has an e�ective tem-

perature and surface gravity of Te� = 17.0 ± 0.7 kK and log g = 7.80 ± 0.20, respectively.

Fitsb2 is allows the �tting of a spectrum with a composite model containing two model

atmospheres. I found a solution was obtained by using a two-component model with the

scaling of the two models is le� as a free parameter. Using this method I get best-�tting

e�ective temperatures of Te� = 17600 ± 5800 and 12400 ± 2500 K and surface gravities of

log g = 7.7 ± 0.4 and 7.8 ± 0.5 for the hot and cool component, respectively. �e scaling

factor of the �uxes of the two stars found by the �tting routine is Fcooler/Fcooler = 11.52± 1.37

implying the ratios of the two stars radii is at least 3:1. �is is discussed further in the next

subsection
5A grid of hot white dwarf models was kindly supplied by Detlev Koester. �ese models range from a

Teff of 6000–100000 K and log g of 5.5–9.5.



Chapter 6: A tale of two variable stars 172

Figure 6.12: �e Balmer lines of RAT2059 over-plotted, in red with our best-�tting single
star, and in blue with the best-�tting two-component, DA white dwarf model. Each line
has been normalised to 1.0 and every line a�erHα has been shi�ed up by 0.5 �ux unit. �e
reduced χ2 of the �t of the data to the model is 0.98.
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6.2.6 Discussions

I have discovered a source which has a periodic modulation in its light curve at an ampli-

tude and period of 0.08 mag and 937 s. �ese parameters are consistent with that seen in

DAV white dwarfs. �e pulse pro�le of the NOT and INT light curves varies over time,

this is also quite normal for a DAV source and indicates the presence of more than just

a single pulsation mode. �e photometric data at optical and UV wavelengths suggests

that a single temperature is not appropriate for this source. Model atmosphere �ts to the

optical spectra reveal that a single temperature would be well above that seen in any other

DAV white dwarfs. �e two-temperature model �ts are consistent with the hotter source

having > 15 kK and the cooler source having a temperature in the range expected for a

regular DAV pulsator. A visual inspection of the spectrum indicates that the source is DA

white dwarf. Given this, the two-component �ts are curious as if the system contained a

hot un-evolved source it would be expected to dominate the observed emission. �e hot

component in the spectrum could be due to a chance alignment, however, given the rarity

of sources with temperatures over 15 kK this is unlikely.

�e �tting of the two-component model is unlikely to accurately constrain the surface

gravity of the hotter star adequately as the hotter star will act only to dilute the Balmer lines

with continuum. For this reason I do not judge the low surface gravity found on the hot star

to be signi�cant and the surface gravities found are likely to be relatively unconstrained.

�e ratio of luminosities is of more interest. At �rst glance the value found – 11.52 – seems

to be wholly unphysical but the relatively high amplitude of the pulsations implies that the

light from the hotter star is not blanketing the variability signi�cantly. If the �ux ratio is

within a factor of 2–3, it implies that the hotter star (assuming it is degenerate) must be

more much massive (and have a higher surface gravity) than the DAV white dwarf. �is

is something that would not be expected from single star evolution suggesting the system

must have gone through a phase of binary interaction. In this case there must have been a

period of stable mass transfer from the progenitor of the star which is now a DAV to the

hot star.
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If con�rmed to be a binary system, this source would represent the �rst close binary

consisting of a DAV and a companion. However, further observations are needed in order

to determine the nature of the hotter source and what e�ect the binary nature of the system

has on the DAV white dwarf. High resolution optical and UV spectroscopy will likely be

the best way in which to reveal the individual temperatures of the system and any radial

velocity shi� related to the binary nature of the system.

6.3 Summary

�e method used to select the sub-set of sources which are follow-up with observations,

is a simple one. �e sources must be interesting in both its colour and its photometric

properties. If it passes these criteria then it is (usually) observed spectroscopically and if

necessary observed again (sometimes at wavelengths other than optical) in order to con-

strain the source’s nature. �is path has been taken for the work carried out to understand

RAT J1953+1859 and RAT2059. It is important to note that, while both these sources were

prime candidates for initial follow-up observations, these observations revealed them to be

something other than the main science goal of the project. Had we limited our follow-up

work to only AM CVn systems the interesting nature of these sources would never have

been revealed. As the RATS project samples a parameter space that has been relatively

untapped it is important not to restrict ourselves but be open to the discovery of more

unexpectedly interesting sources. More generally, the strength and importance of survey

astronomy lies in the ability to discover sources which provide tests of our understanding

of the physical world.
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Conclusions and Future Work

Yes, she thought, laying down her brush in extreme fatigue, I have had my
vision.

V. Woolfe, To the Lighthouse, 1927

I have been working on the RATS project for the previous three years. �is began with

me having to get to grips with the huge (and growing) dataset at my disposal but as time

has gone on this has been an enormous bonus as I have never wanted for data. In this �nal

chapter I will sum up the project and highlight some of the successes that I and the project

have achieved as well has discussing some of the weaknesses and why some expectations

have not been ful�lled while others have been surpassed. I go on to discuss the future of

the project both in its current form with the data already collected and in a modi�ed form

with observations in the �eld observed by the Kepler satellite.

7.1 �e variability detection code

�e RATS survey has detected variability on the time-scale of minutes in sources as faint

as g′ = 23. �is parameter space has been relatively poorly studied and so learning to

understand and process the data has taken a good deal of time. �e �rst step taken by

175
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me was to switch to a new method of performing photometry using a di�erence imaging

analysis (DIA) technique. �is method was much faster than using aperture photometry

but came with an infuriating number of headaches. Large amounts of time were taken up

with tweaking parameters but eventually I was able to produce results which were con-

sistent and reliable. �e so�ware I used – dandia – was rather unwieldy as it was not

designed for public consumption. �e results coming from dandia, while reliable were

not always optimal. O�en better light curves could be produced using aperture photome-

try techniques. Issues encountered were poor subtraction of the reference image in some

�elds and strange periodic trending that was di�cult to remove using the detrending al-

gorithms. For one �eld the trending was so bad that the entire �eld was abandoned and

not included in any further data analysis. �ough the reason for the trending is still not

understood it seems likely that the cause was to dowith the subtraction performed by dan-

dia. One of the biggest weaknesses with dandia is the lack of good documentation. O�en

the tweaking for parameters was more of a ‘dark art’ than a science with dramatic changes

caused by the smallest tweak of an apparently trivial parameter. For this reason I do not

believe that, going forward, dandia is the appropriate tool to use. However, DIA has re-

cently become the de facto standard for performing wide-�eld photometric observations.

Any future work will likely still use a form of DIA and work will include having to assess

recently developed alternatively to dandia such as diapl (written byWojtek Pych, DIAPL

it is a modi�ed version of DIA which is described in Wozniak, 2000).

�e light curves created for over three million sources are presented in this thesis and

searched for variability. As short-period variability (on time-scales < 40 min) is the forte

of this project, detection of this was prioritized when developing the so�ware to �nd vari-

ables. I quickly found that the Lomb-Scargle (LS) and Analysis of Variance (AoV) algo-

rithms produced poor results when taken alone. �ey would be �ne if dealing with only

a few hundred or even a few thousand sources but when you have millions of stars and

10’s to 100’s of thousands of variables it becomes important to have a reliable method with

which to discriminate between between variables and non-variables that has a very low

rate of false positives. I developed a method for combining the Lomb-Scargle and AoV

algorithms which consists of binning the data in period, �nding sources that are signi�-
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cantly above themedian in each bin and �nally seeing if the period found by each algorithm

matches. �e creation and tuning of this technique took a large number of iterative im-

provements till the algorithm was able to reliably �nd periodic variables of low amplitude.

One of the challenges was to determine where the signi�cance threshold cuto� should be.

Mymethod for doing this was to visually inspect hundreds of light curves with various dif-

ferent signi�cance values and to set the threshold below which I believed that sources were

no longer signi�cantly variable (i.e. the variability seen was entirely due to noise). �is

method, however, is inherently subjective and while I tried to be as consistent as possible

it was inevitable that on some days I was more charitable than others. �ere is de�nitely

a better, less subjective way of performing this task. One method would be to combine

the false positive and sensitivity testing to iteratively set the cut-o�. �is was not done due

to the processing time needed when calculating the sensitivity (each plot shown in Fig.3.8

took more than one day to calculate). �e code to do this would be relatively easy to par-

allelise and this is probably the best way to proceed in future work in order to push down

the amplitude of variability that the survey is sensitive to.

Future work will need to work on improving my algorithm such as mentioned above

but to also look at other periodic variability detection algorithms.�e increase in the num-

ber of wide-�eld variability surveys has also led to the development of new algorithmswith

which to detect variability. Two of these that seem to be of particular interest to the RATS

project are the Plavchan et al. (2008) algorithm and �e Fast Chi-squared Period Search

(Palmer, 2009). Both of these techniques are capable of �nding similar sources to the cur-

rent techniques and also sources with light curve that are non-sinusoidal (e.g. a saw-tooth

shape). If it is possible to detect non-sinusoidal variability and still keep the low false posi-

tive rate then these method would be a signi�cant upgrade on our current method. A dis-

advantage to using either of these methods is they are signi�cantly more computationally

intensive than current routines. �is, though, can be o�set by performing the parameter

generation in parallel on a cluster.

It will also be important to develop techniques to discover sources with non-periodic

variability. Some work has been done on developing methods for the detection of sources
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such as �are stars and contact binaries. �is is discussed further in §7.3.

An e�ective method to discover optical transient events would also be an interesting

endeavour that could provide some exciting scienti�c results. �e types of events which

may be detected are gamma-ray bursts (GRBs) and transient nuclear activity from normal

galaxies. GRB events are not just seen at very short wavelengths but at a range of energies.

�e time at which the so-called a�erglow is observed increases as the energy decreases.

�e optical a�erglow is typically seen several minutes to hours a�er the GRB event and

last for several weeks but they have been seen to appear within seconds of the GRB (e.g.

Racusin et al., 2008). �is prompt optical optical emission can last for a matter of seconds.

It is also thought that GRBs are strongly beamed though the opening angle of the beam is

not known and it is thought that it may vary depending on wavelength (Nakar et al., 2002).

An observation by the RATS project of prompt orphan a�erglows would present a major

discovery and would help to constrain the opening angle of GRBs.

Another source of optical transients could be due to a star passing too close to a super-

massive black hole in a distant Galaxy. �e star would be tidally disrupted and accreted

which would produce a bright �are (Rees, 1988). Such a �are would provide unambiguous

evidence for the presence of a super-massive black hole. In addition to GRB a�erglows

and tidally disrupted stars, the Pi of the Sky experiment (Burd et al., 2005) has discovered

a handful of optical transient whose cause was unknown. One event lasted for ∼1 min and

no star or host galaxy was found1.

A search for optical transients would be relatively straight forward, one would only

need to look for sources that appear in only a few frames. However, the current data re-

duction pipeline is not capable of looking for optical transients as the detection of sources

relies on a catalogue made up of sources which appear in the image with the best seeing.

Someone would therefore have to write a bespoke reduction routine to perform this work

– a simple script using SExtractormay well do the job. �ere would probably be a high

chance of �nding nothing but the rewardswould be great given the limited amount of e�ort

involved.
1http://grb.fuw.edu.pl/pi/index.html

http://grb.fuw.edu.pl/pi/index.html
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7.2 Detecting AM CVn systems

I was able to create a list of candidate AM CVn systems using the colours and periods of

the sources detected as variable. �ere were 66 sources in this list a�er a visual inspec-

tion removed sources where the light curves were sub-prime (e.g. had large gaps in the

data, was a faint star with too low an amplitude to be realistic, obvious trending in the data

etc.). Of the 66 good light curves, I obtained optical spectra of 15 sources, though only 11

of these source have spectra of a high enough signal-to-noise for identi�cation of their na-

ture. While I have managed to �nd some very interesting sources, none of them have been

found to be an AM CVn system. �is begs the question, how appropriate are photometric

variability surveys for �nding AM CVn systems?

So far the RATS project has used 37 nights of telescope time for the wide-�eld obser-

vations (though only ∼30 nights in total has been clear). In addition, we have used ∼17

nights for follow-up spectroscopy. If the goal is to discover AM CVn systems, could those

54 nights be better spent using a di�erent strategy? A direct comparison can be made be-

tween the RATS project and the search for AM CVn systems in SDSS photometric data

(Roelofs et al., 2009; Rau et al., 2010). �eir strategy has been to identify AM CVn candi-

dates via their colours and con�rm them from follow-up spectroscopic observations.�ey

have observed using the INT, NOT andWHT on La Palma and the 1.5-m Tillinghast tele-

scope at Mt. Hopkins, for a total number of nights comparable to RATS, obtaining ∼750

spectra. Five of these sources has been found to be an AM CV systems which is rather

more than the RATS project has found.

So, is the RATS strategy a the best way to discover AM CVn systems? Probably not. It

is clear that the method used by Roelofs et al. (2009) and Rau et al. (2010) has had much

more success on this front, if the sources found by the SDSS spectroscopic searches are

included the number found increases to 13. �at said, all the AM CVn systems discovered

in SDSS data have had periods longer than 25min andmost are probably low state systems.

�is reduces their importance somewhat as they are therefore likely to be intrinsically faint

and also much weaker gravitational wave sources than the high state systems (too weak to
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be detected by a satellite such as LISA). �e RATS project is only capable of discovering

the shorter period systems and in this aspect there is no evidence that there are any better

strategies than the one RATS employs.

Should RATS, therefore, be dismissed as a failure? Perhaps not. An important distinc-

tion between our work and that or Roelofs et al. (2009) and Rau et al. (2010) is strength

of the ‘other’ science that can be performed with our data. �e majority of sources found

by the SDSS photometric search turned out to be helium-rich DB helium white dwarfs

or quasars, sources which, while interesting, are relatively numerous and probably better

identi�ed in a more e�cient manner (i.e. techniques requiring less telescope time). On

the other hand, the data obtained during RATS observations has found many and various

di�erent classes of variable sources which are not related to the main science driver of the

project. Indeed, it is likely that themost important science to come out of the RATS project

will bewholly unrelated to AMCVn systems. A number of these are discussed in this thesis

such as the DAV white dwarf with a hot companion, the SX Phe stars at large Galactocen-

tric distances and the dwarf nova with high amplitude QPOs in quiescence. In many way,

however, these sources are merely scratching the surface of information contained in the

survey. In the next section I describe some classes of variable sources which could provide

interesting scienti�c results in the future.

7.3 Detection of di�erent classes of variability

Work is still very much ongoing with the RATS project, more wide-�eld data is currently

being reducedwhile the reduced data is being picked though in order to discover individual

sources of interest and also to study the Galactic population of whole classes of variable

sources. Over the next few years many more publications are expected to come from this

project, not least from a new Ph.D student who is working full time on the new data. Below

I outline a few of the area of study which I think are of particular interest and which I very

much hope the RATS team (myself included) will pursue.
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7.3.1 Flare stars

One area where considerable e�ort has already been expended is on �are stars (indeed the

�rst dra� of this thesis contained some of our preliminary results but was later cut due

the need to perform a proper statistical analysis of the �aring rate for the results to be

comparable with other studies). Stellar �aring is due to magnetic reconnection events at

the stellar photosphere such as those that occur on our Sun. �ese eruptions last for as

short a time as only a few minutes and can increase the optical brightness of the star by a

factor of over 100 (e.g. Kowalski et al., 2010). �ey are much more common on late type

stars (typically M-dwarfs) than on earlier type stars. M-dwarfs are currently the subject

of considerable interest from the exoplanet community because discovering a habitable

planet via the transit method is considerably easier if the host star is intrinsically faint but

apparently bright. For this reason it is of some importance to determine both what e�ect

�aring has on the habitability of a planet and how o�en �aring events occur.

�e method which we developed to identify �are stars combines the Alarm algorithm

and the kurtosis of the light curve (see Chapter 4). We identi�ed several hundred candi-

dates but unfortunately �ares bare a strong similarity to a minor planet passing though the

PSF of a stellar source.�e only methodwhich we found to di�erentiate between these two

scenarios is to manually examine a number of images of the star before and a�er the �are-

like event and then remove those candidates where a body can be seen moving between

frames. A�er this precess we were le� with ∼50 �ares. Interestingly not all these appear to

be late type dwarf stars. Future work will require an analysis of the completeness of this

sample, taking this and the number of �ares onM-dwarfs we can compare this to the total

number of M-dwarfs in the survey on which we would be able to detect a �are. �is will

give us the �aring rate which can be directly compared with the results of Kowalski et al.

(2009) who use the SDSS survey to estimate the rate of �aring in M-dwarfs. �e advanced

stage at which this work is at will ideally result in the submission of a paper before the year

is out.
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7.3.2 Contact binaries

Another area of science that is in a fairly advanced stage our analysis of the population of

contact binaries in RATS data. �ese are main sequence binaries which are close enough

to be in contact and have orbital periods from 0.23–0.7 d. Estimates on their number are

as high as 1 per cent of main sequence stars (Rucinski, 1998). �ey are variable due to the

heating of one side of each star by the other and the method which we use to identify them

does not rely on sampling a whole orbit, indeed it is possible to determine very accurate

system parameters (within a few per cent) with photometry of a section which makes up

only 10–20 per cent of the orbital period.

�is work has been performed in collaboration with Pasi Hakala in Finland who has

been been working on identifying sources using poly_fit routine from the idl astro li-

brary. We have so far discovered several thousand contact binaries a handful of which have

�tted orbital period below the currently accepted period minimum of ∼0.21 d (Rucinski &

Pribulla, 2008). �e future direction of this project will involve the identi�cation of all con-

tact binaries in the RATS data and the determining of both the sample completeness and

false positive detection rate. One areawhere this work could have important implications is

in distancemeasurements.�ere is a relatively well constrained period-luminosity-colour

relation for contact binaries (Rucinski & Duerbeck, 1997) and with this we will be able to

identify the special distribution of the Galaxy.

7.3.3 Variable M dwarfs

An area that we have recently started to look at is that of intrinsically periodically variable

M stars. �ough none have yet been discovered, it is thought that M dwarfs will show

periodic variability if there is a strong enough magnetic �eld present (Amado Gonzalez,

priv. comm.). �e period of this variability is likely to be of an amplitude of only a few per

cent and on a period of less than 2 h (AmadoGonzalez, priv. comm.).�e aremany tens of

thousand stars in our data which vary on time-scales less than two hours and have colours

consistent with M-dwarfs (though as reddening is high in some �elds, the identi�cation
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of true M stars may prove to be a tricky proposition). A handful of apparently red stars

have short-period variability (P < 40 min), if these can be con�rmed to be M stars they

have the potential to be very interesting candidates for further study, for example spectro-

polarimetry of them will allow us to constrain the magnetic �eld strength of them.

7.4 RATS in Kepler

�e Kepler satellite was launched in March 2009 and will operate for at least 3.5 years [the

length of thismission is dependent on funding but given the high impact sciencewhich this

mission has already produced (e.g. the discovery of a star with 6 transiting planets, Lissauer

et al., 2011) a mission extension is likely]. �e primary aim of this mission is the discovery

of exoplanets, speci�cally Earth-mass planets in the habitable zone. Kepler’s �eld of view

is 105 deg2 (an plot of the Kepler �elds is shown in Fig. 7.1) and they are able to observe

down to a depth of ∼20 mag (Borucki et al., 2010). However, although there are millions

of stars in the �eld of view, the spacecra� is only able to download the light curves data of

∼150,000 stars at a cadence of 30 min. �ey also have a short-cadence mode which has a

cadence of ∼1 min and can observe 512 stars. Sources for which data is downloaded from

the spacecra� must be prede�ned and the target lists are updated every month and every

three months for the short- and long-cadence modes, respectively. Although the number

of stars observed in the short-cadence mode is small, this is o�set due to the fact that this

list can be and is updated everymonth and thismode is currently somewhat under-utilised.

Considerable e�ort was made to identify stars which could host Earth-mass planets

such as identifying – bright G and K-type stars withminimal stellar activity are prioritised.

Aside for a few long cadence surveys of relatively bright sources (Hartman et al., 2004;

Feldmeier et al., 2006) there was very little consideration of the stellar variability which

Kepler is able to observe on short time-scales.

�ere have been several remarkable results from the observations of short period vari-

ables with Kepler but the majority of these were added to the Kepler input catalogue based
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Figure 7.1: �e �eld observed by the Kepler satellite. �is �eld is observed almost continu-
ously for the entire mission.�e 42 CCDs are shown over the star �eld that is observed.

on their colour rather than any con�rmed variability. Sources observed have included sub-

dwarf B stars (Østensen et al., 2011) and accreting sources (Still et al., 2010). �e impact

of these is in allowing for the constraints to be placed on the internal stellar structure and

to give insight into the evolution of an accretion disc before, during and a�er an outburst.

Is is, however, disappointing that no pulsating white dwarf has yet been found as Kepler

observation of these sources would allow for measurements of the depth of the hydrogen

rich layer (Charpinet et al., 2006), the extent of radiative levitation and di�usion of heavy

metal (Charpinet et al., 2008) and the degree of internal di�erential rotation (Kawaler &

Hostler, 2005).

�e RATS project will soon be taking a exciting new direction. To rectify the problem

of a lack of short time-scale variability data we will be observing theKepler �eld during the

summer of 2011. �e strategy is slightly modi�ed from that of the original RATS design.

While still using the INT, we will be performing all observations in the SDSS g′ �lter using

a 20 s exposure, we are going to do this because the Kepler satellite is only capable of ob-

serving stars down to a brightness of g′ ∼ 21 which is the confusion limit so going deeper

than this is surplus to our needs. We will also be reducing the length of our time-series
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observations to one hour in order to observe as much of the �eld as possible (we aim to

observe around a third of the �eld during 2011).

�e plan is to use the same (or an updated) RATS pipeline as was used for the work in

this thesis to identify the variable sources but to perform the photometry using the Cam-

bridgeWide Field Unit’s di�erence imaging pipelines which will allow us to produce a data

producemuch faster than if we use Dandia (see § 2.2.1 for details of this method). We will

then release a list of short period variables found in these data to the public as soon as

possible.�e reason for the need for expedience is to maximise the scienti�c output of the

satellite while it is still �ying (and the value of the data we produce will, hopefully, help to

extend the mission funding). �e lessons learnt during the work on this thesis will have a

direct impact on the productivity of the Kepler mission.

In conclusion, the RATS project has produced some exciting discoveries so far and will

increase in scienti�c productivity in the months and years to come as I have developed an

e�cient method to process the data. �e two strands of the project – to study the data

obtained using the RATS strategy discussed here and the RATS in Kepler project – mean

that wide-�eld high cadence surveys from the INT have a bright (but potentially short due

to funding) future. �e techniques I have developed will also be used in other projects to

increase the scienti�c impact of these works (for example theKeplerGuest Observer O�ce

will be using the techniques I developed to identify stellar variables).

�e End



Selected Acronyms & Abbreviations

ALFOSC Andalucia Faint Object Spectrograph and Camera
AoV Analysis of variance
AoV-FAP Analysis of variance false-alarm probability
CCD Charge-coupled device
CE Common envelope
CV Cataclysmic Variable
DAV Variable hydrogen-rich white dwarf
DIA Di�erence image analysis
DN Dwarf Nova
FSVS Faint Sky Variability Survey
FWHM Full width at half maximum
EFOSC2 ESO Faint Object Spectrograph and Camera (v.2)
ESO Eurpoean Southern Observatory
GMOS Gemini Multi-Object Spectrograph
INT Isaac Newton Telescope
ISIS Intermediate dispersion Spectrograph and Imaging System
LISA Laser Interferometer Space Antenna
LS Lomb-Scargle periodogram
LS-FAP Lomb-Scargle false-alarm probability
NOT Nordic Optical Telescope
PSF Point spread function
QPO Quasi-peroidic oscillation
RATS Rapid Temporal Survey
RGO Royal Grennwich Observatory
rms Root mean square
sdB Sub-dwarf B star
SAAO South African Astronomical Observatory
SDSS Sloan Digital Sky Survey
SJS Stetson J statistic
WFC Wide Field Camera
WFI Wide Field Imager
WHT William Herschel Telescope
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