MENS| TAT

AGI IMOLEy
I
]

The properties of a spectroscopically
selected sample of cataclysmic variables

by

Amornrat Aungwerojwit

Thesis
Submitted to the University of Warwick
for the degree of

Doctor of Philosophy

Department of Physics

July 2007

THE UNIVERSITY OF

WARWICK



“Better a single day of life, seeing the reality of arisingdapassing away

than a hundred years of existence, remaining blind to it

The Buddha



Contents

List of Tables Viii
List of Figures iX
Acknowledgments Xiii
Declarations XV
Abstract XVi
Chapter 1 Introduction 1
1.1 Scientificbackground . . . . . . ... ... L L 1
1.1.1 Motivation . . . .. . ... . e 1
1.1.2 Thesisobjectives . . .. .. .. ... ... ... ..... 2
1.2 Cataclysmicvariables . . . . ... ... ... .. ... .. ... . 3
1.3 CVclassification . . . ... ... ... .. ... ... . .. 5
1.4 Rochegeometry . . . . . . . . . . . .. 11
15 Masstransfer . .. ... .. .. .. ... 14
1.6 TheevolutionofCVs . . . ... ... ... ... . ... ...... 15
1.6.1 Pre-Cataclysmic variable evolution . . .. ... ... .. 51
1.6.2 Disrupted magneticbraking . .. .. ... ... ... ... 16
1.7 The contradictions between the standard model andwaigers . . 19

1.8 A large scale search for missing CVsand Pre-CVs . . . . . .. 22



1.8.1 The observational selection effects in the known fadjmun

of CVS . . . . e 23
1.8.2 Spectral characteristicsof CVs . . . . .. .. ... ..... 24
1.8.3 The selection effects inthe HQS sample . . . . . . .. ... 26
1.9 Futurechapters . .. .. ... .. . .. .. ... .. .. 28
Chapter 2 Observations and data reduction 30
2.1 Anoverview of CCD observations and data reduction . . ...... 31
211 CCDphotometry . . ... ... ... ... .. ....... 31
2.1.2 CCD Spectroscopy . . . . . . o v v i 32
2.1.3 CCDdatareduction. . . . . ... ... .. ... ...... 33
2.2 Observations and data reduction for new ten HQS CV<e-. . 37
2.2.1 SPEecCtrosCopY . . . . . v o i e e e 37
2.2.2 Photometry . . . . .. . ... 40

Chapter 3 Time-series analysis methods for orbital period rmasurement 53

3.1 Fourieranalysis . . . . .. . ... 54
3.2 M DAS utilities for time seriesanalysis . . . ... ... .. .. ... 56
Chapter 4 Four new long-period cataclysmic variables 64
4.1 Introduction . . . . . . . ... 64
4.2 HSO0139+0559 . . . . . . . . . . .. 65
4.2.1 Spectroscopic characteristics . . . . .. .. .. ... ... 93 6
4.2.2 Photometric characteristics . . . . . ... ... ... .... 66
4.2.3 Theorbitalperiod. . . .. .. ... ... .. ........ 66
4.3 HS0229+8016 . . . . . . . . . . e 68
4.3.1 Spectroscopic characteristics . . . . ... ... ... ... 8 6
4.3.2 Photometric characteristics . . . . . .. ... ... ... .. 70
4.3.3 Theorbitalperiod. . . ... ... ... ... ........ 70
4.4 HSO0506+7725 . . . . . . e e e 72



4.5

4.6

4.7

4.4.1 Spectroscopic characteristics . . . . .. .. .. ... ... 2 7

442 HS0506+7725asaVyYScl. ... .. ... ... ...... 73
4.4.3 Theorbitalperiod. . . .. .. ... ... .......... 74
HS0642+5049 . . . . . . . . .. . . 76
4.5.1 Spectroscopic characteristics . . . . ... ... .. .. .. 6 7
4.5.2 Photometric characteristics . . . . . ... ... ... .... 77
45.3 Theorbitalperiod. . . ... ... ... ... ........ 77
Discussion, part! . . . . . . . . .. 82
4.6.1 The inventory of the 3—4 h orbital period range . . . . . 82
4.6.2 ThennatureofthefournewCVs . ... ........... 85
SUMMaAry . . . . o e e e e e 86

Chapter 5 Dwarf novae in the Hamburg Quasar Survey: Rarer than ex-

pected 88

5.1 |Introduction . . . . . . . . . .. ... 88

5.2 HSO0417+7445 . . . . . . . . e 91
5.2.1 HSO0417+7445asaSUUMadwarfnova . ... .... .. 91
5.2.2 The orbital and superhump periods. . . . . ... ... ... 92

5.3 HS1016+3412 . . . . . . . . . 95
5.3.1 Spectroscopic characteristics . . . . .. ... ... .. .. 5 9
5.3.2 Photometric characteristics . . . . . ... ... ... .... 96
5.3.3 Theorbitalperiod. . . . ... ... ... .......... 97

5.4 HS1340+1524 . . . . . . ... 101
5.4.1 Longandshorttermvariability . . . . ... ... ...... 102
5.4.2 Theorbitalperiod. . .. ... ... ... .......... 103

5.5 HS1857+7127 . . . . . . 104
5.,5.1 Longtermvariability . . . ... ... ... ......... 105
5.5.2 Eclipseephemeris . . .. ... ... ... ... ... 107
5.5.3 Radialvelocities . . . . ... ... ... . L. 107



5.6 HS2214+2845 . . . . . . . ... 109

5.6.1 The spectral type of the secondary and distance . . . . 111
5.6.2 Theorbitalperiod. . ... ... ... ............ 112
5.7 The new dwarf novae as X-raysources . . . . . . . .. .. .. .. 6. 11
5.8 Discussion,partll . . . . ... .. ... ... 116
5.8.1 The orbital period distribution of dwarf novae . . . . . . 116
5.8.2 Constraints on the space densityof CVs . . . . . . .. .. 112
59 Summary . . ... 126
Chapter 6 A new hot and young pre-cataclysmic variable 127
6.1 Introduction . . . . . . ... .. ... 127
6.2 Spectroscopic and photometric characteristics . . . . .. .. . 129
6.2.1 Spectroscopic characteristics . . . . .. ... ... ... 29 1
6.2.2 Lightcurve morphology . . . ... ... ... ....... 131
6.3 Orbital period and ephemeris . . . . . . .. .. ... ... .... 313
6.4 Radial velocities and equivalentwidths . . . . . . ... ... ..133
6.5 Photometric and spectroscopic phase relations . . . .. ... . 135
6.6 Stellarcomponents . . . .. ... .. ... .. .. ... .. ..., 138
6.6.1 Lightcurvesolution . ... ................. 138
6.6.2 Spectralfit . . ... .. ... .. ... 139
6.6.3 K-correction and mass ratio-inclination constraints . . .141
6.6.4 Combinedconstraints . . . ... ... ........... 141
6.6.5 2MASS magnitudes . . ... ... ... ... ... 142
6.7 Discussion,partlll . . . .. .. ... . 146
6.8 Summary . .. ... e 147
Chapter 7 Discussion: a big picture of the survey 148
7.1 Anoverview of the new CVs and pre-CVsinthe HQS . . . . . . 491

7.1.1 The new HQS CVs with orbital period measurements . . 49. 1

Vi



7.1.2 The new HQS CVs with no orbital period measurements 53. 1

7.2 The period distribution ofthe HQSCVs . . . . . ... .. .. .. 541
7.2.1 The lack of short-periodsystems . . . . .. .. ... .... 155
7.2.2 An accumulation of the new systems at the 3—4 h orbital

periodrange . . .. . . . . . ... 157

7.3 Comparison with Palomar-Greensurvey . . . . . ... .. ... 158
Chapter 8 Conclusion 164
Appendix A Finding charts 168

Vii



List of Tables

2.1

4.1

4.2

5.1
5.2
5.3

5.4
5.5

6.1

6.2

7.1
7.2

Al

Log ofthe observations . . . . . ... ... ... ... ....... 44

Sine fits to the Bl emission line radial velocities of HS 0139+0559,

HS 0229+8016, HS 0506+7725, and HS0642+5049 . . . . . . . .. 81
Comparison of the observational characteristics of HER60559,

HS 0229+8016, HS 0506+7725, and HS0642+5049 . . . . . . . .. 87

Properties of the five new dwarfnovae. . . . . . ... ... ... 90

The fractional superhump excess of HS0417+7445 . . . . . .. 95
Sine fits to the H/Ha+Hp radial velocities of HS 1016+3412, HS 1340-
+1524, HS 1857+7127, and HS2214+2845 . . . . ... .. .. .. 100
The times of eclipse minima of HS 1857+7127 . . .. .. ... 091

Dwarf novae discoveredinthe HQS . . . . .. .. ... ... ... 122

The average radial velocities of the Balmer emissioesliand Hb
equivalent widths of HS1857+5144 . . . . . . . ... .. ... .. 137
PCEBs with a large reflectioneffect . . . .. ... ... ... .. 451

CVs population in the HQS, the PG, and the Ritter & KolbO@0 . 157
The 53 new CVs/pre-CVs discovered inthe HQS . . . . . . .. 61 1

Comparison stars used for the differential CCD photaoyiatChap-

viii



List of Figures

11

1.2
1.3
1.4
15

1.6
1.7
1.8

2.1
2.2

3.1

3.2

3.3

3.4

3.5

Schematic views of the components in non-magnetic amphetz

CVs 4
Orbital period distribution of knownCVs . . . .. ... ... .. 6

A schematic view of Roche geometry . . . . ... ... ...... 13
The evolution of the mass-transfer rate and the orbéiabd of a CV 18
The observed and the predicted period distribution of @th
Porb<2h . . e 21
Schematic spectra of the componentsofaCVv . . .. ... ... 25.
lllustration of the HQS efficiency in identifying shgreriod CVs . . 28
Galactic distribution of the HQS-discovered CVs/pMsC . . . . . 29
Schematic views of CCD observations . . . . .. ... ...... 3 3
A sample of different typesof CCD frames . . . . ... ... .. 6 3
Periodograms of two different synthetic datasets . . ...... .. 55
Examples of alias structures found in different data set . . . . . 57
lllustration of ScargleAQV, and ORT periodograms for a sample

light curve of HS1857+5144 . . . . . . . . . .. ... ... .... 60
lllustration of ScargleAQV, and ORT periodograms for d radial

velocity curve of HS0506+7725 . . . . . . .. .. . ... ..... 61
lllustration of ScargleAQV, and ORT periodograms for a sample

lightcurve of HS0417+7445 . . . . . . . . .. . ... ... .... 62



3.6

4.1
4.2
4.3
4.4

4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16

5.1

5.2
5.3
5.4
5.5

lllustration of ScargleAOV, and ORT periodograms for a sample

light curve of HS2214+2845 . . . . . . . . . .. ... ... .... 63
Identification spectrum of HS0139+0559 . . . .. ... .. .. 66
Sample light curves of HS0139+0559 . . . .. ... .. ... ... 67

Scargle periodogram of theaHadial velocities of HS 0139+0559 . 68

Phase-folded ¢dradial velocity curves of HS 0139+0559, HS 0229+8016,
and HS0506+7725 . . . . . . . . . . . .. 69
Identification spectra of HS0229+8016 . . ... ... .. ... 70
Sample light curves of HS0229+8016 . . . . .. .. .. ... ... 71
Scargle periodogram of theoHadial velocities of HS 0229+8016 . 72
Identification spectrum of HS0506+7725 . ... ... ... .. 73
Sample light curves of HS0506+7725 . . . . .. .. .. ... ... 74
Scargle periodogram of thexHadial velocities of HS 0506+7725 . 75
Average spectrum of HS0642+5049 . . . . .. .. ... ... ... 76
Sample light curves of HS0642+5049 . . . .. ... ... .. .. 8 7
Scargle periodogram of the CCD photometry of HS 0642950. . 79
Phase-folded photometric data of HS 0642+5049 . . . . . .. 80
Period distribution of new HQS CVs and that of all know#sC . . 83

Period distribution of the individual CV subtypes ie tB—4 h pe-

rnodrange . . . . . . . . . 83

Flux-calibrated CAFOS spectra of HS 0417+7445, HS 16462,

HS 1340+1524, HS 1857+7127, and HS 2214+2845 . . . . . . . .. 92
Sample light curves of HS0417+7445 . . . .. ... .. ... ... 93
Scargle periodogram of the photometric data of HS 0444%7. . . 94
Sample light curves of HS1016+3412 . . . .. ... ... .. ... 96
Scargle periodograms of theHHa+H[3 radial velocities of HS 1016+3412,
HS 1340+1524, HS 1857+7127, and HS 2214+2845 . . . . . . . .. 98



5.6 Phase-folded radial velocity curves of HS 1016+3412] B#)+1524,

HS1857+7127,and HS 221442845 . . .. .. ... ... ... .. 99
5.7 Sample light curves of HS1340+1524 . . . . . ... ... .. .. 110
5.8 The mean magnitudes of HS 1340+1524 obtained from Mag 200

toMay 2005 . . . . . .. 103
5.9 Phase-folded light curves of HS1857+7127 . . . ... ... ... 105
5.10 The HST/STIS spectrum of HS 1857+7127 . . . . ... ... .. 6 10
5.11 Periodogram of HS1857+7127 . . . . . . . . . . . . .. ... ... 108
5.12 Sample light curves of HS2214+2845 . . . . ... ... .. .. 101
5.13 The average CAFOS spectrum of HS2214+2845 . . . . .. .. 12. 1
5.14 AQV periodogram of CCD photometry of HS 2214+2845 . . . . .. 114

5.15 Phase-folded spectroscopic and photometric data @2H&+2845 . 115
5.16 The orbital period distribution of known CVs and knowvedf novae118
5.17 The orbital period distribution of new HQS CVs and new3Q

dwarfnovae . . . . . . . . .. ... 119
6.1 Phase-binned spectra of HS1857+5144 . . . ... ... .. .. 30.1
6.2 Highresolution spectra of HS1857+5144 . . . .. ... .. .. 131
6.3 Sample light curves of HS1857+5144 . . . . . . .. ... .. .. 213
6.4 ORT periodogram of the photometric data of HS 1857+5144 . . . .4 13

6.5 Phase-folded spectroscopic and photometric data oB9%#5144 . 136
6.6 HB and Hy of the faint-phase spectrum fitted with an LTE model . . 140
6.7 Photometric and spectroscopic constraintdyy( Mseo for HS 1857-

+5144 . 143
6.8 TheBRJHK; fluxes of HS 1857+5144 along with an example of a
plausiblefit . . . . .. ... ... .. . 144

7.1 Orbital period distribution of all HQS CV population anelw HQS



7.2 Orbital period distribution of all PG CV population anelPG CVs 160

Xii



Acknowledgments

| would like to thank Dr. Boris Gansicke for being a superpeswisor in guiding me
during my PhD. Without his useful suggestions, constreat@mments, kindness,
and patience, the work presented in this thesis could na haen satisfactory. |
am grateful for his enthusiasm, which has inspired me andlth&®d me up out
of the depths of despair numerous times. | am greatly indefotehis introducing
me to the world of research and helping me to be involved iersg\projects other
than my thesis work. | am deeply thankful for his trust in alileg me, a novice,
to “play” with various ground-based telescopes for nea@® @bserving nights,
which indeed recharged my “battery” from time to time durihg four-year period
of studying.

| would like to thank all observers listed in Table 2.1 who tdiuted their
big efforts in obtaining the data during the past few yeard bdo apologise in
advance to those that | do not mention here. | thank Dr. PabtiriBuez-Gil, Dr.
Sofia Araujo-Betancor, and Dr. John Southworth for thairkaon all spectroscopic
data reduction presented in this thesis. Deep thanks gdes t®ablo Rodriguez-
Gil who guided me on how to observe with the IAC80 and the OG&t®epes.
| thank Ana Guijarro and all supporter astronomers at Caltr dbservatory, the
Observatorio del Teide, the Observatorio del Roque de loshdchos, and Kry-
oneri observatory, who helped the first night of each obsgruin pass smoothly.
Prof. Tom Marsh is acknowledged for his developing and sigan reduction and

analysis packages.

Xiii



| am grateful to the Royal Thai Government for a studentship.

| thank Dr. Kannika Tampanishvong who has been my trustwdribnd,
sharing my blues and beautiful days. | appreciate her he§gamning any incon-
sistency in Chapter 1 and Chapter2. Special thanks go to @n $outhworth
for his generosity and speedy proof-reading of the entiesith | also thank the
following friends for their support and making these fouasglively: Ratchada
Pattaranit, Issavara Sirirungruang, Pattarawit Polpifatadee Tungtang, Wila-sini
Wongkaew, Jittiwut Suwatthikul, Kamolchanok Chongsath®usana Barros, and
Monihar Dillon.

Finally, my deepest gratitude goes to my parents and myrsite their

unconditional love, no matter what | am and what | have chaseny life.

Xiv



Declarations

| hereby declare that this thesis has not been submittedyiprvious application
for a higher degree. This thesis represents my own work ¢éxcleere references
to other works are given. In particular, details on obséovatand data reduction
carried out by my collaborators are given in Chapter 2.

The following chapters are based on refereed publicatioaisitsubmitted
during my period of study:

Chapter 4 is based on: A. Aungwerojwit, B. T. Gansicke, Riftpuez-Gil,
H.-J. Hagen, E. T. Harlaftis, C. Papadimitriou, H. Lehto A®aujo-Betancor, U.
Heber, R. E. Fried, D. Engels, and S. Katajainen, “HS 013990b6IS 0229+8016,
HS 0506+7725, and HS 0642+5049: Four new long-period oatiat variables”
Astronomy & Astrophysics, 443, 995 (2005).

Chapter 5 is based on: A. Aungwerojwit, B. T. Gansicke, Riftpuez-Gil,
H.-J Hagen, S. Araujo-Betancor, O. Baernbantner, D. Endgel€. Fried, E. T.
Harlaftis, M. Mislis, D. Nogami, P. Schmeer, R. Schwarz, Aale, and M.A.P.
Torres, “Dwarf novae in the Hamburg Quasar Survey: Raren thaected” As-
tronomy & Astrophysics, 455, 659 (2006).

Chapter 6 is based on: A. Aungwerojwit, B. T. Gansicke, Riftpuez-Gil,
H.-J. Hagen, O. Giannakis, C. Papadimitriou, C. Allendesteriand D. Engels,
“HS1857+5144: A hot and young pre-cataclysmic variablestrAnomy & Astro-
physics, 469, 297 (2007).

XV



Abstract

Over the past two decades, disrupted magnetic braking leasthe standard paradigm
of cataclysmic variable (CV) evolution with relatively fewodifications. The predictions
made by this theory, however, are in strong disagreementthdt observations. These dis-
crepancies may, at least in part, be related to observatsatection effects. In order to
circumvent observational biases, a search for CVs wasechselecting candidates in a ho-
mogenous way using their spectroscopic appearance in tmditg Quasar Survey (HQS),
resulting in the discovery of 50 new CVs and 3 new cataclygmigenitors (pre-CVs).

In this thesis, | present follow-up time-resolved speatopic and photometric ob-
servations of nine new CVs and one new pre-CV from the HQSir Dinital periods were
determined from radial velocity and photometric variabittudies. Specifically, four rela-
tively bright CVs, HS 0139+0559, HS 0229+8016, HS 0506+7 & HS 0642+5049 are
found in the narrow 3—4 h orbital period range, iR, = 24369+ 0.49 min, 232550+
0.049 min, 2127+ 0.2 min, and 2290+ 0.23 min, respectively. Although they have very
similar orbital periods, they greatly differ in their obged properties. HS 0506+7725 is
classified as a VY Scl star. The other three systems are fidehéither as UX UMa-type
novalike variables or as Z Cam-type dwarf novae.

The orbital periods of five new dwarf novae HS 0417+7445, HE®¥3412, HS 1340-
+1524, HS 1857+7127, and HS 2214+2845 cover the ranh&—5h, i.e.Pyp~ 1051 min
or ~ 1099 min, 1143+ 2.7 min, 9266+ 0.17 min, 272317+ 0.001 min, and 2582 +
0.56 min, respectively. These five dwarf novae display a vamétobserved properties:
HS 0417+7445 is a SU UMa-type dwarf nova, and HS 1016+3412H4$1t340+1524 have
rare outbursts, but their subtype is yet undetermined. Thpsing HS 1857+7127 may be
a Z Cam-type dwarf nova and HS 2214+2845 is a U Gem-type dvess.n

Finally, the orbital period of one of the youngest pre-CVs; 1857+5144, was
determined to b€y, = 38352034 0.0001 min. The light curves of HS 1857+5144 display
large amplitudes of brightness variation resulting froraféection effect on the heated inner
hemisphere of the companion star, suggesting a very highdeature of the white dwarf.

To date, the orbital periods of 44 new HQS CVs/pre-CVs haenlmeasured. It is
clear that our survey did not identify the large number ofrsperiod CVs predicted by the
population models. The ratio of short-periog 8 h) to long-period £ 3 h) systems of the
new HQS sample is only half that of the previously known C\fscontrast, the HQS CV
survey has been very prolific in identifying bright long-loer CVs, with a distinct prefer-
ence for the 3—4 h period range. Surprisingly, the HQS sapnoleides a large number of
SW Sex stars, which represent 25% of all new CVs above theggadp, and nearly half in
the 3—4 h period range.

XVi



Chapter 1

Introduction

1.1 Scientific background

1.1.1 Motivation

The majority of stars in the sky are born in binaries, and astauttial fraction of
them will interact at some point in their lives (Iben 1991)heTinteractions be-
tween the two stars and mass exchange between them havef@agmmpact on
their evolution. The different combinations of the two Etecomponents in such
binaries result in the most exotic objects in the Galaxy gajactic black-hole can-
didates, low-mass X-ray binaries, millisecond pulsargagsmic variables (CVs),
and double degenerate systems. Among them, CVs are mdgtasssible to ob-
servations as they are numerous, fairly bright 1% < 20), relatively nearby (a
few hundred parsecs away), contain well-understood sdaponents, and have
short orbital periods in the range from about one hour to aDag to their interact-
ing nature, CVs provide excellent cosmic laboratories tolgtexotic phenomena
over all wavelengths, from radio waves to X-rays. This ides the limited knowl-
edge on accretion discs, which are a common phenomenonrimgrtiiroughout

the Universe, from the formation of solar systems like oorfuelling the nuclei

1



of active galaxies. In addition, CVs offer the possibilibyexamine plasma physics
in very strong magnetic fields e¢ 10— 200 MG, which cannot be created in any
terrestrial laboratory.

From a cosmological point of view, CVs are of extraordinamerest as
they are closely related to Type la supernovae (SN la), waretthought to be the
violent explosions of accreting white dwarfs driven oves tbhandrasekhar mass
limit. Given that the ground-shaking discovery of “dark g€ is based on the
interpretation of SN la as standard candles, it is of utmuogiirtance that all effort
is made to arrive at a complete understanding of SN la progysni

Despite its enormous importance, our understanding of Glu&on is still
rather fragmentary. Although over the past two decadestolfitteeoretical models
have been put forward to explain the evolution of CVs, nonthei can success-
fully match the observed properties of CVs in their entirédtys likely that part of
this discrepancy is caused by observational selectiontsffeesulting in incomplete
and skewed CV samples, which do not reflect the propertidsedftie galactic CV
population. To progress on the observational side, it iscfloee clear that a large
and unbiased sample of CVs, as well as of their progenitonstesCVs, is neces-

sary to be established.

1.1.2 Thesis objectives

The work in this thesis focuses on spectroscopic and phdtanwbservations to
characterise new CVs/pre-CVs that were identified in the blagnQuasar Survey
(HQS) using the spectroscopic hallmark of CVs: the presefhbgdrogen Balmer
emission lines in their optical spectra. This selectiorh@mught to provide a large
and homogeneous sample of CVs that will serve as an impadahto improve
our understanding of the evolution of CVs. Based on the ¥ollpp data analysed
here, the orbital periods of these new CVs, the most easigsored parameter that

is relevant to the evolution of CVs, will be determined. Thaacteristics of the

2



HQS CVs will then be compared to those of CV samples origingatrom other
surveys, as well as to the predictions of the CV evolutioothe

Throughout the rest of this Chapter, | describe the strecamd the proper-
ties of CVs as well as the current standard scenario of thelugon (Sections 1.2—
1.6). In Section 1.7, | spell out the inconsistencies betw®edictions made by the
theory and observational facts, which are the main motwati this thesis. Finally,
| discuss the different methods of finding CVs and why the km@V population is
likely to be strongly biased and incomplete. | then spedlficdescribe the search
for new CVs/pre-CVs in the HQS (Section 1.8), and show thatexoscopic se-

lection of CVs should, in principle, provide a homogenousgke of CVs.

1.2 Cataclysmic variables

CVs are semi-detached close binary systems comprisingaatang white dwarf,
and a late-type main-sequence donor (see Patterson 19&%; &mhillon 1998).
The orbital periods of CVs typically range betweer80 min and~ 10 h, with only
a few systems having shorter or longer periods. An entire @Wdeasily fit inside
a star as large as our Sun. The accretion rates encountef@dsirare typically
in the range 101 —108M. yr! (e.g. Howell et al. 2001). The strength of the
magnetic field of the white dwarf plays an important role ingqming the accreting
matter. If the magnetic field is weak, then mass transferstpkece via an accretion
disc, with a luminosity enhancement at the outer edge ofigte dr a “bright spot”,
where the stream leaving the donor star impacts the disai&iy2a). In contrast
to this, if the magnetic field is strong enough to suppressahmation of the disc,
the accretion stream flows along the magnetic field lines fleersecondary star to
the poles of the white dwarf (Figure 1.2b). For moderate retigriield strengths,
the transferred material may form a partial disc whose imaet is disrupted into

accretion columns.



{a)

- Secondary star
/ ——— Accretion disc

White dwarf
Gas stream—//
Bright spot .

{(+ boundary tayer)

<\
[ +G
(b) Magnetic white dwarf e
Gas stream (accretion column)—/ /
Secondary star

Figure 1.1: Schematic views of the components in (a) a weakoarmagnetic
CV and (b) a strong magnetic CV. The stars rotate around thi#ecef mass of
the system (G). In the weak/non-magnetic system, a disc§@mund the white
dwarf, and the stream of material impacts at the outer edgesdfisc, resulting in a
“bright spot”. In the strong magnetic system, the magnegicl fof the white dwarf
prevents the formation of a disc and the stream is channaltaty the magnetic

field lines to the magnetic pole(s) of the the white dwarf. érakrom Pringle &
Wade (1985).

As suggested by their name, a wide range of variability maghserved in
CVs, ranging from flickering with time scales of minutes tauhatic brightenings
such as dwarf nova outbursts or classical nova eruptioes3setion 1.3 for classifi-
cation scheme). Historically, the morphology of their letegm optical light curves
has been the primary information on which CV classificati@sWwased. However,
from a more modern perspective, this classification schdmald be taken with
a grain of salt, and we should start to think of CVs as beingdén into different
groups because of their physical differences. The threa playsical parameters
that determine the appearance of a CV are the orbital penbdk is a proxy for
the geometric extension of the system), the accretion sae the magnetic field
strength of the white dwarf. Below, | describe the differgtes of CVs grouped

together as a function of their differing physical paramete
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1.3 CV classification

Dividing CVs into different types according to their phyaigroperties such as
their orbital periods, mass-transfer rates, and magnetit $strengths of the accret-
ing white dwarfs is likely to create subsamples with diffgrebservable properties,
such as e.g. different orbital period distributions. Besgatihe orbital period distri-
bution of the observed CVs is a major tool to test the evotutibCVs, observers
ultimately need to quantify the different selection effeapplying to the different
CV subsamples, and a successful binary evolution theory beuable to explain
the features found in the observed period distributiondefdifferent subclasses,
after correcting for the selection effects.

Figure 1.2 presents the orbital period distribution ofefiéint classes of 572
known CVs from Ritter & Kolb (2003, Edition 7.5 of July 2009)he period distri-
bution of the entire set of systems shows three strikingifeat a dearth of systems
in 2-3 h period range (the so-callpériod gap, a sharp cut-off at- 80 min, and
the decreasing number of systems at long periods. Thesedeatill be discussed
in more details in Section1.7. The distributions of the wdlial subclasses are
markedly different, which at the moment is due to a mixturelagervational selec-
tion effects and the underlying physical properties of thfeent CV types. The

major classes of CVs are outlined below.

1. Classical novae
These are the brightest manifestations of mass transfertlb@twvhite dwarfs
in CVs. During classical nova explosions, the brightnesdebe systems
increase by 6—19 magnitudes, lasting from weeks to yearss& howerful
outbursts are caused by a thermonuclear runaway of hydnogematerial
accumulated on the surface of the white dwarf accreting atealower than
10 2Myyr~1 (Cassisi et al. 1998). The accreted layer grows until it gets

sufficiently hot and dense to ignite hydrogen burning, wHigms into an
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Figure 1.2:Top panel: orbital period distribution of 572 known CVs from Ritter
& Kolb (2003, Edition 7.5 of July 2005) within the orbital ped range~ 1h to
~ 1d, and after removing AM CVn systems, the ultracompactri@savith a he-
lium secondary. The remarkable features in this periodiligion are the 2-3 h
conventional “period gap” (dashed lines), a sharp cut-bf 80 min, and a dwin-
dling number of the systems at long orbital peri@bttom four panelsthose are
illustrated again according to their classes.
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explosive reaction that blows off the layer. An estimatenefitecurrence time
of a classical novae is in the order-of10° — 10* yr (Patterson 1984; Downes
1986). ~ 12% of the systems in Ritter & Kolb (2003) are listed as clzalsi
novae; their orbital periods span the range 1.4 h to more1Bdm with most

of them found between 3h and 5h (e.g. Diaz & Bruch 1997; Wa206e).

. Dwarf novae

Dwarf novae represent the largest CV subclasg6% of all known CVs).
They are the dominant type of systems among CVs with non- éakjvmag-
netic white dwarfs. Dwarf novae are observed undergoinglaegutbursts,
during which they brighten by 2—5 magnitudes, lasting fraagsito weeks.
The recurrence times of the outbursts range from weeks tsy&ae cause
of the outbursts is a thermal instability in the accretioscdiwhich occurs
around the ionisation temperature of hydrogen and impliasthere exists
a mass-transfer rate above which accretion discs will dgestand show no
outbursts. Dwarf novae are subdivided into three distinbtkasses based on

their observed outburst properties: U Gem, Z Cam, and SU Widest

e The U Gem-type dwarf novae show regular outbursts which dbae
characteristics of ZCam and SU UMa stars. They are foundeatio

period gap.

e The Z Cam-type dwarf novae are characterised by rapid osttimter-
spersed with more or less constant brightness at an intéateddvel
between outburst maxima and minima, the so-called stdisdsfihe
standstills are- 0.7 mag fainter than the maximum brightness, and they
last from ten days to years. It has been suggested that Z Gamase
on the borderline between novalike variables and dwarf eg@&mak
1983) with a mass-transfer rate fluctuating about the afittalue that

switches them from one behaviour to the other (e.g. Schrabal.
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2002). All Z Cam stars lie above the period gap.

e The SUUMa-type dwarf novae undergo occasional superaostoum
addition to normal outbursts. Superoutbursts occur lesgifntly than
normal outbursts, but they are brighter Q.7 mag) and last longer(5
times). During a superoutburst, a modulation of the lightvelappears
near superoutburst maximum, called a superhump, whichuisechby
the deformation of the disc by tides from the donor star (\@hnitst
1988; Hirose & Osaki 1990; Lubow 1991). In general, the shpemp
period is a few percent longer than the orbital period. Mdghe re-
currence times of superoutbursts are around a few hundsexd 8ame
systems such as ER UMa and WZ Sge stars, however, have ektreme
short or long recurrence times. ER UMa stars undergo sufimrnsis
every 20-50 days, interleaved by a rapid succession of Haumiaursts
occuring every few days. WZ Sge stars are characterisedftagiunrent
superoutbursts of every few years to decades, and usualhotan-
dergo normal outbursts. Practically, all SU UMa stars habéal peri-

ods below 2 h.

The orbital period distribution of all known dwarf novae isclssed in more

details in Section5.8.1.

3. Novalike variables
This group belongs to the non-eruptive CVs and it contains5% of the
objects listed by Ritter & Kolb (2003) They are characterised by a roughly
steady brightness due to a high rate of mass transfer whaeees the critical
rate for disc instabilities, resulting in the systems beaitugk in a “permanent

outburst”, called a high state. Novalike variables are sutded into the fol-

INote that, Ritter & Kolb (2003) classify magnetic CVs as riikavariables as well, which
follows the historic definition based on their light curveend, | treat magnetic CVs as a separated
class.



lowing distinct subclasses according to their spectroscapd photometric

properties.

e UX UMa stars have persistent broad Balmer absorption lirectsq,

typical of optically thick discs seen at relatively low inmGtion.

e RW Tri stars display pure emission line spectra (albeit siceeally with
sharp absorption cores) and they are thought to have higblarations

than UX UMa-type systems.

e VY Scl stars spend most of their time in a bright state andathywalrop
by more than one magnitude into faint states, which last fngaks to
years. During the low states, they may spectroscopicafigaplike qui-
escent dwarf novae but do not show dwarf nova outbursts (seaal
1995, and references therein). The cause of the faint stéeught to
be due to the temporary cessation of mass transfer from tundary
star. Interestingly, VY Scl stars appear almost entirebt pbove the

period gap in the range 3—4 h (see discussion in Section 4.6).

e SW Sex stars were proposed by Thorstensen et al. (1991a)aalise
tinct subclass of novalike variables . The SW Sex stars afemntially
found at 3h<S Pyrp < 4h and are often, but not always, eclipsing systems
(for non-eclipsing systems see e.g. Casares et al. 199kin3an et al.
1997; Martinez-Pais et al. 1999; Taylor et al. 1999; Hoardl .€2000;
Rodriguez-Gil et al. 2007b). These systems share a nunhipecaliar
characteristics which cannot easily be explained by tredststate opti-
cally thick accretion disc model: (a) they have unusual ¥psd eclipse
profiles (in case of high inclination systems); (b) theiriopit spectra
are characterised by single-peaked emission lines thptagisentral
absorption dips at particular phases; (c) their spectraagorstrong

Hen A4686 emission lines; (d) their radial velocity curves dedyrom
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their emission lines reveal substantial phase lags relativtheir pho-
tometric ephemerides. SW Sex stars represent nearly 40%e dbtal
novalike/classical nova population (Rodriguez-Gil eR8l07b). Specif-
ically, they represent half of the total population of nak@lvariables in
the 3—4 h orbital period range (Rodriguez-Gil et al. 2084 7b; and

see also a discussion in Section 4.6).

Unlike dwarf novae which are found mostly below the period gdere low
mass-transfer rate are thought to be driven by gravitati@uation, almost
all novalike variables are found above the period gap, wheagnetic brak-
ing can drive much higher mass-transfer rates (see SecépnHowever, a
number of dwarf novae and novalike variables are found inlapgping pe-
riod ranges, implying that mass-transfer rates can vanifgigntly between

different systems for the same orbital period.

. Magnetic CVs

The CVs in this class contain magnetic white dwarfs with rimiediate to
strong magnetic fieldB ~ 1 — 200 MG, that affect or control the interac-
tion between the white dwarf and the material accreted fimerRoche-lobe-
filling companion. They are further divided into two diffetesubclasses ac-
cording to the strength of the magnetic field of the white dwRlitter & Kolb

(2003) list~ 22 % of all known CVs as magnetic systems.

e Polars, or AM Her stars contain white dwarfs with magneticdfstrengths
of 10MG < B £ 200MG. In these systems, the accreted material can-
not form a disc around the white dwarf. Instead, the whiterfitedkes
control of the flow of gas, forcing it to follow the magnetieffi lines
towards one or both poles of the (presumed) dipolar magfielit The
accretion flow passes through a shock standing above trecsuf the

white dwarf, turning polars into intense X-ray sources. $tieng mag-
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netic fields of the white dwarfs in polars interact with theaker fields
of the secondary star, resulting in a synchronous rotatfdhewhite
dwarf spin and the orbital motion of the system, Rapin = Porp (for
comprehensive reviews see Cropper 1990; Warner 1995). Hitalo
periods of the known polars are found in the range betwe&® min

and a few hours with a preference for systems below the pgapd

Intermediate polars (IPs), or DQ Her stars, have weaker ptagfrelds,
1MG < B < 10MG, that generally are not strong enough to entirely sup-
press the formation of a disc. In this case, a partial disc oy which

is truncated in the middle by the magnetic field of the whiteadw
IPs typically have high mass-transfer rates, which prochareler X-

ray spectra than generally observed in polars. Becauseewfieaker
fields, the white dwarfs in IPs are not synchronised with tHat of

the system, and in many systems the white dwarf rotates pithpse-

riod Pspin ~ 0.1Pyr, (See Patterson 1994). In practice, the IP nature of a
system is confirmed by the detection of coherent variakdlityhe spin
period and/or the beat period between the spin and the bpeitends.
There are~ 30 confirmed IPs, and their orbital periods are concentrated

above the period gap (Norton et al. 2004; Gansicke et ab&00

1.4 Roche geometry

In close binary systems, the shapes of stellar component$efined by equipoten-

tial surfaces, where the potential is given by the sum of tiagitational potentials

of the two stars plus the rotational potential. The shapéblaxfe equipotential sur-

faces depend only on the mass ratjoof the system, and their absolute dimensions

depend on the orbital period (or the binary separat&n, Figure 1.3 illustrates

the cross section of the equipotential surfaces in theairpitine of a binary sys-
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tem forg = My/M; = 0.2 whereM; is mass of the primary star arM, is mass
of the secondary star. If the stars have relatively smali,réeey will have ap-
proximately spherical shapes and be well-detached, asrshgwhe equipotential
surfaces close tM; andM,. Stars having larger radii will be more distorted from a
spherical shape. The two surfaces touchinigiabr the inner Lagrangian point, are
called Roche lobes (bold contours). The Roche lobe defiemtximum volume
of the star that its matter can occupy under its own gravitya $tar is filling its
Roche lobe, it will transfer material to its companion thgblL;. Systems in which
one component fills its Roche lobe are called semi-detacheaties, e.g. CVs.
Another Lagrangian point labelled &s, or outer Lagrangian point is the easiest
gateway through which matter can escape from the grawitatifield of the sys-
tem. This point lies on the equipotential of a contact binangre the two stars fill
their Roche lobes, and are surrounded by a common envelop&gh&r potential
thanL, is found atl3, on the opposite side &f. The highest potential is located at
pointsL4 andLs. The Lagrangian points; to Ls represent points where all existing
forces within the system cancel each other, and potentiadiiter can be stored.

In CVs, the low-mass secondary star fills its Roche lobe,ltiegun mass
overflowing into the Roche lobe of the white dwarf ig which is the saddle point
of the equipotential surface. One immediate consequeniteed®oche-lobe filling
is that the donor stars in CVs are tidally locked to the otipiéiod, i.e.Pspin = Porp.
The radius of the secondary star is defined by the volumesadithe Roche lobe,

R.,, according to Eggleton (1983)'s approximation,

R 047 (1.1)
a  0.6g%3+In(1+ql/3) '

which is accurate to abodt1%. The separatiom, between the centres of mass of

the binary can be determined from Kepler’s third law

4m2as

P2p= <

(1.2)
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Figure 1.3: A cross section in the orbital plane of a schenfatiche geometry,
showing the Lagrangian points to Ls for a close binary system af= 0.2. The
Roche lobes of the two stars are drawn in bold and represemghipotential sur-
face which makes contact at the inner Lagrangian paint(see Section 1.4 for
details). Provided by B. Gansicke.

or

1/3
a:3.35x1010<%) 1+9)Y3P%3h)  cm. (1.3)
®

The mean density of the Roche-lobe-filling secondary theoines
p2=107P,2(h)  gcm 3, (1.4)

which implies that CVs with 1k Py < 10 h will contain low-mass main-sequence

companions witlp ~ 1—100gcnT3,
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1.5 Mass transfer

Mass transfer between two components in close binariesgelsatihe size of the
Roche lobes and the orbital period of the system. The raaofithe binary to mass
transfer depends on the mass ratio of the donor to the whitgefdw the context
of CVs, mass exchange/loss occurs within two different phas the evolution,
i.e. during the pre-CV phase and the CV phase (see Sectidarliléeir evolution
tracks). During the pre-CV phase, the system contains twin-sequence stars.
Once the more massive star evolves off the main sequencegntually fills its
Roche lobe and transfers mass to the less massive compoSerde the more
massive Roche-lobe-filling star is nearer to the centre gisafithe system, its lost
mass is then moved further away from the centre of mass, tofmpanion, which
results in an increased angular momentum of the transfenggdrial. In order to
conserve the angular momentum, the separation decreaskspasequently, the
size of the Roche lobe decreases according to Equation hi%.cdnfiguration is,
hence, unstable and results in a brief and violent phase e§ itnansfer and the
creation of a common envelope.

For CVs, mass is transferred from the low-mass main-se@ustac to the
more massive accretor, or the white dwarf. In this case aerhass star is further
away from the centre of mass. Transferred material, theds ep closer to the
centre of mass. This causes the transferred material t@lgggar momentum, and
as a result, the separation increases to conserve thelamgalar momentum; the
size of the Roche lobe then increases, leading the secosttarp detach from its
Roche Lobe, and consequently mass transfer ceases. Masfetia CVs can only
be sustained either by an expansion of the secondary stdo cuelear evolution,
or by shrinking of the Roche lobe as a result of orbital angmamentum loss by
means of magnetic braking or gravitational radiation. Maclevolution, however,
cannot explain most CVs, since they contain secondary efdess than a solar

mass which cannot evolve significantly during the age of thivérse.
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1.6 The evolution of CVs

1.6.1 Pre-Cataclysmic variable evolution

CVs are thought to be descended from post common envelopeidsnPCEBS).
These systems have originated from wide binaries that idxttantial angular mo-
mentum through a common envelope phase (Paczynski 1976 &lhavio 1993;
Iben & Tutukov 1993). The initial stellar components of thd3CEBs consist of
an intermediate-mass main-sequence stal ¢ 10My,), the primary star, and a
low-mass companion{ 1 M), the secondary star, with an orbital period of the
order of years. The primary star evolves faster, becomin@iat gvhich expands
and fills its Roche lobe. The mass transfer from the more w&assar to the lower
mass companion is dynamically unstable. As a result of tjle lmass-transfer rate,
which may reach 0.M. yr—! (Webbink 1979), the secondary star is driven out of
its thermal equilibrium and then also fills its Roche lobe. ékvelope of gas forms
around the two stars, leading the system into the commorawehase. Friction
between the common envelope and the stellar componentsscthestwo compo-
nents transferring angular momentum to the envelope wee $piral inwards. As
a result, the binary separation decreases froltOOR;, to ~ 1R, within 103 yr.

If the energy deposited in the envelope exceeds its bindmeggy, the common
envelope will be ejected. The system may appear as a binatyatstar of a plane-
tary nebula comprising a hot subdwarf/white dwarf and a toass main-sequence
companion, e.g. MT Ser (Grauer & Bond 1983; Green et al. 1984)Sge (Miller
etal. 1976; Pollacco & Bell 1993, 1994), Abell 65 (Hilditched. 1996), and KV Vel
(Hilditch et al. 1996; Wood et al. 1995; Ferguson et al. 1999hen the planetary
nebula has been dispersed, the hot primary will gradualdl down and evolve
into a white dwarf, allowing the system to be observed as at-gieviod white
dwarf/main-sequence detached binary with an orbital pleoioa few days. The

system will evolve into a CV configuration when angular motoanloss takes
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place by means of magnetic braking and/or gravitationaatemh, which decreases
the binary separation enough to bring the secondary stacaonttact with its Roche
lobe. The typical time to evolve into a CV configuratiom~s2 Gyr (Schreiber &
Gansicke 2003).

1.6.2 Disrupted magnetic braking

Disrupted magnetic braking was proposed as a standard mod®levolution with
the primary aim to explain the lack of systems in the 2—3 hquerange, th@eriod
gapin Figure 1.2 (e.g. Rappaport et al. 1983; Spruit & Ritter 3;98aczyhski &
Sienkiewicz 1983; Patterson 1984, and see Howell et al. 8004 recent review).
The essential idea is that CVs evolve towards shorter peti@dause of angular
momentum loss by magnetic braking (e.g. Verbunt & Zwaan )28t gravita-
tional radiation (Kraft et al. 1962) with the nature of thexdoant agent depending
on the orbital period of the system. Magnetic braking is gogd by the stellar
wind and the stellar magnetic field of the rapidly rotatingsedary star (being
tidally synchronised with the orbital motion). The extiaatof angular momen-
tum by gravitational radiation becomes significant for $fpariod systems, and
magnetic braking dominates at longer orbital peridéig,> 3 h) where the Roche-
lobe-filling stars still have a radiative core.

At Py > 3 h, the relatively high mass loss rateofl0° — 10 8 M. yr1
drives the secondary star out of its thermal equilibriurauheng in a slight expan-
sion. AtPyp >~ 3 h, the secondary star becomes fully convective(@2 — 0.3M,),
causing magnetic braking either to cease totally or to dtimailly decrease (Rap-
paport et al. 1983; Spruit & Ritter 1983; Taam & Spruit 1988%. a consequence,
the angular momentum loss rate decreases, and thereferepabs transfer rate
decreases. The lower mass-transfer rate allows the segosi@a to shrink to-
wards its main-sequence radius and ultimately to lose comtith its Roche lobe.

The mass transfer then completely stops, resulting in tlsetoof the period gap
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at Porp >~ 3 h; the CVs become detached systems that are too inconsgitode
found. Gravitational radiation causes these systems tbneento evolve towards
shorter periods. When the Roche lobe shrinks enough to ngeia aontact with

the secondary star &, ~ 2 h, the mass transfer resumes. The mass transfer at
Porb < 2 h is driven only by the less efficient mechanism of gravotadil radiation,

with low mass-transfer rates of 18 — 1071°M, yr—1. Such low mass-transfer
rates drive the evolution of the short period systems on nhuradper timescale than

in the case of magnetic braking. The timescales for angu@anemtum loss due

to magnetic brakingtyg, and gravitational radiatiorngg, are given by (Kolb &
Stehle 1996)

J M1 _4510/3
Tve=—| = —=22x10°— —* __R*P d) yr
(J)MB (M1+|\/|2)1/3 2 'orb ( )

and

TeR= — G) _=38x 1011%%@@ yr.

Typical evolution timescales for CVs that evolve fréig, ~ 10 h toPy, ~
3h are~ 10°yr, and~ 10%yr to evolve through the period gap. Kolb & Stehle
(1996) determined the age structure of a model populatigeadéctic CVs by ap-
plying standard models for the formation and the evolutib@ds and found that
the systems above the period gap comprise young systemgyhedlly formed
less than B x 10° yr ago, whereas the systems below the period gap have altypica
age of 3-4 x 1Pyr.

At Porp < 2 h, the orbital separation and mass of the donor star dexreas
the mass loss timescale increases, but the thermal tinegscaéases much faster.
When the mass loss timescale becomes shorter than the thirmeacale, the
secondary star will not be able to shrink rapidly enough amill therefore be-
come oversized for its mass. When the mass of the secondautyestomes so low

(< 0.08My,) that hydrogen fusion terminates, the secondary star esabwards a

degenerate state and starts behaving like a white dwarnfadisis increases when
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Figure 1.4: The evolution of the mass-transfer rate (sotid)land the orbital
period (dashed line) of a CV, according to the disrupted retigmraking model.
At Pyrp 2 3h, magnetic braking efficiently drives mass transfer wité tates of
~1072—-10"8M, yr1. At Py < 2 h, much lower mass-transfer ratesof 011 —
10-10M yr—1 are caused by gravitational radiation. In the 2—3 h periadeamass
transfer is completely shut-off. Taken from Howell et ab9T).

its mass decreases. As a consequence, CVs reach their mingatiod where
the mass transfer timescale is about equal to the thermastate (e.g. Paczynski
1971; King 1988) within~ 10°yr and evolve back to longer periods. The posi-
tion of the minimum period depends on the thermal timeschileeosecondary star
and the mass transfer timescale, which depends partigolathe angular momen-
tum loss rate. According to the standard scenario wherdtgtienal radiation is
the prevailing angular momentum loss mechanism for thetgfesrod systems, the
calculated minimum period is placed-at5 min (Kolb & Ritter 1992; Howell et al.
1997; Kolb & Baraffe 1999); see e.g. Figure 1.5, middle pafiéle mass transfer
drops dramatically fromv 10" 1My yr—1 to ~ 10-12M. yr~1 while CVs evolve

back from the minimum period By ~ 2 h within an evolution time of 100yr
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(e.g. Howell et al. 1997). The binaries then become too fairidie detected. Ul-
timately, the mass of the secondary star is reduced to thatJopiter-like object
orbiting a white dwarf. A candidate for the systems that hewaved through the
period minimum, or period bouncers, is WZ Sge with an orlp&iod of 81.6 min
and an estimated mass of the donor star@06M., (Smak 1993; Patterson et al.
2002).

1.7 The contradictions between the standard model

and observations

The disrupted magnetic braking model successfully expltie period gap found
in the observed CV period distribution (Figure 1.2). A numbkother predictions
made by this model, however, are in strong disagreement twéhobservations.

These severe contradictions are:

e Population synthesis studies estimate a large space yl@figjalactic CVs
in the range~ 2 x 1072 — 2 x 10~*pc3 (Ritter & Burkert 1986; de Kool
1992; Politano 1996). These predictions contrast with ttoperties of the
observed CV population, with an estimated space density®k 106 pc3
(Ringwald 1996; Araujo-Betancor et al. 2005b). This intksathat we are

missing a large fraction of the predicted CV population.

e The theory predicts a minimum period for hydrogen-rich Ci/&g, ~ 65 min
(e.g. Kolb & Ritter 1992; Howell et al. 1997; Kolb & Baraffe 29); see Fig-
ure 1.5, middle panel, while the observed period distrdushows a sharp
cut-off at ~ 75— 80 min (e.g. Ritter & Kolb 2003; Knigge 2006); see e.g.
Figure 1.2 and Figure 1.5 top panels.

e The standard model predicts that the evolution of the drpiaiod should

slow down at the shortest periods, leading to a significaotiacilation of
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systems near the minimum period (Figure 1.5, bottom pamdijch is not
observed (Kolb & Baraffe 1999).

e The population syntheses estimate tha®9% of the entire CV population
should haveP,, < 2h, and of these, 70% should have passed the period
bounce (e.g. Kolb 1993; Howell et al. 1997). However, thelsilmumber of

CVs are observed above and below the period gap (Figuredh panel).

e There is no observational evidence to support a discontisiabange in spin
down rate between late-type field stars that are fully catveand those that

have a radiative core (e.g. Sills et al. 2000; Andronov e2@0D3).

e As mass-transfer rates primarily depend on the timescaegflar momen-
tum loss, this should lead to a strong correlation betweeseed mass-
transfer rates and orbital periods. In contrast, the isfemass-transfer rates
show a significant dispersion at any given orbital periodywey by about
an order of magnitude from 10719 — 10-°M, yr—1 in dwarf novae to~
1072 —10-8 M, yr~1 in novalike variables (Patterson 1984; Warner 1987).
In addition, the lack of dwarf novae at the upper edge of theodegap in-
dicates that the mass-transfer rate does not always deongisthe orbital
period (Shafter 1992).

e The disrupted magnetic braking model predicts a narrowdogeyap for
low mass-transfer systems than for high mass-transfeemgst In fact, the
observed period gap of dwarf novae is twice as wide as thaVsfi€general

(Figure 1.2, third panel from bottom), as first pointed by f&151992).

Despite having serious discrepancies with the obsenatitie widely ac-
cepted standard scenario of CV evolution has remainedf&ignily unchanged
since it was established two decades ago. A number of alieesamodifications to

the standard model have been proposed to explain thesadmtions (e.g. Livio
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Figure 1.5: Top panel: the observed period distribution of known CVs with
Porb < 2 h from Ritter & Kolb (1998). Middle panel:the calculated evolutionary
track of CVs that evolve under the influence of angular mormenbss via grav-
itational radiation. The systems reach a minimum period & min and evolve
back towards longer periodBottom panel:the predicted period distribution of
CVs following the evolutionary track in thmiddle paneshows a spike at the min-
imum period which is absent in the observed distributionkefafrom Barker &
Kolb (2003).

& Pringle 1994; King & Kolb 1995; Kolb et al. 1998; Pattersof9B; Clemens
et al. 1998; McCormick & Frank 1998; Schenker et al. 1998 x&IBaraffe 1999;

21



Spruit & Taam 2001; Taam & Spruit 2001; Kolb et al. 2001; Kingk 2002; King
& Schenker 2002; Schenker & King 2002; Andronov et al. 2008;ker & Kolb
2003; Taam et al. 2003; Ivanova & Taam 2004; Willems et al.5200atthews
et al. 2006). However, none of them has been completely ssftden matching all
features found in the observed CV period distribution. yéanumber of these al-
ternatives/modifications reflect the rather unsettledneadéiCV evolution. Instead
of revising the theoretical framework, the work presentedhis thesis is mainly
based on observational studies with the aim of establisaihngmogeneously se-

lected sample of CVs in order to improve our understandingeif evolution.

1.8 A large scale search for missing CVs and Pre-

CVs

The standard model for the population of CVs predicts a vastler of short-
period systemsP,p < 2h (e.g. Kolb 1993; Howell et al. 1997), and a high space
density of~ 107° — 10 %pc 2 (Ritter & Burkert 1986; de Kool 1992; Politano
1996). Based on the current number, it seems that we knoweordiatively small
fraction (~ 1 — 10%) of the predicted population with an apparent lack ofrsho
period systems. Possible reasons for these discrepaneiemeertainties in the
theory of CV evolution (e.g. King 1988; Schenker & King 20@dronov et al.
2003; Barker & Kolb 2003; Taam et al. 2003), but also obsérual selection ef-
fects in the known CV population (e.g. Downes 1986; Ringwidd6; Gansicke
2005). In order to quantitatively test any theory of CV evmln, it is necessary to
establish a large and unbiased sample of CVs as well as oftegjenitors. | have
been involved in a large search for new CVs in the Hamburg @uagrvey (HQS),

which pursues this aim.
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1.8.1 The observational selection effects in the known poja+

tion of CVs

One fascinating feature of CVs is that they are charactiiseaccretion activity
onto a non-magnetic/magnetic white dwarf, which resulta iwide range of ob-
served phenomena, depending on the mass transfer ratecanakttine of the white
dwarf. These in turn provide various means to identify th&he known population

of CVs in Figure 1.2 was discovered by one of the following noels:

Variability.  One of the main features of CVs is variability. The brightheari-
ations are clearly seen in classical novae and dwarf novaa Wiey undergo out-
bursts and brighten up by several magnitudes. As a resule than half of all
known CVs have been discovered by variability surveyseeitirough professional

sky patrols, or through the legions of amateur astronomers.

X-ray emission. CVs release a large amount of potential energy over a small
volume close to the white dwarf, and therefore they are ofteay emitters. This
is especially true for magnetic CVs which emit most energw ishock near the
magnetic pole caps of the white dwarf. Consequently, matarpand intermediate
polars are detected first as X-ray sources and subsequeetitified as CVs (e.g.

Beuermann et al. 1999; Gansicke et al. 2005a).

Blue colour. In general, CVs contain a hot component in the form of theetm
disc/column and/or white dwarf. This makes them appearsglae/ultraviolet
excess objects in colour surveys, such as the Palomar-Greeay (Green et al.
1982; Ringwald 1996) or the Edinburgh-Cape Blue Object &uristobie et al.
1997; Chen et al. 2001).

Emission lines. CVs may be discovered by their spectroscopic charactgristi

i.e. the presence of relatively strong Balmer and heliumssion lines (see Sec-
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tion 1.8.2 for details). So far, this criterion has been usely to a very limited
extent; most of the 2-3 dozen spectroscopically selected €ne from the first
and second Byurakan surveys (see e.g. Stepanian et al.. 1999)

Gansicke (2005) divided the known CVs according to mettaddkeir dis-
covery, i.e. variability, X-ray emission, colour, and spescopic features, and
found that the first three have bias towards different CV s$yplee variable CVs are
dominated by dwarf/classical novae 85%); more than 50% of the X-ray CVs are
magnetic systems; and nearly 50% of the colour-selected &8& siovalike vari-
ables. Spectroscopic selection seems to be a viable metHodlimg CVs in an

unbiased way.

1.8.2 Spectral characteristics of CVs

The spectrum of a CV is the superposition of the emission frimenwhite dwarf,
the secondary star, and the accretion disc/stream, wittetagve strength of these

three components varying dramatically between differgoes of CVs.

The white dwarf spectrum. Most white dwarfs in CVs have temperatures higher
than~ 12000K (Sion 1999; Gansicke 2000). They, therefore, ematrhaximum
radiation at short wavelengths, particularly in the ulioéet band. The white dwarf
spectra are characterised by a continuum with flux risingpdyein the blue, to-
gether with broad hydrogen absorption lines (Figure 1.&)e Width of the lines

results from pressure broadening due to high gravity in thikexdwarf atmosphere.

The secondary star spectrum. As the donor stars in CVs are low-mass main-
sequence objects with temperatures. 000 K, their maximum radiation is mainly
emitted at red and infrared wavelengths. At such low tentpeza, molecules are
formed and therefore the spectrum of the donor star is ddedray broad absorp-

tion bands (Figure 1.6), with the most noticeable beingniitan oxide (TiO).
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Figure 1.6: Schematic spectra of the components of a CV dsmgithat of a hot
white dwarf, a cooler donor star, and a hot disc. The lab@8% Rand| show the
regions of the spectrum in the different Johnson broadbé#tedsti The dashed line
is an approximation of the disc spectrum which is a sum of thekibody radiations
of different temperatures between outer and inner edgdseodlisc; the emission
lines from a disc model are added up only in the optical regiaken from Hellier
(2001).

The accretion disc spectrum. The main contribution to the luminosity in most
CVs is the accretion disc. The temperature of the disc vanehe range~
3000— 100000K from outer edge to inner region, heating up by theassd of
gravitational potential energy. A rough approximationtod tlisc spectrum can be
obtained by a sum of blackbody spectra of the appropriatpeeature for each an-
nulus which produces an overall flatter spectrum than th#tefvhite dwarf (see
Figure 1.6). Another approximation of the disc spectrumlmanbtained, assuming
that the disc radiates locally like a star of the same effed@mperature and surface
gravity, and then the disc spectrum can be synthesised bygdg a series of stel-
lar spectra with the relevant range of parameters. In p@csipectra of most CVs
are characterised by disc emission in which the continuwaohes a maximum in
the ultraviolet and falls monotonically towards longer wingths, with the super-

imposition of prominent emission/absorption lines frommnisation states such
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as hydrogen (Paschen, Balmer, and Lyman series), heliun),(Egcium (Ca),
iron (Fen), and oxygen (©). Higher ionisation lines of He as well as the Bowen
fluorescence feature at 464@660A, caused by ionised carbon (G and nitrogen
(N ), can be detected in the systems which have high mass-accrates such as

novalike variables and magnetic CVs.

1.8.3 The selection effects in the HQS sample

About 75% of all known CVs have been discovered either bexatitheir variabil-
ity or because of their X-ray emission, with a strong domaeof dwarf novae and
classical novae in the first group and magnetic CVs in thersgooup (Gansicke
2005). It is therefore clear that CVs characterised by qiemnt outbursts and/or
low-amplitude variability, as well as lacking strong X-ragnission, will be under-
represented in the currently known CV population. Hypatadiy, such objects
could make up for the large number of predicted short-petivd with low mass-
transfer rates. As a result, it is likely that the currentholwn sample of CVs may
not represent the intrinsic population of CVs.

The primary purpose of our project to identify new CVs in th@8$lis to
establish a large homogeneously selected sample of sytetm®svercomes previ-
ously observational biases and that can subsequently deaisest our understand-
ing of CV evolution. The efficiency of using the HQS to identifew CVs is fully
investigated in Gansicke et al. (2002b). | shall summadredew the main results of
this test.

During the period of 1980 to 1997, the HQS, an objectiverpissirvey, was
carried out with the 0.8 m Schmidt telescope at Calar Altoegdietory to search for
bright quasars in the northern sky at high galactic latigyde> 0° and |b| > 20°,
covering~ 13600deg, with a dynamic range of 13 B < 18.5 (Hagen et al. 1995).
The photographic plates cover a spectral range 8400— 54004 with a resolution
of ~ 45A at Hp.
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The HQS CV candidate selection made use of a property thatdvas been
systematically exploited before: tlspectroscopihallmark of CVs, i.e. the pres-
ence of noticeable emission lines in most CVs. The CV caneisielection was car-
ried out by visually inspecting 48708 HQS prism spectraliergiresence of Balmer
emission lines. In order to test the efficiency of this methibd authors applied the
same procedure to the subset of 84 previously known CVs (Bsewnal. 2001, as
of July 2001) that are contained in the HQS spectral data bdsey positively re-
covered~ 90% of the known short-periodP§, < 3 h) CVs (Figure 1.7), including
prominent dwarf novae such as SW UMa or T Leo (the latter oiseahrather long
outburst cycle of- 420d), as well as magnetic CVs, such as AN UMa or ST LM.i.
The fraction of recovered systems dropsi®5% for long-period systems, with
the largest fraction of missed identifications being ndwaliariables with weak or
no Balmer emission lines. In total, 62% of the previouslywndCVs with an HQS
prism spectrum were positively identified by the spectrpgcgelection method.
The authors concluded from this test that the HQS should beeféicient in find-
ing CVs below the period gap, as long as they have similartepssopic properties
to the previously known systems, i.e. Balmer emission limis equivalent widths
> 10A in HB. The decrease in detection efficiency for long-period systéas
been compensated to some extent by follow-up programstigegiag hot stars in
the HQS, delivering a number of new CVs with weak emissioaditHeber et al.
1991).

In total, 53 new CVs and pre-CVs were identified within thisjpct, and 12
CV candidates still await additional spectroscopic cordition (Figure 1.8). Sub-
stantial observational effort was invested in determirting properties of these
systems. To date, 44 HQS CVs/pre-CVs have had their orbéabg measured,

including nine new CVs and a pre-CV presented in this thesis.
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Figure 1.7: Orbital period distribution of the previouskydwn CVs from Downes

et al. (2001) contained in the HQS spectral data base (whiédey and those cor-
rectly recognised (grey shade) by our spectroscopic setectiterion, i.e. the

detection of Balmer emission lines. Data are provided by &8h<icke.

1.9 Future chapters

In the next chapter, | provide a description of the obseovetiand the data re-
duction used throughout this thesis. The technique of serées analysis for the
orbital period measurement is described in Chapter 3. Iip@&hs4-6, | present the
results of my contribution to the large scale search for n&s/@re-CVs from the
HQS. Specifically, Chapter 4 presents four new long-perivd,GHS 0139+0559,
HS 0229+8016, HS 0506+7725, and HS 0642+5049, that all hehieabperiods
in the range of 3-4h, but greatly differ in their observedpamies. The dis-
covery of five new dwarf novae, HS0417+7445, HS 1016+3412]1 3#0+1524,
HS 1857+7127, HS 2214+2845 with orbital periods spannioignf 1.5 h to nearly
5h are described in Chapter 5. In Chapter 6, the nature of bitee youngest pre-
CVs containing a very hot white dwarf, HS 1857+5144, with abital period of

~ 6.5 hisinvestigated. Finally, | discuss the overall statusefsurvey in Chapter 7
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+ known CVs
o HQ@S discovered CVs

o good HQS CV candidates

Figure 1.8: Galactic distribution of CVs/pre-CVs from th@B8 covering the north-
ern hemisphered(> 0°, indicated by the solid line angh| > 20°). The new HQS
CVsl/pre-CVs are displayed as filled dots. The promising CWadates are shown
in open circles. Flake triangles are previously known C\srirDownes et al.
(2001) that are contained in the HQS spectral data baseidecblay B. Gansicke.

and summarise the thesis in Chapter 8.
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Chapter 2

Observations and data reduction

The major goal of our search for new CVs in the HQS is to corsthe orbital pe-
riod distribution of this sample that should overcome thempleteness of the or-
bital period distribution of the previously known CV poptiten. In order to achieve
this goal, time-series photometric and spectroscopicrebens are mandatory. In
practice, the orbital periods of CVs can be obtained by naagthe periodicity
of variability associated with changing geometry of thetegsas the binary rotates
around its centre of mass or as the white dwarf spins, e.gtoptedric variability
found in high-inclination systems or spectroscopic vaiabased on the Doppler

shifts found in observed spectral lines.

During the course of this large scale project, time-resbjeotometric and
spectroscopic observations have been carried out usimgugaground-based tele-
scopes. The data in this thesis is part of a substantialteffat dedication by the
team in Warwick that | have been a member of. Since Decemlf3, 2@wever, all
time-resolved spectroscopic and photometric observatidrtained at Calar Alto
observatory were collected by myself, except one occasidrebruary 2005 in
which spectroscopic observations were carried out in semiode. In addition, |
carried out all photometric observations obtained afterddgber 2003 at the Obser-

vatorio del Roque de los Muchachos, the Observatorio ddET@nd one observing
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run in May/June 2006 at Kryoneri Observatory. These photomeéata were re-
duced by myself using Gansicke et al. (2004a)’s pipelimec8oscopic data reduc-
tion was performed by P. Rodriguez-Gil, S. Araujo-Betanand J. Southworth.

In the following section, | outline the general principle GCD (charge-
coupled device) observations and data reduction, focusmthe techniques ap-
plied to the observations presented here. In Section 21yige the details on the
observations and the data reduction for the new HQS CV&ptr@resented in this
thesis, which are HS 0139+0559, HS 0229+8016, HS 0417+ H8B506+7725,
HS 0642+5049, HS1016+3412, HS 1340+1524, HS 1857+5144,88%+17127,
and HS 2214+2845.

2.1 An overview of CCD observations and data re-

duction

2.1.1 CCD photometry

Photometry is a technique of measuring the flux from a numbestars in the
field of view. Absolute photometry requires very good atnespc conditions and
detailed calibrations. Differential photometry measutesvariation in brightness
of a given star relative to one or more comparison stars, tacahi also be carried
out under non-photometric conditions. To search for phetoimvariability of our
objects, all photometric observations presented in thesithwere carried out on
the basis of differential photometry. In our observatidd&D cameras with typical
arrays of less than one million to a few million pixels, wesed to record images of
the sky of a few arcseconds to a few tens of arcminutes. A C@3e&mniconductor
device in which incoming photons create free electronshegphotoelectric effect.
At the end of an exposure these charges are read out by beictgoglically shifted

from pixel to pixel towards the end of the device. The outgghal will then
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be electronically converted from analogue voltage to digibunts and fed into
a computer, producing a two-dimensional image.

Figure 2.1a shows a simple diagram of the optical elemeriteedCalar Alto
Faint Object Spectrograph (CAFOS) on the Calar Alto 2.2 mstabpe, comprising
a slit, a grism, a filter, and a CCD camera which is used as &tet® record the
light from the stars. For a photometric observation, theasid grism are moved
out of the beam and images are taken as shown in Figure 2.Eodpecific filter.
Six filters are mounted in a filter-wheel, which we typicalljefil with the Johnson
UBV RIbroadband filters plus a clear slot for white light photometr

In practice, for each night of the observation before takirigng series of
target frames, we normally need to take bias, flat-field, sarét f necessary) im-

ages which will be used in the data reduction process (sa®8&cl.3 for details).

2.1.2 CCD Spectroscopy

An efficient method to determine the orbital periods of CVs$oisneasure radial
velocity variations from a series of spectra. These Dopgiefts of the spectral
lines result from the orbital motion of the absorbing or ¢img material within

the systems. In practice, such spectra can be obtained khgthrique of spec-
troscopy which measures the wavelength dependence of therfiitted by stars
using a spectrograph. In principle, the spectrograph allawimage of a slit to
be dispersed and then re-imaged onto the CCD detector. &alypstronomical
spectrograph comprises an entrance slit placed in the pvaaé of the telescope,
an internal light source for flat fielding and an arc lamp fovatlangth calibration
sources, a collimator, a dispersing element, and an imadgraige, or camera op-
tic to bring the spectrum to a focus onto the CCD detector. ddikmator and

spectrum imager may either be in the forms of lenses or nsirrdhe dispersing
element is normally either a glass prism, a diffraction igggtor a grism. In our

time-resolved spectroscopic observations, grisms anthgsewere used as a dis-
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Figure 2.1: Schematic views of the different optical eletaexi CAFOS is illus-
trated in (a). The instrument configurations used for CCDiqimetric and spectro-
scopic observations are shown in (b) and (c), respectively.

persing element to provide intermediate/high spectralluti®ns.

Figure 2.1c presents a simple schematic view of spectrasotygervations
using CAFOS. In this case, the filter is moved out of the beaan]jight is narrowed
by a slit and is dispersed by a grism, and the final spectruheisimaged onto the
CCD detector.

Like the photometry, spectroscopic observation needsanid$lat-field frames
to correct the two-dimensional images in the reduction @ssc Furthermore, ex-
posures of arc lamps containing numerous spectral linds aaturately known

wavelengths are required for wavelength calibration pilace.

2.1.3 CCD data reduction

The aim of CCD data reduction is to remove undesirable effedterent into the
CCD structure in the raw images and to translate the two-dsno@al data recorded
by the CCD into either one-dimensional data (i.e. a spedtarmero-dimensional
data (i.e. a magnitude). In general, the process of the C@lctm®n is carried out

in the following steps which can be applied to both photometnd spectroscopic
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observations: (a) bias-subtraction, (b) dark currentrsighion (if necessary), and
(c) flat-field correction. However, as all spectroscopi@adaére reduced by mem-
bers of the team, it is then beyond the scope of this thesiglidge into the details
of spectral extraction. In this thesis, | shall focus on thedtiption of photometric

data reduction only.

Bias-subtraction. The bias level is an electronic offset added to the signahfro
the CCD to avoid negative numbers in the readout process.etergl, the bias
level can be removed simply by subtracting from each pixedssthe CCD either
a mean value determined from the overscan region (a numbaslamns which
are not exposed to light) or subtracting a two-dimensiongambias frame. All
data that | reduced in this thesis were bias-corrected biyattibn of a mean bias
frame. Bias frames can be obtained readily by taking exgsswith zero exposure
time and with the shutter closed. In practice, we take tes-bi@mes or more to
combine them into an average bias frame (e.g. Figure 2.283.rMiean bias image

will be subtracted from each raw image as the first step in &te eduction.

Dark current-subtraction. Dark current-subtraction is the removal of electron
counts which accumulate in each pixel due to thermal noisledrCCD chip. The
number of dark counts is proportional to the exposure time.cdrrect for the
dark current, we need a calibration image from a set of daés which can be
obtained by taking exposures with the shutter closed. Inemo@€CDs, the dark
current is so low that long dark exposures need to be obtaarati the resulting
dark current rate is then scaled to the exposure time of tlese images. In
practice, apart from the detector at the Kryoneri 1.2 m teps, all CCDs used for
observations in this project were cooled down to very lowgeratures in which
the thermal noise was negligible. Our reduction then dog¢seed to take into
account the dark current correction. For the Kryoneri datgre the dark current

is significant ¢ 0.67 cts/sec), after the process of bias-subtraction, weaattbtl
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the dark current with an average dark frame (e.g. Figure2Rthree individual

dark frames with an exposure time of 10 min.

Flat-fielding. CCDs do not have a uniform response to a constant flux of light
across their surface. This may be caused either by the &iamcprocess or by
optical attenuation effects such as dust on the CCD entraimmdow. This spatial
sensitivity variation must be removed by flat-fielding. Teate flat-field images,
we need to illuminate the CCD with a uniform source of lighingsthe same filter
(photometry) or grism/grating (spectroscopy) as in thersme frames. In practice,
for CCD imaging, the flat-field frames are obtained either fipg a tungsten lamp
that illuminates a flat-field screen mounted inside the dodoeng flat), or using
the twilight sky as a uniform light source (sky flat). For sfpescopic observations,
flat-field spectra are usually obtained via illuminatiomfra tungsten lamp located
inside the spectrograph before the entrance slit. Typicte to ten flats should
be taken for each filter or grism/grating to be used for tha daduction procedure.
An average flat-field frame (e.g. Figure 2.2c) is derived ftbese exposures. The
average flat-field frame is then scaled to a mean value of wittysmall deviations
from the mean value which reflect the response variationadt pixel on the array.

The object frames are simply divided by this mean flat-fiedairfe.

Figures 2.2a—c show a sample of the average CCD frames (laids, and
flat-field) used for photometric data reduction. The precpssed and corrected

images are shown in Figure 2.2d and Figure 2.2e, respectivel
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Figure 2.2: A sample of different types of 56816 pixel CCD frames obtained
at the Kryoneri 1.2 m telescope. (a) A mean bias frame avdr&gen ten indi-
vidual bias images. (b) An average dark frame derived frometndividual dark
frames with an exposure time of 10 min. (c) A mean flat-fielsrfesobtained from
ten individual flat-field images. Note that donut-shapedratations result from
dust/condensation on the CCD window. (d) A raw image comepramn object of
interest and comparison stars in the same field. (e) A cadeatage after bias-
and dark-subtraction and flat-fielding. Note that figuresafaj (e) are displayed in
the same dynamical range of 180 cts around the median coht le
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2.2 Observations and data reduction for new ten HQS

CVs/pre-CV

2.2.1 Spectroscopy

During 1981 to 1996, in the course of finding bright quasarthanorthern sky
by the HQS, low resolution spectra of the new ten CVs/pre-@sented in Chap-
ters 4—6 were obtained in the form of objective prism plateabkeCalar Alto 0.8 m
Schmidt telescope. Additional intermediate resoluticeniification spectroscopy
of these objects was carried out at the Calar Alto Obsery#@twoughout the period
January 1989 to May 2001. In order to measure the orbitabgsrof the newly
identified CVs/pre-CVs, follow-up time-resolved spectagy of HS 0139+0559
(56 spectra), HS0229+8016 (74 spectra), HS 0506+7725 (&étrsp), HS 0642-
+5049 (87 spectra), HS 1016+3412 (70 spectra), HS 1340+(IARdpectra), HS -
1857+5144 (35 spectra), HS 1857+7127 (41 spectra), and H&2845 (41 spec-
tra) was performed at the Calar Alto Observatory, the RoguesiMuchachos Ob-
servatory, and the McDonald Observatory throughout theoge8eptember 2000
to July 2006. The follow-up spectroscopy was obtained in$668posures, inter-
leaved with arc calibrations every 40 min to correct for instrument flexure. Flux
standards were observed at the beginning and the end ofdghe-niweather per-
mitting — to correct for the instrumental response. Theitdetd the instrument
setup and data reduction are described below. Table 2.&misethe details of the

observations, along with the observers.

Calar Alto observatory. The Centro Astrondmico Hispano Aleman (CAHA) at
Calar Alto is located in the Sierra de Los Filabres north ohAtia at 2168 m height
above sea level. It is operated jointly by the Max-Planckitasfur Astronomie
(MPIA) in Heidelberg, Germany, and the Instituto de Asisafa de Andalucia
(CSIC) in Granada, Spain. During January 1989 to May 200&ynmediate res-

37



olution identification spectra of CV/pre-CV candidates &vebtained mainly at the
2.2m telescope except one occasion in January 1989 wherb#svation was
carried out at the 3.5m telescope as part of a program to finel &tiars (Heber
et al. 1991). Before the 1996 observing period, the telessogere equipped with
Boller & Chiven spectrographs, which were used in conjurctivith 1263/mm
gratings. For the observations carried out after 1996, tAE@S spectrograph
in conjunction with either the B-400 or the B-200 grism and.®"%lit were used
to record the spectra onto a 2Kk pixel SITe CCD. These identification spectra

were reduced with thil DAS! quicklook context available at the Calar Alto.

Additional time-resolved spectroscopy was obtained both@2.2 m tele-
scope and at the 3.5 m telescope. At the 2.2 m telescope, WedgeOS equipped
with the G-100 grism and a 2k 2k pixel SITe CCD to obtain the spectra of
HS 0139+0559, HS 0229+8016, HS 0506+7725, HS 0642+5049,086+B412,
HS 1340+1524, and HS 1857+7127. This setup, in conjunctitmanl.2”slit, pro-
vided a spectral resolution of 4.1 A (full width at half maximum, FWHM), cov-
ering the wavelength range 4240-8F@he B-100 and R-100 grisms along with a
1.5’slit were also used on one occasion (September 2000) toveldd&r2214+2845,
which provided a resolution of 4A (FWHM) over the range 3500—-63@0and
6000—9200 for the B-100 and R-100 grisms, respectively. At the 3.5 ledeope,
the double-armed TWIN spectrograph equipped with the T@&irgy in the blue
and the TO6 grating in the red was used to obtain the specti&6fL39+0559 and
HS 0506+7725. This setup provided a spectral resolution @f2 A (FWHM) in
the rangeaA3810— 4940 and\A6440— 7510, respectively.

Observatorio del Roque de los Muchachos. The Observatorio del Roque de
los Muchachos, on the island of La Palma, Spain, is locat&d@® m above sea

level. The telescopes used in our observations were the ’58ae Newton Tele-

1ESO-MIDAS is developed and maintained by the European SoniBbservatory.
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scope (INT) and the 4.2m William Herschel Telescope (WHT)th#e INT, the

Intermediate Dispersion Spectrograph (IDS) together wighx 4k pixel EEV10a
detector was mounted to carry out time-resolved spectpysobHS 0642+5049,
HS1016+3412, HS 1340+1524, HS 1857+7127, and HS 2214+2B4& R632V
grating and a slit width of 1.5 provided a spectral resolution of 2.3A (FWHM)

and a useful wavelength range ©f4400— 6800A. At the WHT, four high reso-
lution spectra of HS 1857+5144 were obtained using the nmeliate Dispersion
Spectrograph and Imaging System (ISIS) spectrographtegetith the R1200B
and R600R gratings on the blue and the red arms, providingetrsth resolution
of ~ 1A (FWHMs) over the wavelength range 4200-5@9and 7500-9108,

respectively.

McDonald Observatory. The McDonald observatory is located on Mount Locke
in Austin, Texas, at 2076 m above sea level. In our obsenmstibe 2.7 m Harlan J.
Smith telescope, owned by the University of Texas at Austas equipped with the
Large Cassegrain Spectrograph (LCS). Time-series, irggiate resolution spectra
of HS 1857+5144 were performed through’aslit and grating #43 and imaged onto
the 800x 800 pixel TIL CCD camera. This setup provided access ta A& 70—
5050 wavelength range at 355(FWH M) spectral resolution.

Time-resolved spectroscopic data reduction. The data reduction of the follow-
up spectroscopy consisting of bias and flat-field correstio®ptimal extraction
of the spectra (Horne 1986) was carried out using standauglstit spectroscopy
packages withih RAF2 and using th&i gar o package withirst ar | i nk. The wave-
length calibration of the extracted spectra was performeithé progranPanel a

andMOLLY written by T. MarsR. The dispersion relation was obtained by fitting

2| RAF is distributed by the National Optical Astronomy Observis, which are operated by
the Association of Universities for Research in Astronomg,, under cooperative agreement with
the National Science Foundation.

Swww.warwick.ac.uk/go/trmarsh
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a low-order polynomial to the arc lines, with the RMS lessitioae tenth of the
reciprocal dispersion per pixel in all cases. The flexurehef telescope was ac-
counted for by interpolating between the two arc exposurasketing the target
spectra. All time-resolved spectroscopic data presemt#uis thesis were reduced
by P. Rodriguez-Gil except the August/September 2002 IB&the April 2003
CAFOS spectra which were processed by S. Araujo-Betanadrtte July 2006
WHT spectra which were reduced by J. Southworth.

2.2.2 Photometry

The spectroscopy of the ten new CVs/pre-CV was supplemdnetifferential
CCD photometry throughout the period December 1999 to J0A6 fr a total of
92 nights using ten different telescopes (see Table 2.lhiodetails of the obser-
vations). The individual objects (see finding charts in Apglig A) were observed
for ~ 8h (HS0139+0559)~ 15h (HS 0229+8016)x~ 25h (HS 0417+7445)~
34h (HS0506+7725) 24h (HS 0642+5049) 14 h (HS 1016+3412)~ 68h
(HS 1340+1524)~ 65h (HS 1857+5144)~ 50 h (HS 1857+7127), and 48h
(HS 2214+2845). Brief descriptions of the instrumentatéond the data reduc-
tion techniques used are given below. Unless stated otbenthe data reduction
was carried out by myself using the pipeline described bydizke et al. (2004a),
which employav DAS for bias and dark-current (if necessary) subtraction arid fla
fielding, and performs aperture photometry over all visdidgcts in the field using
Sextract or (Bertin & Arnouts 1996). The USNO-A2.0 magnitudes of the eom
parison stars used to obtain differential photometry ofHIQES targets are listed in
Table 2.1; see the finding chart in Appendix A for their id&odtions.

Additional images of HS 0417+7445, HS 1016+3412, HS 134Q@41%and
HS 2214+2845 were taken by P. Schmeer intermittently duhageriod May 2004
to April 2005 using the 0.37 m robotic Rigel telescope of thavdrsity of lowa
which is equipped with a 1k 1k pixel SITe-003 CCD camera. For all four systems,
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filterless images with an exposure time of 25 s were obtained.

Braeside Observatory. The Braeside Observatory is a privately operated astro-
nomical research facility located five miles West of dowmdvagstaff, Arizona, at
2238 m above sea level. At the Braeside Observatory, we hee@l41 m reflector
telescope together with a SITe 52512 pixel CCD camera to obtain differen-
tial photometry of HS 0139+0559 and HS 2214+2845. The phetomreduction
(bias-subtraction, dark current-subtraction, and fldthing)) was performed by R.

Fried in a standard way using a custom-made software suite.

Astrophysikalisches Institut Potsdam. The AIP 0.7 m telescope is built in the
west dome of the main building at Sternwarte Babelsberg isd2on, Germany,
at an elevation of 66 m above sea level. During our obsemstithe telescope
was mounted with a 1k 1k pixel SITe CCD detector to recof@band images
of HS 1340+1524 and HS 1857+7127. The AIP data were reduc&l Bghwarz
using a pipeline written on top of the Point Spread Funct8R)-fitting program
DoPhot .

Tuorla Observatory. The Tuorla Observatory is located at Tuorla and owned by
University of Turku, Finland. During our observations, th& m Schmidt-Vaisala
telescope was equipped with an SBIG ST-8 CCD camera to otitaidifferential
filterless photometry of HS 0229+8016, HS 0506+7725, and 6285049.

Wendelstein Observatory. The Wendelstein Observatory is situated on the sum-
mit of Mount Wendelstein in the Bavarian Alps, at an altitudd.845 m above sea
level. It is operated by the Institute for Astronomy and Agtrysics of the Uni-
versity of Munich, Germany. At the Wendelstein Observatarg used the 0.8 m
telescope to observe HS0417+7445. The data were obtainauptha BesseB
filter and in white light using the MONICA CCD camera (Roth 299 The raw
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images were processed by B. Gansicke.

Observatorio del Teide. The Observatorio del Teide is located at a height of
2400 m on Mount Teide, Tenerife, Spain, and operated bytinstde Astrofisica
de Canarias (IAC). At the Observatorio del Teide, the 0.82@30 telescope, op-
erated by the IAC, and the 1 m Optical Ground Station (OG®stzlpe, operated
by the European Space Agency were used as main telescopms faservations.
The telescopes were equipped with Thomsork1lk pixel CCD cameras. The
filterless data of HS 0506+7725, HS 0642+5049, HS 1016+3K52.340+1524,
HS 1857+7127, and HS 2214+2845 were taken usir@ binning and windowing
to improve the time resolution. The 2003 images were preckeby P. Rodriguez-
Gil, who performed bias and flat-fielding corrections withRAF and extracted the
instrumental magnitudes using PSF-fitting packages. TB4/2005 images were

reduced by myself using Gansicke et al. (2004a)’s pipeline

Fred Lawrence Whipple Observatory. Located near Amado, Arizona, on Mount
Hopkins at an altitude of 2250 m above sea level, the Fred ¢éawa Whipple Ob-
servatory (FLWO) is operated by the Smithsonian Institutié\t the FLWO, we
carried out filterless differential photometry of HS 134624 and HS 1857+7127
using the 1.2 m telescope. Throughout our observationsglbpscope was equipped
with the 4-Shooter CCD camera, an array of fourx2Rk pixel detectors, and
only a small part of the CCD#3 was read out. The raw images ywereessed

by P. Rodriguez-Gil withith RAF in an analogous manner as described for the 2003

IAC80 and OGS data reduction.

Hamburg Observatory. The Hamburger Sternwarte is an astronomical observa-
tory located in Bergedorf near Hamburg and owned by the Usityeof Hamburg,
Germany. The 1.2m Oskar Liuihning Teleskop (OLT), the lartgdsscope at the
observatory, was equipped with a2l k pixel SITe to obtain Johnsd®band pho-
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tometry of HS 0417+7445. The OLT images were reduced by Bske.

Kryoneri Observatory. Located at Kryoneri Korinthias on the top of mountain
Kilini at 930 m above sea level, the Kryoneri Observatorywised by the National
Observatory of Athens (NOA), Greece. At the Kryoneri obaéowy, photometric
observations of HS 0229+8016, HS 0506+7725, HS 1016+34821340+1524,
HS 185745144, HS 1857+7127, and HS 2214+2845 were carriegithithe 1.2 m
telescope together with Photometrics SI-502 5B3.6 pixel CCD camera through-
out our observing runs. All raw data were processed by Bsla except the data

sets obtained during May/June 2006 which were reduced bylfnys

Calar Alto Observatory. Throughout the period of time-resolved photometric
observations of HS 0506+7725, HS 0642+5049, and HS 134@kdBtained at the
Calar Alto observatory, the CAFOS spectrograph with theeSIRx 2k pixel CCD
camera on the 2.2 m telescope was used in the imaging modeinmHges were
taken only over a small part of the CCD to improve the time lkggmn. The data ob-
tained in January/May 2003 were reduced by B. Gansicke aAdasijo-Betancor,
respectively. For the 2004 data, the raw images were predéssmyself.

Observatorio del Roque de los Muchachos. The 2.5m INT on La Palma was
equipped with the Wide Field Camera (WFC) to obtain Slgafilter photometry

of HS0417+7445. The detector comprises an array of four EEW% 2k pixel
CCDs. Binning and windowing are not possible at this telps¢aesulting in a
dead time of~ 42 s per observation. Each WFC image comprises the images of
four CCDs. The target of interest was centred on CCD 4. In #ta deduction
process, a small region of the centre of the CCD 4 was exttacteRAF and then

those raw images were processed using Gansicke et al.gpopdpeline.
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Table 2.1: Log of the observations.

Date uT Telescope Filter/ Exp. Frames Comp.Observet
Grism (s) star

HS 0139+0559

1981 Nov 01 CA08 Prism 3600 1 -

1981 Nov 02 CA08 Prism 3600 1 -

1989 Jan 22 19:21 CA35 180mm 900 1 - HJIH

1999 Dec 30 02:15-07:04 BS R 70 293 RF

2000 Jan 04 02:31-06:04 BS B 50 136 RF

2002 Oct 28 23:53-00:03 CA35 TO8/TO1 300 1 - BG

2002 Oct 29 22:36-03:21 CA35 TO5/T06 600 16 - BG

2003 Dec 24 18:25-00:10 CA22 G-100 600 27 - AA

2003 Dec 26 18:34-20:48 CA22 G-100 600 12 - AA

HS 0229+8016

1986 Nov 05 CA08 Prism 3600 1 -

1986 Nov 06 CAO08 Prism 3600 1 -

1992 Aug 08 03:16 CA22 900 1 - HJIH

1994 Nov 12 CAO08 Prism 3600 1 -

1998 Oct 05 01:37 CA22 B-200 1800 1 - HJIH

2002 Sep 20 01:30-03:28 KY R 5 840 C1 SK

2002 Sep 20 22:37-03:27 KY R 5 1680 C1 SK

2003 Jan 10 15:41-23:45 TO Clear 30 695 C1l HL

2003 Dec 14 19:18-00:55 CA22 G-100 600 24 - BG & AA

2003 Dec 16 20:21-03:08 CA22 G-100 600 27 - BG & AA

2003 Dec 23 18:49-21:01 CA22 G-100 600 12 - AA

2003 Dec 26 21:34-22:53 CA22 G-100 600 7 - AA
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Date uT Telescope Filter/ Exp. Frames Comp.Observet
Grism (s) star

2003 Dec 27 18:46-19:22 CA22 G-100 600 4 - AA

HS0417+7445

1992 Jun CAO08 Prism - 1 -

1995 Oct CAO08 Prism - 1 -

1996 Oct 05 02:52 CA22 B-400 600 1 -

2000 Dec 21 22:41-02:37 WD B 240 53 C2 HB

2001 Jan 14 00:40-04:40 WD B 240 54 C2 HB

2003 Feb 27 20:35-23:47 OLT R 300 37 C3 DE

2004 Nov 12 17:40-02:03 WD Clear 150 162 C3 HB

2005Jan 03 02:18-04:40 INT g 80 71 C3 AA

2005 Jan 04 23:07-02:27 INT g 30-35 162 C3 AA

HS 0506+7725

1987 Oct 29 CAO08 Prism 3600 1 -

1994 Jan 12 CA08 Prism 3600 1 -

1995 Oct 23 CAO08 Prism 3600 1 -

1998 Feb 02 19:43 CA22 B-400 180 1 - HJIH

2002 Oct 08 22:46-01:25 KY R 10 599 C4 CP

2002 Dec 03 03:22-05:09 CA35 TO5/T06 600 10 C4 BG

2002 Dec 09 00:19-00:30 CA22 G-100 600 2 C4 BG

2003 Jan 01 01:01-03:24 CA22 \Y 30 85 C4 SAB

2003 Jan 04 16:13-20:16  TO Clear 120 32 C4 HL

2003 Jan 06 15:47-20:46 TO Clear 60 213 C4 HL

2003 Jan 16 20:18-22:40 TO Clear 60 115 C4 HL

2003 Nov 15 03:21-06:37 OGS Clear 5 1110 C4 PRG

2003 Dec 13 23:25-03:53 CA22 G-100 600 23 C4 BG&AA
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Date uT Telescope Filter/ Exp. Frames Comp.Observet
Grism (s) star
2003 Dec 15 01:34-06:13 CA22 G-100 600 23 C4 BG&AA
2003 Dec 16 00:05-05:11 CA22 Clear 15-30 346 C4 BG&AA
2003 Dec 17 03:40-05:57 CA22 G-100 600 12 - BG&AA
2003 Dec 23 22:19-00:31 CA22 G-100 600 12 C4 AA
2003 Dec 25 19:15-02:29 CA22 Clear 15-30 296 C4 AA
2003 Dec 26 02:52-03:28 CA22 G-100 600 4 - AA
2003 Dec 27 04:03-06:16 CA22 Clear 20 149 C4 AA
2003 Dec 27 20:33-23:55 CA22 Clear 20 288 C4 AA
HS 0642+5049
1991 Nov 10 CAO08 Prism 3600 1 -
1993 Oct 24 CAO08 Prism 3600 1 -
1999 Mar 07 19:11 CA22 B-400 300 1 -
2003 Apr 25 21:21-22:14  INT R632V 600 6 - PRG
2003 Apr 26 21:17-21:49 INT R632V 600-900 4 - PRG
2003 Apr 27 20:03-21:53 CA22 G-100 600 9 - SAB
2003 Apr 28 21:15-22:08  INT R632V 600 6 - PRG
2003 May 10 20:20-21:21 CA22 G-100 600 6 - Service
2003 May 11 20:17-21:20 CA22 G-100 600 6 - Service
2003 Dec 25 00:56-05:35 CA22 G-100 600 24 - AA
2003 Dec 26 04:20-06:14 CA22 Clear 20-30 149 C5 AA
2003 Dec 27 02:50-03:01 CA22 G-100 600 2 - AA
2003 Dec 30 19:58-21:06 TO Clear 120 46 C5 HL
2004 Jan 01 18:37-23:27 TO Clear 60 250 C5 HL
2004 Oct 22 04:01-05:25 CA22 Clear 15 59 C5 AA
2004 Oct 24 02:12-05:26 CA22 G-100 600 17 - AA
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Date uT Telescope Filter/ Exp. Frames Comp.Observet
Grism (s) star
2004 Oct 25 01:42-05:51 CA22 Clear 10-15 463 C5 AA
2004 Oct 26 04:25-05:31 CA22 G-100 600 7 - AA
2004 Dec 02 04:01-05:00 1AC80 Clear 10 150 C5 AA
2004 Dec 07 05:10-06:11 1AC80 Clear 15 139 C5 AA
2004 Dec 08 01:00-04:41 1AC80 Clear 10 528 C5 AA
2004 Dec 09 00:13-05:14 1AC80 Clear 10 738 C5 AA
HS 1016+3412
1991 Mar 19 22:14 CAO08 Prism 3600 1 -
1996 Apr 04 20:24 CAO08 Prism 3600 1 -
2001 Apr 30 21:35 CA22 B-200 600 1 -
2003 Apr 07 21:54 CA22 G-100 600 1 - BG
2003 Apr 08 21:09-22:19 CA22 G-100 600 7 - BG
2003 Apr 10 22:28 CA22 G-100 600 1 - BG
2003 Apr 12 22:28-00:10 CA22 G-100 600 9 - BG
2003 Apr 24 22:07-23:01  INT R632V 600 6 - PRG
2003 Apr 25 23:31-00:24  INT R632V 600 6 - PRG
2003 Apr 27 22:27-23:28 CA22 G-100 600 6 - SAB
2003 Apr 28 22:31-23:24  INT R632V 600 6 - PRG
2003 May 18 22:08-22:51  INT R632V 600 6 - PRG
2004 May 23 19:52-21:59 KY Clear 45-90 104 Co6 SK
2004 May 24 20:09-21:47 KY Clear 60 55 Co6 SK
2004 May 26 19:51-22:20 KY Clear 45 157 C6 SK
2004 May 27 19:58-23:10 KY Clear 60-75 116 Co6 SK
2004 May 28 20:12-22:48 KY Clear 60 101 C6 SK
2004 May 29 22:52-23:57 1AC80 Clear 125 29 C6 AA

Continued on next page
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Date uT Telescope Filter/ Exp. Frames Comp.Observet
Grism (s) star
2004 May 30 22:55-23:58 |IACS80 Clear 120 28 Co6 AA
2004 May 31 21:18-22:48 IACS80 Clear 113 45 C6 AA
2005 Feb 12 23:34-05:24 CA22 G-100 600 24 - Service
HS 1340+1524
1994 May 05 CAO08 Prism 3600 1 -
1996 Apr 18 CAO08 Prism 3600 1 -
2001 May 01  02:14 CA22 B-200 600 1 - BG
2001 May 08 20:17-02:00  AIP R 120 200 C9 RS
2001 May 09 20:51-00:23  AIP R 120 83 C9 RS
2002 Jul 02 18:57-22:42 KY R 120 86 C7 SK
2002 Jul 04 20:02-22:17 KY R 120 58 C7 SK
2003 Apr 07 22:37-23:29 CA22 G-100 600 5 - BG
2003 Apr 08 22:42-23:41 CA22 G-100 600 6 - BG
2003 Apr 09 23:48-00:10 CA22 G-100 600 3 - BG
2003 Apr 10 22:46-00:29 CA22 G-100 600 7 - BG
2003 Apr 11 00:39-04:52 CA22 \% 30 179 C7 BG
2003 Apr 11 21:45-01:35 CA22 G-100 600 11 - BG
2003 Apr 13 00:31-03:28 CA22 G-100 600 12 - BG
2003 Apr 24 00:26-01:19  INT R632V 600 6 - PRG
2003 Apr 25 00:34-01:26  INT R632V 600 6 - PRG
2003 Apr 28 22:54-00:32 CA22 G-100 600 7 - SAB
2003 May 29 19:44-22:03 KY R 90 69 Cc7 DM
2003 May 30 19:17-01:12 KY R 90 212 C7 DM
2003 Jun 24 19:28-22:08 KY R 90 101 C7 oG
2003 Jun 28 19:21-22:10 KY R 120 76 C7 oG

Continued on next page
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Date uT Telescope Filter/ Exp. Frames Comp.Observet
Grism (s) star
2004 Mar 17 07:18-11:38 FLWO Clear 40 297 C8 PRG
2004 Mar 18 07:23-12:00 FLWO Clear 40 273 C8 PRG
2004 May 19 23:14-03:01 1AC80 Clear 60 193 C9 AA
2004 May 20 22:43-00:58 IACS80 Clear 90 78 C9 AA
2004 May 22 21:39-00:34 KY Clear 30 262 C7 SK
2004 Jun 10 20:01-21:54 KY Clear 30 176 C7 SK
2005 Feb 18 01:13-05:10 CA22 G-100 600 15 - Service
2005 May 11 23:10-03:04 IACS80 Clear 45-60 203 C9 AA
2005 May 12 22:41-04:20 1ACS80 Clear 60 213 C9 AA
2005 May 13 22:07-04:09 IAC80 Clear 60 270 C9 AA
HS 1857+5144
1987 Jul 30 23:03 CA08 Prism 3600 1 -
1992 Aug10  21:51 CA22 1500 1 -
2003 Jul 10 21:03-01:01 OGS Clear 17 610 C10 PRG
2003 Jul 13 21:16-01:00 OGS Clear 12 751 C10 PRG
2003 Jul 21 19:15-02:25 KY Clear 30 671 C10 CP
2003 Jul 23 18:56-02:32 KY Clear 20-45 311 C10 CP
2004 May 21 01:43-05:25 IACS80 Clear 40 231 Cl1 AA
2004 May 23 00:52-02:07 KY Clear 20-30 199 C10 SK
2004 May 25 21:34-02:26 KY Clear 20 587 C10 SK
2004 May 26 23:14-02:29 KY Clear 20 335 C10 SK
2004 May 27 02:51-05:12 IACS80 Clear 40 286 Cl1 AA
2004 Jun 09 21:40-02:20 KY Clear 20 608 C10 SK
2004 Jul 16 04:13-11:01 McD #43 600 31 - CAP
2004 Jul 19 04:25-08:58 McD #43 600 4 - CAP
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Date uT Telescope Filter/ Exp. Frames Comp.Observet
Grism (s) star
2006 May 28 21:21-02:14 KY R 70-80 212 C10 AA&OG
2006 May 29 19:53-02:21 KY R 80 267 C10 AA
2006 May 30 20:58-02:21  KY R 80 186 C10 AA
2006 Jun 04 20:15-02:14 KY B 90-110 196 C10 AA
2006 Jul 02 21:17 WHT R1200B/R600R 600 1 - BG
2006 Jul 03 21:21 WHT R1200B/R600R 600 1 - BG
2006 Jul 04 21:17 WHT R1200B/R600R 600 1 - BG
2006 Jul 05 21:16 WHT R1200B/R600R 600 1 - BG
HS 1857+7127
1990 Jul31  02:32 CA22 128%mm 3600 1 -
2002 Apr 03 23:30-03:29  AIP R 120 118 Ci14 RS
2002 Apr 22 19:52-02:38  AIP R 120 185 C14 RS
2002 Sep 16 18:16-23:44 KY R 5 1700 C13 SK
2002 Sep 17 18:31-21:50 KY R 5-10 683 C13 SK
2002 Oct 24 18:05-04:27  AIP R 60 447 Ci14 RS
2003 Apr 08 02:44-03:44 CA22 G-100 600 6 - BG
2003 Apr 09 02:10-04:47 CA22 G-100 600 10 - BG
2003 Apr 13 02:25-04:50 CA22 G-100 600 9 - BG
2003 Apr 22 19:45-03:04 AIP R 60 386 C14 RS
2003 Apr 25 04:01-05:03 INT R632V 600 7 - PRG
2003 Apr 27 05:32-05:43  INT R632V 600 2 - PRG
2003 Apr 29 04:18-04:30 CA22 G-100 600 2 - SAB
2003 Apr 29 04:46-05:28  INT R632V 600 5 - PRG
2003 Jul 08 03:18-05:19 OGS Clear 20 279 C12 PRG
2003 Aug 17  03:28  HST/STIS G140L 800 1 - BG

Continued on next page
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Date uT Telescope Filter/ Exp. Frames Comp.Observet
Grism (s) star
2003 Aug 17 22:42-23:08 KY \% 8 147 C13 BG
2004 May 03 00:21-05:46 |IAC80 Clear 15 922 Ci12 PRG
2004 May 03 06:11-07:53 FLWO Clear 10 487 C12 MT
2004 May 04 08:25-11:15 FLWO Clear 10 809 C12 MT
HS 2214+2845
1987 Aug 25 23:48 CAO08 Prism 3600 1 -
2000 Sep 20 21:26 CA22 B-200 600 1 - BG
2000 Sep 21 03:28-11:04 BS R 100 245 RF
2000 Sep 24 02:44-10:53 BS R 100 254 RF
2000 Sep 24 20:10-23:55 CA22 B-100 600 16 - BG
2000 Sep 24 20:23-20:54 CA22 R-100 600 2 - BG
2002 Aug 29 02:25-03:48  INT R632V 600 9 - SAB
2002 Sep 01 03:07-03:58  INT R632V 600 6 - SAB
2002 Sep 02 02:51-03:22  INT R632V 600 4 - SAB
2002 Sep 04 00:23-00:54  INT R632V 600 4 - SAB
2003 Jun 23 23:54-02:08 KY R 90 85 Cle oG
2003 Jun 25 00:06-02:11 KY R 90 80 Cle oG
2003 Jun 27 23:35-00:44 KY R 30 113 C16 oG
2003 Jun 28 22:49-00:35  KY R 60 93 C16 oG
2003 Jul 15 02:29-05:09 OGS Clear 15 442 C15 PRG
2003 Sep 20 21:31-02:30 |1AC80 Clear 10 871 C15 PRG
2003 Sep 21 19:53-02:52 1AC80 Clear 10 1187 C15 PRG
2003 Sep 22 20:14-03:10 1AC80 Clear 10 772 C15 PRG
2003 Sep 24 00:16-03:59 IAC80 Clear 10 689 C15 PRG
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aAIP: 0.7 m telescope of the Astrophysikalisches InstituisBla, BS: 0.41 m telescope at Brae-
side Observatory, CA08: 0.8 m Schmidt telescope at Calar@liservatory, CA22: 2.2 m telescope
at Calar Alto Observatory, CA35: 3.5 m telescope at Calaw ®lbservatory, FLWO: 1.2 m telescope
at Fred Lawrence Whipple Observatory, HST/STIS: Hubblec8gig@lescope, IAC80: 0.82m tele-
scope at Observatorio del Teide, INT: 2.5 m Isaac Newtonstelge on Observatorio del Roque de
los Muchachos, KY: 1.2 m telescope at Kryoneri ObservaOfyS: 1 m Optical Ground Station at
Observatorio del Teide, OLT: 1.2m Oskar Luhning Teleskbplamburg Observatory, TO: 0.7 m

telescope at Tuorla Observatory, WD: 0.8 m telescope at ¥letain Observatory
bThe comparison stars used in instrumental magnitude éxtrecrom Braeside are unknown

(marked by colons).
CAA: Amornrat Aungwerojwit, BG: Boris Gansicke, CAP: Casléllende Prieto, CP: Christos

Papadimitriou, DE: Dieter Engels, DM: Dimitris Mislis, HBieinz Barwig, HJH: Hans-Jurgen
Hagen, HL: Harry Lehto, MT: Manuel Torres, OG: Omiros GiakisaPRG: Pablo Rodriguez-Gil,
RF: Robert Fried, RS: Robert Schwarz, SAB: Sofia AraujtaBeor, SK: Spyridon Kitsionas
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Chapter 3

Time-series analysis methods for

orbital period measurement

The primary aim of obtaining the time-resolved spectrogcampd photometry de-
scribed in Chapter 2 is to measure orbital periods of the n@8I€Vs/pre-CVs by
means of determining periodic signals from their radiabe#ly variations and/or
photometric variability using time-series analysis. Teagunes of analysing vari-
ability and periodicities in time-series data can be didigeo two general methods,
broadly termed Fourier-type methods, and phase-foldinthous. Phase-folding
procedures are effective for variations that display abehpnges, such as in light
curves of eclipsing binaries. The Fourier-type methodsveet-suited for more

subtle signals.

Throughout this thesis, the orbital period determinatiohthe new HQS
CVsl/pre-CV were carried out using the utilities for timeise analysis within the
M DAS/ TSA package, written by A. Schwarzenberg-Czerny, which presisome
powerful tools to handle unevenly sampled data. More spadlyi theM DAS/ TSA
context provides two Fourier-type analyses and two amalgEivariance (AQV)
methods. In the following section, | briefly outline the mediof Fourier analysis,

which is a standard form of time-series analysis, and apgptydifferent synthetic
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data sets to illustrate the problems of aliasing in the tegyperiodograms. In Sec-
tion 3.2, | describe the different time-series analysistods withinM DAS/ TSAand
compare the results obtained with each method for a smalblsaof the systems

presented in Chapters 4—6.

3.1 Fourier analysis

Broadly speaking, time-series analysis methods thatfvsemshe time-series data
from time-domain information, i.e. the change of an obselerguantity as a func-
tion of time, into the frequency domain, are called Fourraalgsis. In this process,
the time variability is decomposed into an infinite numbesioie waves with fre-
guencies ranging from zero to infinity. The amplitude of eaitte wave is deter-
mined by its relative contribution to the observed timetadalie signal, and a plot of
these amplitudes against frequency is called a power spectar periodogram. In
the simplest case of an infinitely long observation of a twvagable signal consist-
ing of a pure sine wave, the power spectrum will contain alsipgak in a form of
aod-function at the frequency of the variability. A more compleaveform with the
same frequency will translate into a power spectrum wittkped the fundamental
frequency and its harmonics. Similarly, if a time-variasignal is the superposition
of two or more signals with different frequencies, the poggectrum will resolve
that variability into different peaks.

In the context of astronomy, two major points have to be takenconsid-
eration. Firstly, the observations will be limited in ducet, with the typical length
being at best one night (except for observations carriedront different latitudes
on Earth). The accuracy of which a periodicity can be deteechithen depends
on the duration of the observation, or more specifically degeon the number of
cycles covered by the data. In general, the shorter the datéhe less accurately

can the period be determined. Figure 3.1 compares two pgracs for a syn-
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Figure 3.1: Periodograms of two different synthetic data séa sinusoidal varia-
tion with a period of 80 minTop panel The power spectrum resulting from a 24 h
long observationBottom panel The power spectrum from a 160 min long obser-
vation. Itis apparent that the longer data set allows a maeige determination of
the periodicity in the data.

thetic data set of a sinusoidal variation with a period of &9,apanning 24 h (top
panel) and 160 min (bottom panel). It is clear that the lordga set produces a
better frequency resolution, i.e. a narrower peak, ancdbagér amplitude than that
of the shorter one, allowing a more precise determinaticim@fperiodicity in the

observations.

To achieve higher accuracy in the period determination,camemonly ac-
cumulates data over several nights, which leads to the daggortant phenomenon
in Fourier analysis. In the case that the data contain ghpdransform will suffer
from alias structure, where several different peaks apgleag with the “real” peak
(e.g. Figure 3.2). These alias peaks are separated fromuthéquency by integer
multiples of the frequency of the observations, i.e. if glsaBons are carried out
every night, they will be split by 1. If the true period is short compared to the

frequency of the observations, and the data are obtainedjtisthat regular sam-
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pling, the power spectrum will contain several alias peakh equally statistical
significance, even if large amounts of data are accumul&teid.is also known as
cycle count ambiguityi.e. because of the long gaps between individual data sets,
it is not possible to unambiguously determine how many allijcles have passed
between one night and the next.

Figure 3.2 (top panel) displays the periodogram of threehstit data sets
“taken” over three consecutive nights in which each sindgseovation spans two
80 min orbital cycles. Consequently, the aliases are exaeparated by 1d. As
the sampling frequency (Id) is much lower the orbital frequency (181 and
the data sets have a gap of 16 orbital cycles, the one-daeali the signal of the
true frequency are very strong. The power of thesellgkaks can be diminished,
if the data are obtained frequently with an uneven sampkng, in Figure 3.2
(middle panel) which shows the periodogram of the same tlalegervations” as
above, but with a 0.9d and a 1.3d separation. However, irtipeaceal data sets
are subject to varying of observing conditions, and may reweide degree of
temporal coverage. The bottom panel in Figure 3.2 shows atwasse scenario of
an observation with large gaps between the individual dateg and none of which
covers the full orbital period of 80 min. Specifically, thet@#rain consists of four
short data sets of 1/2, 3/4, 1/3, and 1/2 orbital cycles, witee of them taken on
consecutive nights, plus the fourth observation obtaiheeet years later. In this
case, the resulting periodogram displays a complex alrastste that prevents a

secure determination of the actual orbital period.

3.2 M DAS utilities for time series analysis

The significance of the detection of a periodic signal in tta@sformed data de-
pends on the type of data and the method employed for thesasalheM DAS/ TSA

context offers four different methods, which are the two rfi@type methods
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Figure 3.2: Periodograms of three different samples reptedifferent alias struc-
tures. Top panel one-day aliases produced by three data trains which cexeer t
orbital cycles of 80 min each, “observed” over three conseewights. Middle
panel the reduced alias peaks result from the same data setsjthid @9 d and a
1.3 d separationBottom panela complex alias pattern results from four different
data sets in which each data set does not cover the orbifalayd contains several
gaps between the individual “observations”.

(PONER/ TSAandSCARGLE/ TSA) and the two phase-folding/AOV method€¥/ TSA
andORT/ TSA).

e PONER/ TSA computes a discrete Fourier transform from unevenly saiinple
data, and represents the most simple and straightforwatdochef time-

series analysis.

e SCARGLE/ TSAcomputes a periodogram for unevenly spaced observatiéns fo

lowing Scargle (1982) by fitting a pure sine model to the dét&s, hence,
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suitable for the evaluation of smooth, quasi-sinusoidebti@ns.

e AOV/ TSAfolds the data over a set of trial periods and computes thanae
of the resulting phase-binned light curve, using the athoridescribed by
Schwarzenberg-Czerny (1989). TAeV statistic is a powerful method for
the detection of non-sinusoidal signals with narrow shagiures, such as

eclipses.

e ORT/ TSAfolds the data over a set of trial periods, and then fits a settbbg-
onal multi-harmonic sine waves to the phase-folded dathw&rzenberg-
Czerny 1996). Similar to thAOV method, it is very well suited for highly
non-sinusoidal variations, but results in a smoother p@pectrum than pro-

duced byAOV.

In general, the relative power of these methods dependseotypie of the
signal. For the detection of smooth signals, e.g. sinuswidee, either Scargl€RT
or AQV is suitable. For the detection of sharp signals or stronglged variations,
such as eclipses or superhumps, eitlt€r or AOV is more efficient than Scargle.
However, there is no universally best method for time-seaiealysis. A method
that is good for one type of signals may be poor for another one

Figures 3.3-3.6 illustrate the periodograms calculatea the different meth-
ods used for a sample of signal patterns presented in Ckaptér Figure 3.3
(top panel) shows the large-amplitude smooth sinusoidht kcurve of a pre-CV,
HS 1857+5144, which results from a strong reflection efféthe low-mass com-
panion irradiated by the hot white dwarf (see Chapter 6 faaits). In this case,
the orbital period is clearly determined by all methods. $tieng peaks at the low
frequencies of théRT periodogram result from sub-harmonics of the orbital pkrio
which are artifacts typical of this method. In other casesyédwver, theAOV and the
ORT methods are less efficient in detecting low-amplitude idad signals, e.g. in

Figure 3.4 which depicts the resulting periodogram of tloerbidial velocity varia-
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tions of the novalike variable HS 0506+7725 (Chapter 4). Stnength ofAOV and
ORT in the case of non-sinusoidal variations is demonstratédgare 3.5 and Fig-
ure 3.6, where the superhump and the double-humped pattéra light curves of
HS 0417+7445 during superoutburst and in the light curve®PR14+2845 during
guiescence, respectively, are analysed. In the case of H&5J445, the Scargle
periodogram provides the superhump period with a large rteiogéy compare to
that of theORT method (see Chapter5 for details). For HS 2214+2845, thigabrb
period was defined on the basis of the appearance of the cosanag¢e fundamen-
tal frequency and its harmonic, as found in the periodograloutated using the
AOV method (see Chapter 5 for details). In this case, the powtkieiiscargle peri-

odogram goes into nearly equally strong one-day aliases.
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Figure 3.3: ScargleAQv, andORT periodogramsk{ottom three paneJscomputed
from the smooth variablity in the light curves of HS 1857+814n this case, all
periodograms contain a strong signal at the same frequénsgmple light curve
is shown inTop panel The strong peaks at low frequency in {8RT periodogram
result from sub-harmonics of the orbital frequency.
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hump structure found in the light curve of HS 0417+7445 dysaperoutburstdp
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Chapter 4

Four new long-period cataclysmic

variables

4.1 Introduction

According to the disc instability model (e.g. Cannizzo et1#86; Osaki 1996),
dwarf nova outbursts occur when the accretion rate is beloritiaal value,Mit.
For the systems having a mass-transfer rate abtye accretion takes place in a
stable condition and quasi-periodic outbursts do not ocguch systems appear as
novalike variables, or non-eruptive CVs. CVs above the eatienal 2—-3 h period
gap, which have high mass-transfer rates driven by maghetiaing, are therefore
mostly novalike variables and a fair fraction of Z Cam-typeadf novae which are
poised on the borderline between dwarf novae and novalikeblas. Novalike
variables are divided into the following distinct subcles$®ased on their spectro-
scopic and photometric properties: UX UMa type, VY Scl stared SW Sex stars
(see Section 1.3 for details on the classification scheme).

As part of the large scale search for new CVs/pre-CVs in th&HiQhere
present the identification of four new long-period CVs frdmstsurvey which are
HS 0139+0559, HS 0229+8016, HS 0506+7725, and HS 0642+%0#9periods
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close to 4 h. Despite having similar orbital periods, thessesns differ dramati-
cally in their observed characteristics. The details oreolaions and data reduc-
tion for these new CVs are given in Chapter2. The charatiegisf these new
CVs and their orbital period measurements are describee@dtidhs 4.2—-4.5. In
Section 4.6, | discuss in detail the properties of the HQSthadgreviously known

CVs in the 3—4 h period range.

4.2 HS0139+0559

4.2.1 Spectroscopic characteristics

An identification spectrum of HS 0139+0559 obtained in Jan®889, at the Calar
Alto 3.5m telescope (Figure 4.1) is characterised by a btuticuum with strong
absorption lines of the Balmer series, as well as that of X&71. The absorp-
tion profiles have a rectangular shape with a full width abzetensity (FWZI)
of ~ 3500kms™. The cores of the broadf-and Hy absorption lines show weak
emission cores. No emission of H&4686 is observed. Overall, the identification
spectrum of HS 0139+0559 resembles that of a high massférarage accretion
disc seen at a moderately low inclination, e.g. a dwarf navautburst or a nova-
like variable (e.g. Hessman et al. 1984; Morales-Rueda &sk2002).

56 additional time-resolved spectra of HS 0139+0559 wetainkd at the
Calar Alto 3.5m and 2.2 m telescopes during October 2002 awkmber 2003,
respectively. These spectra are similar to the identiboagpectrum shown in Fig-
ure4.1, with H3 and Hy in absorption for most of the time and occasionally show-
ing signs of emission cores. However, the time-resolvedtspeover Hi as well,
which is observed in emission throughout, with low equinéleidths in the range
3—-5A.
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Figure 4.1: Identification spectrum of HS 0139+0559 obtdiatthe Calar Alto
3.5m telescope on January 22, 1989.

4.2.2 Photometric characteristics

Differential B- andR-band photometry of HS 0139+0559 was obtained in Decem-
ber 1999 and January 2000 at Braeside observatory. Theclighés display very
little variability on nightly time scales, with amplitudes 0.02 mag (Figure 4.2).
There is no sign of orbital variation in the light curves. ThH8NO-A2.0 catalogue
lists HS 0139+0559 witB = R= 14.4, and we foundB ~ 14.9 andV ~ 15.4 during

our observations in 1981 and 2003, respectively.

4.2.3 The orbital period

In order to determine the orbital period of HS 0139+0559, veasured the radial
velocity variations of H by convolving the observed line profiles with a single
Gaussian of FWHM=600knTs. The spectra were continuum-normalised prior
to this analysis. A Scargle (1982) period analysis of theatatlocity measure-

ments was performed using tieDAS/ TSA context. The resulting periodogram
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Figure 4.2: Differential CCOR-band(top panel)andB-band(bottom panelpho-
tometry of HS 0139+0559 obtained at the Braeside obsegvator

(Figure 4.3) shows a strong signal a®89+ 0.012d™! surrounded by one-day
aliases, where the error is determined from fitting a sineentavthe radial ve-
locity variation (see Table 4.1 for the full fit parameterf).order to test the sig-
nificance of the detected signal, we created a set of fakedl naglocities by eval-
uating a sine function with a frequency o®9d! at the exact times of the ob-
served spectroscopic data. The amplitude of the sine waseadjasted to reflect
the observed radial velocity amplitude, and the faked tadi@city measurements
were randomly offset from the computed sine wave using tiseed errors. The
periodogram of the faked data reproduces the alias steictuthe periodogram
computed from the observations very well. We conclude thatirbital period of
HS 0139+0559 iy, = 24369+ 0.49 min. Folding the radial velocity measure-
ments over that period results in a quasi-sinusoidal radikdcity curve with an

amplitude of 844+ 4.8kms™! (Figure 4.4, top panel).

For completeness, we also used the BraeBidendR-band photometry for

a period analysis. As suggested by the flat light curve (feigw2), no significant
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Figure 4.3: Scargle periodogram of the radial velocitie$18f0139+0559 mea-
sured from the radial velocity variations ofaHemission line. The periodogram
from a set of faked radial velocities is shown in tbe panel

signal is detected in the Scargle periodogram.

4.3 HS0229+8016

4.3.1 Spectroscopic characteristics

HS 0229+8016 was first spectroscopically observed at thar@dto 2.2 m tele-
scope in August 1992. The spectrum (Figure 4.5, top panelysia blue contin-
uum with the Balmer jump in emission, superimposed by mddbratrong Balmer
emission lines. The higher Balmer line profiles show evigeoica P-Cygni like
structure with blue absorption wings increasing in strarfgr the higher mem-
bers of the series. HA\4471 is observed in absorption, and an emission line near
4630A is detected, which we tentatively identify as the N/C Bovadand emission.
Rather unusual is, however, the fact thatiHet686 is not detected in emission

along with the Bowen blend. HS 0229+8016 was observed agdbtiober 1998,
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on this occasion looking nearly identical to HS 0139+05%@wsng a rectangular
shape of the Balmer and Habsorption profiles (Figure 4.5, bottom panel). The

spectral characteristics and the variability clearly iifgrHS 0229+8016 as a CV.

The time-resolved spectra of HS 0229+8016 (74 spectrajmutavith CAFOS
in December 2003 are similar to the October 1998 spectrumisio Figure 4.5
(bottom panel) in which B, Hy, and He are present in broad absorption with

weak emission cores. In additionpHemission is observed in the these spectra and

shows a low equivalent width of 5A.
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Figure 4.5: lIdentification spectra of HS 0229+8016 obtaiaethe Calar Alto
2.2 m telescope on August 8, 19@8p panel)and October 5, 199 ottom panel)

4.3.2 Photometric characteristics

We obtained differential CCD photometry of HS 0229+8016ryEeptember 2002
and January 2003 using the Kryoneri and Tuorla telescopsgectively. The light
curves of HS 0229+8016 reveal a little variability on nigtime scales, with am-
plitudes~ 0.1 mag (Figure 4.6). A low-amplitude modulation with a perafd- 4 h

is consistently detected during the two longest obsematidHS 0229+8016 has
B =139 andR= 138 in the USNO-A2.0 catalogue, and it was found during our
observations (1986—2003) mostly n&a~ V ~ 14.6 — 14.0, andR ~ 14.3, except

on one occasion (August 1992) when it was as fait as15.0.

4.3.3 The orbital period

An analogous radial velocity analysis as described in 8edti2.3 was carried out
for HS0229+8016. Inspection of the Scargle periodogrargui€i4.7) shows a

somewhat more complex alias structure as a result of themonlgeneous spac-
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Figure 4.6: Sample light curves of HS 0229+80T&p panel R-band data ob-
tained at the Kryoneri observatorygottom panel filterless data obtained at the
Tuorla observatory.

ing of the spectroscopic observations. The strongest kigriaund at 61922+
0.0013d™1, where the error is again computed from a sine fit to the radilic-
ity data (Table 4.1), and a faked data set computed usindrédgsency reproduces
the overall alias structure well. We conclude that the migstyl value for the or-
bital period of HS 0229+0559 iByp = 232550+ 0.049 min. The phase-folded
radial velocity curve shows a quasi-sinusoidal modulatiotih an amplitude of
1790+5.2kms™! (Table 4.1).

Scargle periodograms computed from the two longest phdtgmens on
HS 0229+0559 are dominated by a broad signal near 5.ZKryoneri data) and
6.2 d"1 (Tuorla data), which are consistent with the spectroscpgiod or its one-
day alias. While our photometric data are not sufficient tpriowe the period de-
termination of HS 0229+0559, it suggests that the orbitabpeof HS 0229+0559

can be refined by a sufficiently long series of photometrieolzions.
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Figure 4.7: Scargle periodogram of the radial velocitie$18f0229+8016 mea-
sured from the I emission line. The periodogram from a set of faked radial ve-
locities is shown in théop panel

4.4 HS0506+7725

4.4.1 Spectroscopic characteristics

An identification spectrum of HS 0506+7725 was obtained ior&ary 1998, at the
Calar Alto 2.2 m telescope. The spectrum (Figure 4.8, topalsplays a blue
continuum with the Balmer and Paschen jumps in emissiors, gmaission lines of
hydrogen and He TheAA4630— 4650 N/C Bowen blend and the He\4686 emis-
sion lines are also detected. The strength of these highabaon lines is typical of
novalike variables, magnetic CVs, or nova remnants.

Time-resolved spectroscopy of HS 0506+7725 was carriedsioy TWIN
and CAFOS in December 2002/2003 obtaining 86 spectra ih tdteese spectra
are characterised by prominent Balmer series andiklemission, as previously
found in the identification spectrum, with the differencenaliing a strong Balmer

line decrement (see the CAFOS average spectrum in Figurbett®m panel). The
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Figure 4.8: Top panel flux-calibrated identification spectrum of HS 0506+7725
obtained at the Calar Alto 2.2 m telescope on February 2,.1888 hydrogen lines
display a flat Balmer decremergottom panelthe average CAFOS time-resolved
spectrum obtained during December 2003 observing run. Nostiandard was
obtained. During this observation, the spectrum of HS 050@% differs markedly
from the identification spectrum, with a strong Balmer deczat.

Ha emission line has an average equivalent width-af5A. No sign of the N/C

Bowen blend or the He A4686 emission was detected during these observations.

4.4.2 HS0506+7725as a VY Scl

Time-series differential CCD photometry of HS 0506+772% warformed during
2002 and 2003 for a total ¥ 34 h using the Kryoneri 1.2 m, the Tuorla 0.7 m, the
OGS 1m, and the Calar Alto 2.2 m telescopes. The light cundebie short-term
variability with an amplitude ofv 0.2 — 0.4 mag, on time scales 6f 10— 20 min
which appears to be quasi-periodic over brief amounts oé t{fFigure 4.9). No
clearly repeating variation is detected on time scales\@rs¢hours (i.e. a putative
orbital modulation).

HS 0506+7725 is listed witB = 15.3 andR = 15.6 in the USNO-A2.0 cat-
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Figure 4.9: Sample light curves of HS 0506+77Z®mp panel R-band data ob-
tained at the Kryoneri observatorygottom panel filterless data obtained at the
OGS telescope.

alogue, and we obtaind8l~ 15.1/15.3 (January 1987/1994R ~ 15.2 (October
2002), andv ~ 15.4 (December 2002). In addition, our data provide evidence of
long-term variability of~ 1 mag. During 2003, the mean magnitude wag5.8,
14.6, and 14.8 in January, November, and December, regglgctiowever, a deep
low state of HS 0506+7725 was detected®at 18.3 on a HQS photographic plate
taken in October 1995, on the basis of which we identify HSB5(’ 25 as a mem-

ber of the VY Scl novalike variable.

4.4.3 The orbital period

Our initial analysis of the HS 0506+77250Hadial velocity variations was car-
ried out by applying a single-Gaussian convolution to theticmum-normalised
line profiles. However, the Scargle periodogram computenhfthe measured ra-
dial velocity variations turned out to be dominated by a efgriof signals in the

range~ 1—5d"1, none of which resulted in a plausible phase-folded radal v

74



TR o A0 aa e M AAn s
u u u u u

HS0506+7725

15 L N

power

5

N LJ“JMM W’“ﬂ ﬂd MI M'I‘MMMMM‘MJLMM“MM

0 5

£ [d-1]

Figure 4.10: Scargle periodogram of the radial velocitiesl® 0506+7725 mea-
sured from the ld emission line by using the double-Gaussian method. The peri
odogram from a set of faked radial velocities is shown intdpepanel

locity curve. In a second attempt, we applied the doublesSiam method of
Schneider & Young (1980), using a Gaussian FWHM=700kmand a separa-
tion of 1500 kms?! to measure the radial velocity variation of the line wings.
The Scargle periodogram resulting from these radial vtatieasurements in-
cludes several peaks in the range 8d~! (Figure 4.10). The strongest signal is
found at 67706+ 0.0065d™1, which we identify as the likely orbital period of
HS 0506+7725P, ~ 2127 £+ 0.2 min, where the error is determined from a sine
fit to the radial velocity data (Table 4.1). The Scargle pgoigram computed from
a faked data set results in a much cleaner periodogram tleaoni obtained from
the observed data, suggesting that the line wings are affdxt additional velocity
contributions apart from the orbital motion. TheHadial velocities folded over
the orbital period (Figure 4.4) display a low amplitude of@t2 4.4kms! and a
relatively large amount of scatter, again suggesting tieabtbital motion measured

from the line wings is contaminated by another velocity comgnt.
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Figure 4.11: Average of the 17 CAFOS G-100 spectra of HS 06@2% obtained
at the Calar Alto 2.2 m telescope on October 24, 2004.

Our time-series analysis of the photometry of HS 0506+774@5dt lead
to the detection of any significant signal, either at londitat) or at short (pu-
tative white dwarf spin) frequencies, making the observeattsterm variability

(Figure 4.9) a nice example of non-coherent CV flickering.

4.5 HS0642+5049

4.5.1 Spectroscopic characteristics

HS 0642+5049 was spectroscopically identified as a CV in Kdr@99, at the
Calar Alto 2.2 m telescope. The identification spectrum amsta blue continuum
with moderately strong & emission. The B and Hy emission is embedded in
broad absorption troughs, and weakil&471 absorption is also detected. Neither

Hen A4686 nor the\A4630— 4650 N/C Bowen blend are detected.
87 time-resolved spectra of HS 0642+5049 were obtained&kFOS and
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IDS throughout the period April 2003 to October 2004. Themexta are very sim-
ilar to the identification spectrum. Figure 4.11 displayes fiux-calibrated average
spectrum of HS 0642+5049 from the October 2004 observingsiuowing Hx in

emission with an average equivalent width-of5A, along with weak emission

cores of H3 and Hy embedded in board absorption lines.

4.5.2 Photometric characteristics

Time-resolved photometry of HS 0642+5049 was obtained ioebder 2003 to
December 2004 at the Tuorla 0.7 m telescope, the Calar Atm2elescope, and
the IAC80 telescope. The Tuorla light curve displays bmgiss variation of- 0.25
mag in the longest run (January 1, 2004), suggesting anabrbadulation with a
large scatter due to the poor quality of the data. A promioépital modulation is
found in the CAFOS (October 25, 2004) and the IAC80 (Decend#®®, 2004)
light curves. Figure 4.12 shows the IAC80 light curves with@dulation of~ 0.22
mag for a period of- 3.5 h, which we interpret as the orbital period of the system.
No substantial flickering activity is detected. HS 0642+%&ound in the USNO-
A2.0 catalogue witlB = 16.6 andR = 16.9, and we found ~ 15.5— 15.3 without

significant long-term variability of the system.

4.5.3 The orbital period

The 87 available spectra of HS 0642+5049 were subjectedlial neelocity studies

as outlined above, using both the single-Gaussian and edgsdlissian convolu-
tion techniques. None of the resulting Scargle periodogreomtained any signifi-
cant signal. Inspecting trailed spectra assembled frondata, we concluded that
HS 0642+5049 does not show any radial velocity variationuaitspectral resolu-

tion.

Considering the~ 3.5h modulation observed in the HS 0642+5049 light
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Figure 4.12: Sample filterless light curves of HS 0642+504#t@ined at the IAC80
telescope.

curves, we used the three longest and closest spaced photodaa sets ob-
tained at the Calar Alto 2.2 m telescope (October 25, 200d)the IAC80 (De-
cember 8 & 9, 2004) to determine the orbital period of theeystThe strongest
peak detected in the Scargle periodogram computed frone et is found at
6.3746+ 0.0065d !, surrounded by one-day aliases (Figure 4.13). In order to
test the significance of the signal, we created a set of fakéslfdom a sine wave
with a frequency of 6.3746d, evaluated at the exact times of the observations.
The alias structures of the periodograms calculated fraenfaked data and the
real data agree well. We conclude that the orbital period 8f0B42+5049 is
Porb ~ 22590 0.23 min.

Figure 4.14 shows the Calar Alto 2.2m and the IAC80 photoyrietided
over the orbital period of 225.90 min and averaged into 3@elwns, which reflects

the morphology of the individual light curves (e.g. Figurd2).
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Figure 4.13: Scargle periodogram of HS 0642+5049 computaa the three
longest nights of differential photometry obtained at ttedaC Alto 2.2 m telescope
(October 25, 2004) and the IAC80 telescope (December 8 & 84R0The peri-
odogram from a faked data set assuming a period of 225.90sstmown in theop
panel
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shown in thebottom panehlong with a sine fit (dashed line).
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Table 4.1: Sine fits to the élemission line radial velocities. The methods employed vaetenvolution with a single Gaussian
(SG) or Schneider & Young’s (1980) double-Gaussian prpson (DG).

Object Method FWHM/Sep. To Period K Y
(kms™ (days) (kms?) (kms™)
HS 0139+0559 SG 600 24529985+ 0.013 016923+0.00034 844+48 184+35
HS 0229+8016 SG 600 24529987+ 0.006 Q0161493+0.000034 179D+52 355+35

HS 0506+7725 DG 700/1500  24529609+0.022 Q14770+0.00014 426+44 —66.7+3.0




4.6 Discussion, part |

4.6.1 The inventory of the 3—4 h orbital period range

The primary aim of our search for CVs in the HQS is to estalihgtorbital periods
and CV subtypes for a large sample of CVs that were selectachimmogeneous
way based on their spectroscopic properties. The propeosfiehis sample will
then be compared with the predictions of CV evolution thedfgre, we present
the spectroscopic identifications and detailed follow-wa®s of HS 0139+0559,
HS 0229+8016, HS 0506+7725, and HS 0642+5049, which haviéabgeriods
of 243.69 min, 232.550 min, 212.7 min, and 225.90 min, rehpeyg. This fol-
lows the trend noticed by Gansicke et al. (2002b) and, merently, by Gansicke
(2004) and Rodriguez-Gil (2005) that the majority of thevr@Vs identified in
the HQS have orbital periods above the period gap and thedfuhkem are con-
centrated in the 3—4 h orbital period range. Currently, tatlperiods have been
determined for 42 systems out of a total of 53 new HQS CVs, agdré&4.15
compares the period distribution of these new HQS CVs withghriod distri-
bution of the CVs from the Ritter & Kolb catalogue (2003, V){.Although the
follow-up of the new HQS CVs is not yet complete, it is alreadyw clear that
our surveydid notidentify the large number of short-period CVs predicted oy t
population models (e.g. Kolb 1993; Howell et al. 1997), etlesugh our selection
method (= detection of Balmer emission lines) is best suedhe identification
of low mass-transfer systems that might be inconspicuowshiar ways (variabil-
ity, X-rays), such as the short-period dwarf novae HS 1449%6Nogami et al.
2000) and HS 2219+1824 (Rodriguez-Gil et al. 2005a), orultra-short period
HS 2331+3905, which might be a WZ Sge-type dwarf novae witheexely long
outburst recurrence times (Araujo-Betancor et al. 200%ag (somewhat prelim-
inary) conclusion is that, if a large number of short-per@ds does indeed exist,

they must look different from the well-known examples sus&Z Sge.
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Figure 4.15: Period distribution of 42 new CVs discoverethmHQS(left panel)
and that of all known CV¢right panel from Ritter & Kolb 2003, V7.4). The 2-3h
period gap is shaded in gray.
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Figure 4.16: Period distribution of the individual CV supgs in the 3—4 h pe-
riod range. Fromop to bottom polars (am), intermediate polars (ip), VY Scl and
SW Sex stars (vy), novalike variables and nova remnantsatteaheither VY Scl
nor SW Sex stars (nl), U Gem-type dwarf novae (ug), Z Cam-typarf novae (zc),
SU UMa-type dwarf novae (su), and systems with undeterm@\dubtype (xx).

The HQS CV survey has been very prolific in identifying relaly bright
long-period CVs with a distinct preference for the 3—4 h pariange (Figure 4.15,
right panel), including the four new CVs presented in thiggtler. The majority of

these new long-period CVs are weak or no X-ray emitters, bag display little
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long-term variability — in fact, there are only five confirmeédarf novae among the
28 new systems found above the gap. Gansicke (2004) anddgredrGil (2005)
pointed out the large number of SW Sextantis stars amongtéi®QS CVs, which
represent 25% of all newly identified CVs above the gap, aadyéalf of all new
CVs in the 3—4 h period range. For comparison, we show in Eigul6 the inven-
tory of the 3—4 h orbital period range according to Ritter &IK{003, V7.4). We
find that 114 CVs (20% of all CV's with know,p,) inhabit the 3—4 h period range,
of which 27 (24%) are confirmed magnetic systems (interntegalars, polars).
33 (29%) belong to the group of either VY Scl or SW Sex stardclvhare sim-
ilar properties, and are suspected to contain magneticevdviarfs as well (e.qg.
Rodriguez-Gil et al. 2001; Hameury & Lasota 2002). While thtio of definite
magnetic CVs in the 3—4 h period range (24%) is already vegh kbmpared to
the incidence of magnetism in isolated white dwarfs (Liele¢ral. 2003), confir-
mation of significant magnetism in the white dwarfs in VY S8 Sex stars would
raise the ratio of magnetic/non-magnetic CVs well above 58Bich conflicts with
any of the current models of CV evolution. Whatever the wrdn the magnetic
properties of VY Scl/SW Sex stars will be, the large numbe€¥®f belonging to
this type suggests that they represent an important pha€¥® avolution rather
than some unusual combination of their physical properties completeness, 32
(28%) novalike variables that do not belong to either the Y@ SW Sex class
populate the 3—4 h period rarigeWhile a number of those systems definitely do
not share any of the VY Scl/SW Sex properties, a fair fractbthese systems has
been studied only in a very limited way, and hence some of gt well join
the VY Scl/SW Sex class upon more detailed scrutiny. RagzegGil et al. (2007a)
have started a spectroscopic program to provide more détsiiidies of these sys-

tems, classifying 35 out of 93 of novalike/classical novpydation as SW Sex stars.

1The classification of Ritter & Kolb 2003 is somewhat configgsias their use of the UX UMa
type disagrees with the more common definition of systemacherised by persistent broad Balmer
absorption lines.
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Finally, 16 (14%) dwarf novae are known in the 3—4 h periodjgm@and the scarcity
of systems undergoing thermal disc instabilities just &t period gap is a well-
known fact (e.g. Shafter et al. 1986; Shafter 1992).

4.6.2 The nature of the four new CVs

Based on observational characteristics (summarised ife #ad), we discuss the
likely nature of the four new CVs.

HS 0506+7725 shows short time scale flickering with quasiedéc oscil-
lations on time scales 6¢15 min. The relatively narrow emission lines and the low
amplitude of the radial velocity variations suggest a lowlimation. The system
has been detected in the RASS (Voges et al. 2000patdds st (1RXS J051336.1-
+772836) with a hard spectrum, and has been previously teetes an X-ray
source by EINSTEIN (2E 0506.1+7725). The presence of meelgrstrong Her A-
4686 emission in the identification spectrum independesthfirms the presence
of ionising radiation in the system. The detection of a de®pdtate aB ~ 18.3
on one of the HQS prism plates clearly identifies the system\A¥ Scl star. The
system does not display eviderateface valueof being an SW Sex star; but as it is
obviously a low-inclination binary, a spectroscopic statliigher resolution would
be useful to test for anomalous radial velocity behaviouh&emission lines.

The other three systems, HS 0139+0559, HS 0229+8016, an84£3-6049
are spectroscopically very similar, being characterisethizk-disc absorption line
spectra. The fact that we have observed them on variousionosaand found them
always at nearly the same magnitude and with the same specipertied makes
it very unlikely that these systems are U Gem-type dwarf easaserved during
outburst. While HS 0139+0559 and HS 0229+8016 are not aetentthe RASS,
a faint X-ray source is found near HS 0642+5049 (1RXS J0686ED4601, M2-

2With one exception: HS 0229+8016 was observed in August I982omewhat fainter state,
V ~ 150, compared to its typical brightness near 14 mag. On thascr, the Balmer and He
absorption lines were absent/weak, and the strength oftliessn lines had markedly increased.
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ctss™1), which coincides within the Z9position error of the RASS detection with
the CV. The fact that there are no other nearby objects stgjtied HS 0642+5049
is a weak X-ray emitter. None of the systems shows stronggfling activity. One
puzzling difference among the three systems is that, weef0139+0559 and
HS 0229+8016 show no or only very low-amplitude orbital mmoétric variability
but exhibit clean quasi-sinusoidal radial velocity vadas in their emission lines,
HS 0642+5049 does not display any radial velocity variabahshows a 0.2 mag
photometric modulation. It is very difficult to reconcileiglbopposite difference in
spectroscopic/photometric behaviours in the simple peotdl a high mass-transfer
CV with a steady-state accretion disc. Based on our data,destify all three
systems either as UX UMa-type novalike variables or as Z @gra-dwarf novae
observed in periods of standstill. Optical long-term monitg will be necessary to

distinguish between these two possibilities.

4.7 Summary

We have identified HS 0139+0559, HS 0229+8016, HS 0506+ 7at&b HS 0642-
+5049 as long-period CVs with orbital periods of 283+ 0.49 min, 232550+
0.049 min, 2127 + 0.2 min, and 2290+ 0.23, respectively. HS0506+7725 is a
VY Scl novalike variable characterised by a strong emis$irmmspectrum. HS 0139-
+0559, HS 0229+8016, and HS 0642+5049 have thick-disc paad are either
UX UMa-type novalike variables or Z Cam-type dwarf nova. Raf the objects is
a strong X-ray source or displays large-amplitude outkurshich underlines the

strength of CV surveys of spectroscopically selected ataids.
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Table 4.2: Comparison of the observational charactesistiche four new CVs. The (non-)detection of X-ray emissiefers
to the ROSAT All Sky Survey (Voges et al. 2000). The CV subsypee abbreviated as UX = UX UMa-type novalike variable,
ZC =Z Cam-type dwarf nova, VY =VY Scl star.

Object Porb Radial velocity Photometric variability X-ray  type
[min] variation Orbital Flickering Long-term
HS 0139+0559 243.7 clean, moderate amplitude none none none no UXorZzC
HS 0229+8016 232.6 clean, large amplitude very low ampditud none ~ 1.3mag no UXorZzC
HS 0506+7725 212.7 scatter, low amplitude not obvious largplitude~ 3 mag low state yes VY

HS 0642+5049 225.9  very low amplitude moderate amplitude dmplitude none maybe UX or ZC




Chapter 5

Dwarf novae in the Hamburg Quasar

Survey: Rarer than expected

5.1 Introduction

Dwarf novae are a subset of non- (or weakly) magnetic CVsghasi-periodically
brighten by several magnitudes. They are further subdiedsnto three types ac-
cording to their outburst behaviours, i.e. UGem-type dwervae, Z Cam-type
dwarf novae, and SU UMa-type dwarf novae (see Section 1 @dssification scheme).
The commonly accepted cause for dwarf nova outbursts isrentiienstability in

the accretion disc (e.g. Cannizzo et al. 1986; Osaki 1996)hik\this theoretical
framework, accretion discs undergo outbursts if the aimreate is below a critical
value,Mgit. Above the 2- 3 h period gap, the mass-transfer rate in CVs is typically
larger tharMcit, and consequently only 25 % of all CVs withPy, > 3 h are dwarf
novae. FoP,, < 3 h, the fraction of dwarf novae is 62 %. The large difference

in mass-transfer rate between short- and long-period mgsie explained within
the standard CV evolution theory by the cessation of magretking once the
systems evolve down to 3 h. Beld®y,, = 3 h, the evolution of CVs proceeds then

much slower, and with lower mass-transfer rates, driveg bylgravitational radi-
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ation as the angular momentum loss mechanism (e.g. Ragpetir 1983; King

1988). For such low mass-transfer rates, the disc instabiodel predicts ther-
mally unstable accretion discs that produce dwarf-novauwsts (Cannizzo 1993;
Osaki 1996).

As suggested by their name, dwarf novae are predominarglyodered
because of their outbursts (Gansicke 2005), and hence G¥isvery long out-
burst recurrence times or low-amplitude outbursts coulduiestantially underrep-
resented in the known CV population. In this chapter, | pne$ee new dwarf
novae discovered in the HQS independently of their vaiigbilTheir identifica-
tion spectra suggest that they are dwarf novae observedasagnce, dominated
by low-excitation emission lines and lacking strongiHe4686 emission. These
systems are HS0417+7445, HS 1016+3412, HS 1340+1524, HS 1837, and
HS 2214+2845. Their orbital periods span frenl.5 h to nearly 5h. The details
of observations and data reduction of these objects arédaain Chapter 2. Apart
from several sets of time-resolved observations, additionages of these objects
were taken intermittently at the the 0.37 m robotic Rige¢$ebpe of the Univer-
sity of lowa to record their variability during the period 12004 to April 2005.
The observed properties of the five new dwarf novae and thiitab period mea-
surements are described in Sections5.2-5.7. In Sectiph &dnpare the period
distribution of dwarf novae found in the HQS to that of all kmodwarf novae and

discuss the implications of the HQS survey work on the spaosity of CVs.
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Table 5.1: Properties of the five new dwarf novae.

HS0417+7445  HS1016+3412  HS1340+1524  HS1857+7127  HS 2885+
Right ascension (J2000) tRr™32.83 10"19M47.33 13'43M23.28 18'57M20.45 22116M31.28
Declination (J2000) +74525030"  +33°5753.9" +15°0916.9" +71°31'19.2" +29°0020.6”
Period (min) ~ 1051/~ 1099 1143+2.7 9266+0.17 272317+0.001  25802+0.56
Magnitude range 18-135 186 —15.4: 185-14.2 172—-139 165-123
Ha EW [A]/ FHWM [A] 172143 184/ 27 121/28 39/32 53/33
HB EW [A]/ FHWM [A] 98/43 125/ 25 88/23 33/32 42131
Hy EW [A]/ FHWM [A] 73/38 85 /24 59 /22 27133 30/32
Hei A5876 EW ]/ FHWM [A] 40/ 43 52/31 36/30 7134 7125
Hei A6678 EW ]/ FHWM [ A] 7130 26 /35 18/ 32 3/46 5/39
RASS source (1RXS J) 042332.8+745300 101946.7+335811 2B3UB150916 185722.6+713126 221631.2+290025
RASS count rat¢0.01ctss 1) 6.0+1.3 25+1.0 73+1.7 34+45 99+15
Hardness ratio HR1 .00+ 0.09 100+ 0.91 018+0.23 100+ 0.04 092-+0.06
Hardness ratio HR2 .01+0.20 —0.32+0.38 —0.05+0.27 069-+0.10 010+0.14

Notes. The coordinates are taken from the USNO-B catalogioa€t et al. 2003); the ROSAT PSPC count rates and hardness
ratios HR1 and HR2 have been obtained from the ROSAT All Sky&u(RASS) Bright Source Catalogue (Voges et al. 1999)
and from the RASS Faint Source Catalogue (Voges et al. 2008} —Hy and He A5876, 6678 equivalent widths (EW) and
full width at half maximum (FWHM) were measured from CAFOS®eage spectra (Figure 5.1) using thne egr at e/ | i ne task

in M DAS; the outburst of HS 1016 is uncertain (marked by a colon) n&g @ne outburst was observed.



5.2 HSO0417+7445

5.2.1 HSO0417+7445 as a SU UMa dwarf nova

HS 0417+7445 was spectroscopically identified as a CV in @atd 996, at the
Calar Alto 2.2 m telescope. The identification spectrumyFec.1) contains strong
Balmer emission lines together with weaker lines of et are a characteristic of
CVs. Hen A4686 is very weak, suggesting that HS 0417+7445 is a dwaid nbv
served in quiescence. HS 0417+7445 is contained in the R@B4ht Source Cat-
alogue as 1RXS J042332+745300 (Moges et al. 1999), and kasiependently
identified as a CV by Wu et al. (2001). HS 0417+7445 displagegd-amplitude
variability on the HQS spectral plates, where it was detketeB ~ 18.0 in June
1992 and aB ~ 13.5 in January 2001, supporting the suggested dwarf novaeatur

of the object.

Throughout the period December 2000 to January 2005, suygplephoto-
metric observations for HS 0417+7445 were obtained at thed@lstein telescope,
the OLT, and the INT £ 25h, in total). The object was found near a mean mag-
nitude of~ 17.5 (December 2000B ~ 17.9, February 2003R ~ 17.3, Novem-
ber 2004: filterless~ 17.6, January 2005¢g' ~ 17.5), consistent with the USNO-
A2.0 measurement®) ~ 17.2 andB ~ 16.8, except during January 2001, when
the system was found in an outburst n@u 13.5. In the quiescent state, the
light curve of HS0417+7445 is characterised by a doublegrapattern with a
period of ~ 100 min (Figure 5.2, bottom panel). The light curve obtaidedng
the January 2001 outburst (Figure 5.2, top panel) revealsreumps that identify
HS 0417+7445 as a SU UMa-type dwarf nova, and therefore tlilsuost as a su-
peroutburst. An additional outburst of HS 0417+7445 waggbawn the rise in
April 10, 2005 by P. Schmeer with the Rigel telescope, an8h, V-band data
obtained by D. Boyd on the evening of April 11, 2005 showeddhgct already

declining at a rate of- 0.85 magd?! and no evidence of superhumps was found.
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Figure 5.1: Main panel flux-calibrated CAFOS spectra of HS0417+7445,
HS1016+3412, HS 1340+1524, HS 1857+7127, and HS 2214+2Bikes are
labelled alternatingly on the left and right side. HS 134824 was observed in
guiescence and outburst, respectiveRight panel close-up plots of the & and
H[ profiles.

By April 18, the system reached again its quiescent mageitdyf ~ 17.5.

5.2.2 The orbital and superhump periods

In order to measure the orbital period of the system, a Se#t§82) periodogram

was computed within th&l DAS/ TSA context from all quiescent data, except the
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Figure 5.2: Sample light curves of HS0417+7445 obtainedhatWendelstein
observatoryTop panel B-band data obtained during superoutburst on January 14,
2001.Bottom panelfilterless data obtained during quiescence.

February 2003 observations in which the data were of too paprality. The pe-
riodogram (Figure 5.3) contains a fairly broad sequencdia$es spaced by 14,
with the strongest signal at IB3d~* and a nearly equally strong signal at181.
The high-frequency range of the periodogram of HS 0417+744%cely repro-
duced by the window function (shifted to 13.7%din the top panel of Figure 5.3),
but excess power is present at frequencies below 1puhost likely associated
with the short lengths of the observing runs. Sine-fits tod#ia result in the peri-
ods corresponding to the two highest peaks in the periododg?a~ 1051 min and
P ~ 1099 min, respectively. We interpreted these values as p@ssibital periods
of HS0417+7445.

The Scargle periodogram computed from the superoutbutatatztained
on January 14, 2001 provides a broad signal with a peak 88.3d™1, or P ~
1083 min. The light curve folded over this period shows, howgeeesignificant

offset between the two observed superhump maxima. A peyrato computed
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Figure 5.3: Main panel Scargle periodogram of HS 0417+7445 during quiescence
computed from all photometric data except February 27, 2008 panel the
window function shifted to 13.7d\.

using Schwarzenberg-Czerny’s (1996) analysis-of-vagafAOV) method using
orthogonal polynomial fits to the data (implemented&® TSA in M DAS) results
in a much narrower peak compared to the Scargle analysigredeat 1295 d~1
(P~1112min). This period provides a clean folded light curve. Timprovement
in the period analysis underlines the fact that AOV-typehuds provide better
sensitivity for strongly non-sinusoidal signals (such apeshumps) compared to

Fourier-transform based methods.

The analysis of our photometric data left us with two canttidabital peri-
0ds, Pyrp = 1051 min or Pyry = 109.9 min, and two candidate superhump periods,
Psh = 1083 min or Psp = 1112 min. Table 5.2 lists the fractional superhump ex-
cess g = (Psh— Porn) /Porb Ccalculated from all possible combinations of the candi-
date periods. We consider cases (2) and (3) as very unlgelyp dwarf nova with
€ > 5% is found below the period gap and no short-period dwaramneith a neg-

ative superhump excess is known (e.g. Nogami et al. 200@erBanh et al. 2003;
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Table 5.2: The fractional superhump excess of HS 0417+7ddtpated frome =
(Psh— I::'orb)/l::'orb-

CasePyrp (Min) Psp(min) €
1 105.1 108.3 0.030
2 105.1 111.2 0.058
3 109.9 108.3 -0.015
4 109.9 111.2 0.012

Rodriguez-Gil et al. 2005a). In fact, most dwarf novae VAt ~ 100— 115 min
havee ~ 3— 4% (Patterson et al. 2005), which would make case (1) lookt mos
likely. However, based on our data, we prefer case (Fs@s 1112 min gave the
cleanest folded superhump light curve. In this case, HS©4445 would have a
rather low value ok, similar only to KV And Porp = 105494 0.30 min) which
hase = 0.0145 (Patterson et al. 2003). An unambiguous determinafiboth Py,
andPsp, would be important, as may be used to estimate the mass ratio of a CV

(Patterson et al. 2005).

5.3 HS1016+3412

5.3.1 Spectroscopic characteristics

An identification spectrum of HS 1016+3412 was obtained aiGhlar Alto 2.2 m
telescope in April 2001. The spectrum is similar to that of04%7+7445 domi-
nated by low-excitation emission lines as well as lackimgrej Hen A4686, sug-
gesting that HS 1016+3412 is a dwarf nova observed in quiesce

In addition, we obtained time-resolved spectroscopy of BlE#3412 (70
spectra) with CAFOS and IDS during the period April/May 2@0@l Febuary 2005.
The CAFOS (Figure 5.1) and IDS average spectra of HS 10162384 similar to

the identification spectrum, with strong Balmer emissiae$i together with weaker
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Figure 5.4. Sample filterless light curves of HS 1016+341@ioled at the Kry-
oneri observatory.

Hei and Fai lines and practically absent HeA4686. The single-peaked profile
found in the emission lines suggests a relatively low ofiigination. No spectral
contribution from the secondary star is detected in the egtigd the spectrum. The
equivalent widths (EWSs) from the CAFOS and IDS average spealt not show
any noticeable variation in each epoch throughout our ratl€els.1 lists FWHM

and EW parameters of the CAFOS average spectrum measune@faassian fits.

5.3.2 Photometric characteristics

The spectroscopic observations of HS 1016+3412 were suygplieed by time-resolved
photometry obtained in May 2004, using the Kryoneri and 18@8escopes. The
light curves of HS 1016+3412 display short-time scale fliciggwith an amplitude

of ~ 0.2— 0.3 mag with no sign of orbital modulation (Figure 5.4). Durihg May
2004 observations, the system was found consistently atgmitode of~ 17.5;

the USNO-A2.0 catalogue lisRB~ B~ 17.8. In April 2003, however, the system
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was found fainterV ~ 18.6, in the CAFOS acquisition images. The only known
outburst of HS 1016+3412 was detected using the Rigel tgteson November 2,
2004, where an unfiltered magnitude of 15.4 was recorded. nExeimage ob-
tained on November 11, 2004, showed the system again atiésaunt magnitude
of ~175.

5.3.3 The orbital period

In order to determine the orbital period of HS 1016+3412, veasured the radial
velocity variations of Hi, the strongest emission line, from the CAFOS and IDS
spectra. We first rebinned the individual spectra to a unifeelocity scale centred
on Ha, and followed by normalising the slope of the continuum. Wentmeasured
the Hu radial velocity variation using the double-Gaussian métbb Schneider
& Young (1980) with a separation of 1000 kmisand an FWHM of 200 kmst.
A Scargle periodogram calculated from the Hadial velocity variation contains
a set of narrow aliases spaced by 1dwith the strongest signal found dt~
12.6 d~* (Figure 5.5, top panel). We tested the significance of tigisaiby creating
a faked set of radial velocities computed from a sine fumctiith a frequency of
12.6d~1, and randomly offset from the computed sine wave using treenied
errors. The periodogram of the faked data set is plotted malsvindow of the
top panel in Figure 5.5 which reproduces well the alias stineoof the periodogram
calculated from the observation. A sine-fit to the foldedabekelocities (Figure 5.6,
see Table 5.3 for the fit parameters) refined the period ta3H1 2.7 min, which we
interpreted as the orbital period of HS 1016+3412.

As suggested by visual inspection of the light curves, agdegareriodogram
computed from the entire photometry as well as from indigidsubsets did not

reveal any significant signal.
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Table 5.3: Sine fits to the dd radial velocities of HS1016+3412, HS 1340+1524, and HS #8%27. For HS 2214+2845,
a combination of [ and H3 radial velocities were fitted, as the September 2000 Caltr #pectra did not coverdad For
HS 1857+7127 and HS 2214+2845, the periods were fixed tovhkies determined from the photometry.

Object To Period (days) K (kms!) y(kms™?)
HS 1016+3412 2452734039+ 0.0012 00794+0.0019 930+5.3 356+39
HS 1340+1524 2452734438+ 0.0018 006435+0.00012 575+6.2 —31.1+4.1
HS 1857+7127 24523683243+ 0.00098 0189109+ 0.000001 128+9.6 —17.9+7.4
HS 2214+2845 2451812309+0.0028 017918+0.00039 73+6.5 298+5.0
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Figure 5.7: Sample light curves of HS 1340+15Zp panel R-band data ob-
tained at the Kryoneri observatorygottom panel filterless data obtained at the
IAC80 telescope.

5.4 HS1340+1524

HS 1340+1524 was identified as a hon-magnetic CV in May 206 fits spec-
trum, which looks identical to that of HS 0417+7445 and HSEHB412. Time-
resolved spectroscopy of HS 1340+1524 (78 spectra) wasnebitan April 2003
and Febuary 2005 at the Calar Alto 2.2 m telescope and at theHN 1340+1524
was classified as a dwarf nova when an outburst was detected @AFOS data,
on April 10, 2003. Figure 5.1 (middle two panels) shows therage CAFOS spec-
tra of HS 1340+1524 during quiescence and outburst, raspct The average
spectrum during quiescence is similar to that of HS 0417%& HS 1016+3412,
showing strong single-peaked line profiles of Balmer eroisalong with the weaker

lines of He and Fei. The line parameters during quiescence are given in Table 5.
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5.4.1 Long and short term variability

Throughout our time-series photometry (May 2001 to May 3Qfiiained at the
AIP, IAC80, FLWO, and Kryoneri telescopes, HS 1340+1524 fgasd at a mean
magnitude in the range 17.7 — 16.8 (see Figure 5.8, main window). A first out-
burst of HS 1340+1524 was detected on the evening of Apri2Q03 during spec-
troscopic observations with the Calar Alto 2.2 m telescdpe outburst magnitude
wasV ~ 14.7 on the CAFOS acquisition image. The spectra obtained immed
ately thereafter showed weak emission at Mith an equivalent width of- 4.7 A,
whereas 8 and Hy were in absorption with narrow emission cores, which are typ
ical of an optically thick accretion disc (Figure 5.1). Sianispectra were observed
in the three HQS CVs: HS 0139+0559, HS 0229+8016, and HS (E¥B+(Chap-
ter4). As the conditions during the night deteriorated, wéched to time-series
photometry, recording a decline at0.05maghr!. The CAFOS acquisition im-
ages showed that HS 1340+1524 fadeW te 16.1 andV ~ 17.3 in the two subse-
qguent nights, April 11 and 12, 2003, respectively. A puzzhact is that acquisition
images taken on three nights, April 7, 8, and 9, 2003, befweottburst showed
HS 1340+1524 a¥ ~ 185, i.e. nearly one magnitude fainter than the usual qui-
escent value (see Figure 5.8, small window). On April 28, &FOA& acquisition
image showed the system again at a filterless magnitude &f dohsistent with the
typical quiescent brightness. The duration of the entitbunst was less than two
days.

A second outburst reaching an unfiltered magnitude @#.2 was recorded
on April 15, 2005 with the Rigel telescope; again, the doratf the outburst was
of the order of 2- 3 days.

The light curves of HS 1340+1524 obtained during quiescanegredom-
inantly characterised by variability on time scales~ofl5— 20 min with peak-to-
peak amplitudes of 0.4 mag (Figure 5.7, bottom panel). On some occasions, the

light curves show hump-like structures which last for onsdweral hours, superim-
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Figure 5.8: Main window the mean magnitudes of HS 1340+1524 obtained
from May 2001 to May 2005 irR-band (filled triangles)y-band (filled circles),
and white light (open circles). The photometric error on itindividual points is

< 0.05mag. An additional systematic uncertainty arises from ¢cbmbination

of different band passes. Considering the apparent matgstaf HS 1340+1524
listed in the Sloan Digital Sky Survey which age= 17.3,r = 17.1, andi = 17.1,

the errors due to colour terms are likely to be withHi0.1 mag. Small window
close up of the April2003 CAFOS run. The first three pointsiskite deeply faint
state with a mean magnitude\éf~ 18.5 before the outburst on April 10, 2003.

posed by short-time scale flickering (e.g. Figure 5.7, tapepa Our period analysis
of the photometric data did not reveal any stable signaléencttimbined data.

In summary, HS 1340+1524 appears to have rather infrequehtshort-
lived outbursts, and displays a substantial amount of sleamt variability as well

as variability of its mean magnitude during quiescence.

5.4.2 The orbital period

The orbital period of HS 1340+1524 was determined using pleetsoscopic data
taken in quiescence both with CAFOS and IDS. The kdial velocity varia-

tion was measured in the same manner as in HS 1016+3412 wigparagion
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of 1000kms?! and an FWHM of 200kms!. Figure5.5 (second panel) shows
the Scargle periodogram of HS 1340+1524. The strongesalksigriound atf =
15.54+ 0.03d" %, where the error is estimated from the FWHM of the strongest
peak in the periodogram, corresponding to an orbital pecb®,, = 92.66+
0.17min. The Hx radial velocity curve folded over this period is shown in Fig
ure 5.6 (second panel) along with a sine-fit; the fit pararsetey given in Table 5.3.
The periodogram of a faked data set constructed from thggéecy agrees well
with the entire observed alias structure (insert in Figube $econd panel).

With the spectroscopic period being determined, we reyaedl the time-
series photometry of HS 1340+1524, and found no signifiagnasin the range of
the orbital frequency when we combined all quiescent datave¥er, a weak signal
at a frequency of- 15.5d"1 and its one-day aliases were detected intermittently on

some occasions, e.g. in the 2003 Kryoneri data and the 20040+bbservations.

5.5 HS1857+7127

HS 1857+7127 was identified as a typical CV, showing Balmet Hei emis-
sion in its spectrum, in July 1990 at the Calar Alto 2.2 m tetge. Additional
time-resolved spectroscopy of HS 1857+7127 (41 spectra)oksained in April
2003 with CAFOS and IDS. The CAFOS average spectrum of HSABRZ7 (Fig-
ure5.1) is similar to the spectra of HS 0417+7445, HS 1016234nd HS 1340-
+1524, presenting a blue slope superimposed by Balmer ancidession lines.
Slight flux depressions are observed near 62@®d 72008, which might be as-
sociated with the TiO bands of an M-type donor, however, thality of the data
is insufficient to unambiguously establish the detectiothefsecondary star. The
Balmer emission line profiles are double-peaked, with a fiegleak separation
of ~ 800kms, suggesting a moderate to high inclination of the systemigh h

orbital inclination of HS 1857+7127 was confirmed by the detas of eclipses in
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Figure 5.9: Sampl&-band and filterless light curves of HS 1857+7127 folded over
the ephemeris in Equation5.1. See Section 5.5.2 for details

the light curves of the system (Figure 5.9).

5.5.1 Long term variability

Throughout our photometric observing runs in April 2002 tayV2004, at the AIP,
Kryoneri, Calar Alto 2.2m, INT, OGS, IAC80, and FLWO telepes, HS 1857-
+7127 was found to vary over a relatively large range betwleea— 13.9 mag in

average brightness, suggesting a frequent outbursttgairgure 5.9); the USNO-

A2.0 catalogue liste®®R = 15.0 andB = 15.6. Combined with the long-orbital pe
riod (see below), it appears likely that HS 1857+7127 is a m@gpe dwarf nova.
The IDS spectra obtained in April 2003 showed the system witload absorp-

tion trough around B, with a weak (EW~ 3.5A) single-peaked emission core,
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Figure 5.10: The HST/STIS spectrum of HS 1857+7127 takenugu&t 17, 2003
during an outburst.

typical of dwarf novae during outburst (Hessman et al. 198% we did not ob-
tain a spectrophotometric flux standard on that occasiahhawe no simultaneous
photometric data, the magnitude of that outburst could ratdiermined. An addi-
tional outburst spectrum was obtained in the ultraviol@tg$IST/STIS on August
17, 2003, showing a range of low and high ionisation lines oNCSi, and Al in
absorption, as well as a P-Cygni profile invCA1550 (Figure 5.10). We derived
an R-band equivalent magnitude of 14.1 from the STIS acquisitinage taken
before the ultraviolet spectroscopy (see Araujo-Betamtaal. 2005b for details
on the processing of STIS acquisition images), and growsdd photometry ob-
tained at Kryoneri a few hours after the STIS observationmfoHS 1857+7127
atV = 139. The STIS spectrum resembles qualitatively the ultr@tiepectrum
of ZCam obtained during an outburst (Knigge et al. 1997). Pk@ygni profile

provides evidence for the presence of a wind outflow duriegotitburst.
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5.5.2 Eclipse ephemeris

We obtained light curves of HS 1857+7127 throughout theope2002 and 2004
and covered nine eclipses. We measured the times of thesectimima, and de-
termined the cycle count by fittingp' — @§°¢™®9—2 | leaving the period as a free

parameter (Figure 5.11). The following ephemeris was édras:
To=HJID24523686324398) +0.1891091) x E (5.1)

whereTy is defined as the time of mid-eclipse. The errors (given irckets) of
the zero phase and period were determined from a leastesgfiato the observed
eclipse times versus the cycle count number. We conclud¢itbarbital period of
HS 1857+7127 i®op = 272317+ 0.001 min.

The overall shape of the light curves and that of the eclipeéles show a
large degree of variability (Figure 5.9). On April 22, 20@&e light curve shows
an orbital modulation with a bright hump preceding the esdigtypically observed
in quiescent eclipsing dwarf novae (e.g. Zhang & Robinsd@i)9roduced by the
bright spot. A shallow{ 0.4 mag) eclipse is recorded, implying a partial eclipse
of the accretion disc in the system. On September 16, 206Zyttem was appar-
ently caught on the rise to an outburst, with the eclipsetdegtuced te- 0.2 mag.
During several intermediate and bright states, the sigaatithe bright spot disap-
peared, and was replaced by a broad orbital modulation wétkimmum light near
phase 0.5, superimposed on short time scale flickering (&tg9, bottom four pan-
els). On May 3, 2004, a narrow dipa¢ ~ 0.05) centred atp~ 0.85 precedes the
eclipse during both observed cycles. A similar featureugioof lower depth, has
been observed on April 22, 2003.

5.5.3 Radial velocities

As for HS 1016+3412 and HS 1340+1524, we measured theadial velocities of
HS 1857+7127 using the double-Gaussian method with a sepacd 1500 kmst
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Figure 5.11: Periodogram of HS 1857+7127 computed from edfipses obtained
during the 2002 to 2004 runs.

and an FWHM of 400 kmst. The Scargle periodogram computed from these data
contains a set of narrow peaks at 3:3d4.3d™%, and 5.3d?, consistent with
the photometric frequency ~ 5.29d"1, computed from the eclipse ephemeris
in the previous section, and its one-day aliases (Figurethbifd panel). A pe-
riodogram calculated from a faked data set assuming theoptedtic frequency

of 5.28796d 1, is shown in the insert in Figure 5.5 (third panel). We foldkd

Ha radial velocity curve using the eclipse ephemeris givendodion 5.1, result-
ing in a quasi-sinusoidal modulation with an amplitude 08.02- 9.6kms™! and
y=—17.9+7.4kms!, as determined from a sine-fit (Table 5.3). The red-to-blue
crossing of the ld radial velocities occurs at the photometric phas®.1 (Fig-

ure 5.6, third panel). Such a shiftis not too much of a suepas our radial velocity
measurements were extracted from spectra sampling differaghtness (outburst)
states of HS 1857+7127, covering less than one orbital apcid cases, and are
not expected to represent a uniform and symmetrical enmigsaon the accretion

disc.
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Table 5.4: The times of eclipse minima of HS 1857+7127 oletuturing the 2002
to 2004 runs .

Date Eclipse minima (HJD)
2002 Apr 03 2452368.53446
2002 Apr 22 2452387.44260
2002 Sep 16 2452534.38100

2002 Oct 24 2452572.39500, 2452572.57893
2003 Apr 22 2452752.42275, 2452752.61229
2004 May 03 2453128.56222
2004 May 04 2453129.88816

5.6 HS2214+2845

HS 2214+2845 was first spectroscopically observed in Sdpe@000 at the Calar
Alto 2.2 m telescope. The identification spectrum suggéstisthe system is a typ-
ical non-magnetic CV observed during low mass-transfevict Time-resolved
spectroscopy of HS 2214+2845 (41 spectra) was obtainedpte®der 2000 and
in August/September 2002 at the Calar Alto 2.2 m telescopletlaa INT, respec-
tively. The CAFOS average spectrum of HS 2214+2845 (Figureis charac-
terised by a fairly red continuum superimposed by strongrigalemission lines
and weaker emission lines of iHeand Fer; these emission lines are also observed
in the IDS spectra which cover a narrower wavelength rangé400— 6800A.
The Balmer line profiles are double-peaked with a peak-tkmeparation of-
800—1000 kms!, suggesting an origin in an accretion disc (Horne & Marshg)98
TiO absorption bands are present in the red part of the spectevealing the late-
type secondary star.

Time-resolved photometry of HS 2214+2845 was carried outhatBrae-
side, Kryoneri, OGS, and IAC80 telescopes during 2000 ariB2®verall, the
light curves display low amplitude flickering ef 0.2 — 0.3 mag with a short-time

scale of~ 10— 20 min, superimposed on a low amplitude orbital modulatién.
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Figure 5.12: Sampl&-band light curves of HS 2214+2845 obtained at the Brae-
side observatory.

double-humped structure with a periodo# h was detected in the two longest light
curves obtained at the Braeside observatory in SeptemBér(Eigure 5.12) which
were used as a crucial clue in determining the orbital pesfddS 2214+2845 (see

Section 5.6.2).

During our spectroscopic and photometric follow-up stadidS 2214+2845
was consistently found at 16.5— 15.5 mag, with night-to-night variations of the
mean magnitude of- 0.2 — 0.4 mag; the USNO-A2.0 catalogue list&d= 15.0
andB = 15.6. The dwarf nova nature of HS 2214+2845 was confirmed through
the visual monitoring by P. Schmeer, which led to the debdectf outbursts on
December 10, 2004, and on May 2, July 14, September 22, 20@5Agril 23,
2006. The mean cycle length appears to~bél d, and the maximum brightness

recorded during outburst was~ 12.3.
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5.6.1 The spectral type of the secondary and distance

Overall, the spectrum of HS 2214+2845 resembles that of tetd-type dwarf
novae, e.g. CZOri (Ringwald et al. 1994), PG 0935+075 (Tieoren & Taylor
2001), and U Gem itself (Wade 1979; Stauffer et al. 1979)ctvinave secondary
stars with spectral types in the range M2—M4, and orbitabplsrin the range 255—
315 min.

In order to determine the spectral type of the secondaryrskt® 2214+2845,
we used a library of spectral templates created from SlogitdDiSky Survey data,
covering spectral types MO—-M9 (Rebassa-Mansergas et@r)2Bor each spectral
type, we varied the flux contribution of the M-dwarf templat&il the molecular
absorption bands cancelled out as much as possible in tleeeti€e spectrum of
HS 2214+2845 minus template. The best match in the relatieagth of the TiO
absorption bands is achieved for a spectral type9#20.5, contributing 25% of
the observed/-band flux of HS 2214+2845 (Figure 5.13). The extrapolatieds
fluxes spectrum of the secondary stagrees fairly well with the 2MASSHKs
fluxes of HS 2214+2845 (14.5, 13.9, and 13.5, respectivslyygesting that the

accretion disc contributes only a small amount to the iefildtux.

Using Beuermann & Weichhold’s (1999) calibration of thefaoe bright-
ness in the 7165/7500 TiO band, and assuming a radius R = (3.0+0.3) x
10'%cm, based on the orbital period determined below and variadisis-orbital
period relations (e.g. Warner 1995; Beuermann & Weichh@€9), we estimate
the distance of HS 2214+2845 to 8e= 390+ 40 pc, where the error is dominated

by the uncertainty of the secondary’s radius.

lUsing LHS399 from Sandy Leggett's library of M-dwarf  spegtr
http://ftp.jach.hawaii.edu/ukirt/skl/dM.spectra/
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Figure 5.13: The average CAFOS spectrum of HS 2214+28456K hlae) along

with the best-matching M-dwarf template of spectral type.Bl2caled to fit the
strength of the molecular bands in HS 2214+2845. The 2MAB%; infrared

fluxes of HS 2214+2845 are represented by filled triangles)HKs spectrum of
the M-dwarf template is shown as gray dots.

5.6.2 The orbital period

We first measured the radial velocity variation ofikh the IDS spectra and in
the R-100 CAFOS spectra, as well as that @ iH the B-100 CAFOS spectra by
using the double Gaussian method of Schneider & Young (198% Scargle pe-
riodogram calculated from these measurements containedlamear~ 5.5d 1,
but was overall of poor quality. In a second attempt, we deiteed the Ht and H3
radial velocities by means of thé/R ratios, calculated from having equal fluxes in
the blue and red line wing, fixing the width of the line 402500 kms? in order

to avoid contamination by the H&6678 line adjacent to & The Scargle peri-
odogram calculated from these sets of radial velocitiesagons the strongest signal
at 66d1 and a 1d? alias of similar strength at.6d~! (see Figure 5.5, bottom

panel). Based on the spectroscopy alone, an unambiguados petermination is
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not possible.

A crucial clue in determining the orbital period of HS 221848 came
from the analysis of the two longest photometric time seoigtsined at the Brae-
side Observatory in September 2000 (Figure 5.12). The$e tigrves display a
double-humped structure with a period-of4 h, superimposed by relatively low-
amplitude flickering. The analysis-of-variance periodogi(AQV, Schwarzenberg-
Czerny 1989) calculated from these two light curves costawo clusters of sig-
nals in the range of 4 7d 1and 10— 13d%, respectively (see Figure5.14). The
strongest peaks in the first cluster are found-a.58 d-land~ 5.92d"! and at
~11.14dtand~ 11.48d! in the second cluster. Based on the fact that two of
the frequencies are commensurate, we iderftify= 5.58d 1 and f = 11.14d !
as the correct frequencies, with being the fundamental ant being its har-
monic. The periodogram of a faked data set computed fromesave with a
frequency of 58 d1, evaluated at the times of the observations and offset by the
randomised observational errors reproduces the aliaststeuobserved in the pe-
riodogram of the data over the range-Z d— very well (Figure 5.14, top panel).
A two-frequency sine fit withf, = 2 x f; to the data results ify = 5.581(12) d L.
The Braeside photometry folded over that frequency dispéagouble-hump struc-
ture (Figure 5.15, two bottom panels). We identffyas the orbital frequency of
the system, hencdy,, = 25802+ 0.56 min based on the following arguments.
(a) The fundamental frequency detected in the photomeincmes with that of
the second-strongest peak in the periodogram determired fihe Hx and H3
V /R-ratio radial velocity measurements (Figure 5.5, bottomeba (b) Double-
humped orbital light curves are observed in a large numbshoft-period dwarf
novae, e.g. WX Cet (Rogoziecki & Schwarzenberg-Czerny 2004Z Sge (Pat-
terson 1998), RZ Leo, BC UMa, MM Hya, AO Oct, HV Vir (Pattersetnal. 2003),
HS 2331+3905 (Araujo-Betancor et al. 2005a), and HS 22124 {Rodriguez-Gil

et al. 2005a); the origin of these double-humps is not raaligerstood, but most
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Figure 5.14: Main panel the analysis-of-variance (AOV) periodogram of
HS 2214+2845 calculated from the two longest light curvesioled at the Brae-
side Observatory, which show a double-humped patfByp.panel the AOV peri-
odogram created from a sine wave with the orbital period &@3min.

likely associated with the accretion disc/bright spot. dngd-period dwarf novae,
double-humped light curves are observed in the red parteo$plectrum caused by
ellipsoidal modulation of the secondary star, e.g. U GemriBmn et al. 1983) or
IP Peg (Szkody & Mateo 1986; Matrtin et al. 1987). In both casestrong and
sometimes dominant, signal at the harmonic of the orbitabdes seen in the

periodograms calculated from their light curves.

Figure 5.6 (bottom panel) shows the radial velocity datdddlover the pho-
tometric orbital period (258.02 min), along with a sine-fiable 5.3). The radial
velocities are shown again in Figure 5.15 together with treeBide photometry, all
folded using the photometric period but the spectroscagrioint (Table 5.3). The
photometric minima occur near orbital phase zero (infez@rjunction of the sec-
ondary) and 0.5, consistent with what is expected for edligesl modulation. Very

similar phasing is observed also for the double-humps intgberiod systems, e.g.
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Figure 5.15: The spectroscopic and photometric data of H822845 are folded

on the photometric period of 258.02 min using the spectiuiscrero-pointTy =

HJD 24518123309 defined by the red-to-blue crossing of the &hd H3 radial
velocities. In that phase convention, the inferior conjiorcof the secondary star

is expected to be at orbital phase zeFop panel the radial velocity variation of the
Ha and H3 emission lines, as already shown in Figure 5.6. A whole clyakebeen
repeated for clarityMiddle panei the photometric data obtained from the Braeside
ObservatoryBottom panelthe photometric data binned into 25 phase slots, along
with a two-frequency sine fit (dashed line).

WZ Sge (Patterson 1980) showing maximum brightness cloghases 0.25 and
0.75. However, given the strong contribution of the secondtar to optical flux

of HS 2214+2845 (Figure 5.13), and the fact that the filter®saeside photometry
is rather sensitive in the red, we believe that the origirhefdouble-hump pattern

seen in HS 2214+2845 is indeed ellipsoidal modulation.
The binary parameters of HS 2214+2845 could be improvedutuad study
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by a measurement of the radial velocity of the secondaryesigrusing the sodium
doublet in thd band, and a determination of the orbital inclination fromdeiting

the ellipsoidal modulation.

5.7 The new dwarf novae as X-ray sources

All five dwarf novae identified on the basis of their emissiorelspectra in the

HQS are also X-ray sources in the ROSAT All Sky Survey (RA$E0417+7445,

HS 1340+1524, and HS 2214+2845 are contained in the Brightc8dCatalogue

(Voges et al. 1999), HS 1016+3412 and HS 1857+7127 withinFdnat Source

Catalogue (Voges et al. 2000). The X-ray properties of tive systems are sum-
marised in Table 5.1. All but HS 1340+1524 are hard X-ray sesiin the hardness
ratio HR1, typical of non- (or weakly-) magnetic CVs (van 3ekng et al. 1996).

5.8 Discussion, part Il

5.8.1 The orbital period distribution of dwarf novae

Because of their outbursts, the vast majority of all cutgekbhown dwarf novae
have been discovered by variability surveys, either thnoppfessional sky pa-
trols, or through the concentrated efforts of a large nurobamateur astronomers
(Gansicke 2005). Considering the irregular temporal $engf such observa-
tions, the population of known dwarf novae is likely to bedad towards systems

which have frequent and/or large amplitude outbursts.

The orbital period distribution of all known dwarf novae

Inspecting the Ritter & Kolb catalogue (2003, Edition 7.5Jafy 1, 2005) within
the orbital period range @f 1 hto~ 1 d and removing AM CVn systems, itis found
that nearly half of all known CVs (262 systems out of 572, d¥o}@re dwarf novae
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of which 166 (63%) hav€,p, < 2 h, 26 (10%) are found in the-23 h orbital period
gap, and 70 (27%) have long perio®s;, > 3 h. The conventional definition of the
period gap as being the range-3 h is somewhat arbitrary, and these numbers vary
slightly if a different definition is used, but without chang the overall picture.
Figure 5.16 (top panel) shows the orbital period distrimuif all known CVs and
dwarf novae with periods betweenl h and~ 1 d. Whereas the total population of
all CVs features the well-known period gap, i.e. the rekd{ismall number of CVs
with periods 2 k< Py < 3 h, the number of dwarf novae reaches a minimum in the
range 3- 4 h. In fact, the number of dwarf novae with &Py, < 4 his a half (15,
or 6% of all dwarf novae) of that in the “standard=23 h period gap (26, or 10%).
The dearth of known dwarf novae in the-31 h period range was pointed out by
Shafter et al. (1986) and Shafter (1992), who compared teergbd dwarf nova
period distribution with those constructed from variousgmetic braking models,
and concluded that none of the standard magnetic brakingisiodn satisfactorily
explain the lack of observed dwarf novae in the 8 h period range.

The bottom panel of Figure 5.16 displays all known dwarf roeacord-
ing to their subtypes, which are 159 (61%) SU UMa, 37 (14%) thG28 (7%)
Z Cam, and 48 (18%) unclassified subtype (XX). For completenee note that
the SU UMa class includes 8 ER UMa stars (which have very shagoéroutburst
cycles) and 19 WZ Sge stars (which have extremely long osthayrcles). All
confirmed U Gem and Z Cam stars lie above the period gap; inaad¢tut one
Z Cam star (BX Pup) havB,, > 3.5%. Itis clearly seen that the majority (85%)
of SU UMa lie below the period gap and only a small fraction%5nhabits the
2—3h period rang&

2Ritter & Kolb (2003) list five U Gem-type dwarf novae wil,, < 3h: CCCnc is a SU UMa-
type dwarf nova (Kato & Nogami 1997), and we included 587 IGf,Gru, V544 Her, and FS Aur
as dwarf novae with no subtype (XX) due to the lack of cleareokmtional evidence for a specific
subtype.

3A note of caution among the WZ Sge stars, which mostly hawasHort-periods, concerns
UZ Boo. Ritter & Kolb (2003) list a period of- 3 h based on quiescent photometry, which is almost
certainly wrong. Intensive time-series of the 2003 outbaf$)Z Boo revealed a superhump period
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Figure 5.16: Top panel the orbital period distribution of known CVs and dwarf
novae from Ritter & Kolb (2003, 7th Edition, rev. 7.5, July(g) are shown in
gray and shaded, respectivelfgottom panel the period distribution of known
dwarf novae according to their subtypes, U Gem (UG), Z Can) (30 UMa (SU),
WZ Sge (WZ), ERUMa (ER), and unclassified subtype (XX). Thehda lines
represent the conventional 2-3 h period gap.

The orbital period distribution of short-period dwarf nevien Figure 5.16
(the majority of all CVs in this period range) differs markgttom the predictions
made by the standard CV evolution theory (e.g. Kolb 1993pkbBaraffe 1999;
Howell et al. 2001): the minimum period is close+to/7 min, contrasting with the
predicted minimum period of 65 min (Paczyhski & Sienkiewicz 1983), and the
distribution of systems is nearly flat By, whereas the theory predicts a substantial

accumulation of systems at the minimum period. Several fivzations of the CV

of 89.3 min (Kato, vsnet-campaign-dn 4064), and we use Ihés@alue as an estimate of the orbital
period.
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Figure 5.17: Top panel the orbital period distribution of 41 new CVs and 14
dwarf novae identified in HQS are shown in gray and hatchepeaeively.Bottom
panel the period distribution of HQS dwarf novae according toirtlseibtypes,
U Gem (UG), ZCam (ZC), SUUMa (SU), WZ Sge (WZ), and unclasgifiebtype
(XX). The dashed lines are the conventional 2—-3 h period gap.

evolution theory have been suggested to resolve this ghanoy, however, none
with indisputable success (King et al. 2002; Renvoizé e2@02; Barker & Kolb
2003).

The orbital period distribution of dwarf novae in the HQS

Another possible explanation for the lack of a spike in theitat period distribu-
tion of CVs near the minimum period is that systems close éatimimum period,
especially those evolving back to longer periods, have abbgen discovered due

to observational selection effects. As most CVs below theodegap are dwarf
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novae, the most obvious bias suppressing the period sptkeaissume that dwarf
novae close to the minimum period have very rare outburstisfadt, a number
of dwarf novae near the minimum period have very long outbimtgrvals, e.g.
WZ Sge Eorp = 81.6 min, Patterson et al. 2002) erupts every-2D years; GW Lib
(Porb = 76.8 min, Thorstensen et al. 2002) has been seen in outbursbonoby, in
1983, although a second outburst was detected at the timatofgun April 2007.
It cannot be excluded that these systems represent “théttie cceberg” of a dwarf
nova population with even longer outburst periods. Assigntivat rarely outburst-
ing dwarf novae do exist in a significant number, and that gsctroscopically
resemble the known objects, such as WZ Sge or GW Lib, ourlsdéar€Vs in the
HQS should be able to identify them (Gansicke et al. 2002b).

We have so far obtained orbital periods for 41 new CVs founihénHQS;
their period distribution is shown in Figure 5.17 (top pan&he first thing to notice
is that the majority of the new CVs identified in the HQS arenfdabovethe period
gap, with a large number of systems in the period ranget® (see Chapter 4 for
a discussion of the properties of CVs in this period rangey.fék the overall CV
population, a dearth of systems is observed in the8h period range (Figure 5.17,

top panel), with the gap being wider for dwarf novae (Figueg5bottom panel).

To date 14 (26%) out of 53 new CVs discovered in the HQS have bes-
sified as dwarf novae, including the five systems, HS 04175%,74% 1016+3412,
HS 1340+1524, HS 1857+7127, and HS 2214+2845, presentbdsiaitapter (Ta-
ble 5.5). The fraction of long-period{;, > 3 h) systems is larger in the HQS
sample (43%) than in the total population of known dwarf ro(27%, see Sec-
tion5.8.1). The total number of new HQS dwarf novae is reédyi small, and
subject to corresponding statistical uncertainties. H@wethe tilt towards long-
period dwarf novae among the new HQS CVs is likely to be urstenated, as
a significant number of long-period HQS CVs have still uraertCV subtypes,

and several of them could turn out to be additional a Z Cane-tiparf nova (e.g.
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HS 0139+0559, HS 0229+8016, HS 0642+5049, plus additioealuppublished
systems). Optical monitoring of the long-term variabildf these systems will
be necessary to unambiguously determine their CV type. dlly¢he dwarf no-
vae identified within the HQS fulfil the above expectation®eing “low-activity”
systems, i.e. dwarf novae that have either infrequent ositbye.g. KV Dra,
HS 0941+0411, HS 2219+1824) or low-amplitude outburstg. (X Dra). We
found only one system that resembles the WZ Sge stars withvédry long outburst
intervals found near the minimum period that is HS 2331+3@0%ujo-Betancor
et al. 2005a) which has a period of 81.1 min, and no outbussblean detected so
far.

Thus, our search for CVs in the HQS has been unsuccessfugintifiging
the predicted large number of short-period CVs, despitenigaa very high effi-
ciency in picking up systems that resemble the typical knetvort-period dwarf

novae.

5.8.2 Constraints on the space density of CVs

CV population models result in space densities in the rangd@ >pc 2 to 2 x
10~*pc 2 (de Kool 1992; Politano 1996), whereas the space densigrméied
from observations i§0.5— 1) x 10-°pc—2 (Patterson 1984; Ringwald 1996; Patter-
son 1998). It appears therefore that we currently know aaowatrder of magnitude
fewer CVs than predicted by the models. Also the observed aditshort to long
orbital period systems is in strong disagreement with tlegligtions of the theory.
Patterson (1984, 1998) estimated that the fraction of gemibd CVs per volume
is 75— 80%, which has to be compared to 99% in the population stygiekb
1993; Howell et al. 1997).

Because of the large differences in mass-transfer rateishamce absolute
magnitudes of longR,p > 3 h) and shortR,, < 3h) period CVs, a proper dis-

cussion of CV space densities seems disheartingly diffiddtiwever, taking the
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Table 5.5: Dwarf novae discovered in the HQS with their spbty U Gem (UG),
SUUMa (SU), ZCam (ZC), and unclassified (XX). Uncertain sifisations are
marked by a colon.

HQS ID Other name Porb (Min)  Type References
HS 2331+3905 81.1 WZ. 1

HS 1449+6415 KV Dra 84.9 SU 2,3
HS 2219+1824 86.2 SuU 4

HS 1340+1524 92.7 XX this work
HS 1017+5319 KSUMa 97.9 SuU 2,5
HS 0417+7445 105.1/109.9 SU this work
HS1016+3412 114.3 XX this work
HS0913+0913 GZCnc 127.1 XX 2,7,8
HS0941+0411 RXJ0944.5+0357 215.0 XX 2,9
HS 0552+6753 LU Cam 216.6 UG 2,6
HS 0907+1902 GY Cnc 252.6 ucé 210,11
HS 2214+2845 258.0 UG this work
HS 1857+7127 272.3 ZC: thiswork
HS 1804+6753 EXDra 302.3 UG 12,13,14

References: (1) Araujo-Betancor et al. (2005a); (2) Jidrad. €2000); (3) Nogami
et al. (2000); (4) Rodriguez-Gil et al. (2005a); (5) Patber et al. (2003); (6)
Thorstensen priv. com. & vsnet-campaign-dn 2681; (7) Katal.e(2002a); (8)
Tappert & Bianchini (2003); (9) Mennickent et al. (2002)0)1Gansicke et al.
(2000); (11) Kato et al. (2002b); (12) Fiedler et al. (199@3) Billington et al.
(1996); (14) Shafter & Holland (2003)

theoretical models at face value, the space density of pmrgpd CVs is entirely
negligible compared to that of short-period CVs (Kolb 19BBwell et al. 1997),
and hence a discussion of the total CV space density can beccaut on the basis
of short-period systems alone. In the following, we asdes&kpected numbers of
systems in the HQS separately for short-period CVs thattdrewlving towards
the minimum period (pre-bounce), and those that alreadghexhthe minimum
period and are evolving back to longer periods (post-boun€er both cases, we
assumed (1) a space density of 50 °pc 3 as an intermediate value between the

predictions of de Kool (1992) and Politano (1996), (2) th@%/of all CVs are
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post-bounce systems, and 30% are pre-bounce systems (8@#) Howell et al.

1997) (ignoring, as stated above, the small number of largpg CVs), (3) a galac-
tic disc scale height of 150 pc (e.g. Patterson 1984), anthét)the luminosity of
short-period CVs is dominated by the accretion-heatedendwiarf.

Pre-bounce CVs expected in the HQS

CV evolution models predict a typical accretion rateNdf~ 5 x 10~ 1M, yr—1

for pre-bounce systems, with a relatively small spread fKI8393; Howell et al.
1997). For this accretion rate, Townsley & Bildsten’s (2p68lculation of white
dwarf accretion heating predicts an effective temperabifg,g ~ 12000 K. If the
luminosity is dominated by a white dwarf of this temperafutee HQS with an
average magnitude limit @& ~ 18 would detect pre-bounce CVs out to a distance
of 175 pc (using the absolute magnitudes of white dwarfs bg&®en et al. 1995),
i.e. over a bit more than one scale height. Within a spheraditis 175 pc around
the Earth, one would expect 144 CVs (taking into account the exponential drop-
off of systems perpendicular to the plane), of whiel36 would be within the sky
area sampled by the HQS. This is a conservative lower linsitary additional
luminosity from the accretion disc and/or bright spot adagela hotter white dwarf
temperature would increase the volume sampled by the H@Sharefore increase

the number of pre-bounce CVs within the survey.

Post-bounce CVs expected in the HQS

Once past the minimum period, the accretion rate of CVs anlistly drops as a
function of time, and we assume here a valudof 10~ 1M yr—1, corresponding
to an intermediate CV age of 5 Gyr (Kolb & Baraffe 1999), and a white dwarf
temperature of, g >~ 7000 K (Townsley & Bildsten 2003). This lower white dwarf
temperature reduces the detection limit of the HQS to anl§5pc. The total

number of post-bounce CVs within a sphere of radius 65 pcratdbe Earth is
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hence expected to be 40, of which 10 are within the HQS area.

Short-period CVs in the HQS: most likely pre-bounce only

The immediate question 8hat type are the short-period HQS CVs: pre- or post-
bounce? As mentioned in Section5.8.1, only 12 short-periéydf < 3 h) sys-
tems have been found among the 41 new HQS CVs for which we ldeaguate
follow-up data. The new short-period CVs comprise eightdiwavae (Table 5.5),
two polars (Reimers et al. 1999; Jiang et al. 2000; Schwasat. &001; Tovmas-
sian et al. 2001; Thorstensen & Fenton 2002; Gansicke é€08i4b), one inter-
mediate polar (Rodriguez-Gil et al. 2004a; Patterson .e2@D4), and one sys-
tem with uncertain classification (Gansicke et al. 2004&)e white dwarfs have
been detected in spectra of HS 2237+8154 (Gansicke et@.a30HS 2331+3905
(Araujo-Betancor et al. 2005a), HS 2219+1824 (Rodrig@ézt al. 2005a), and
HS 1552+2730 (Gansicke et al. 2004b), with temperaturesidf500 K,~ 11500 K,

~ 15000K, and~ 20000K, respectively. These four systems are very likely to
have the lowest mass transfer rates among the 12 new shat@/s; the optical
spectra of the other eight are characterised by strong BalnteHe emission lines
and the associated continuum which outshines the whitefdtygical of higher
accretion rates. While there are still about a dozen HQS Cifsnwo accurate or-
bital period determination, the data already at hand makesy unlikely that more
than two or three of those systems will turn out to have pario@ h.

For a complete assessment of the short-period content di@t one has
obviously to include in the statistics the short-period GNat are contained within
the HQS data base, but were already known — subject to the sglewtion criteria
that were applied to identify the twelve new systems. Gikaset al. (2002b) anal-
ysed the properties of the previously known CVs within theSHdata base, and
came to the following conclusions. 18 previously known sip@riod o < 3 h)

systems with HQS spectra are correctly (re-)identified as,@luding 12 dwarf
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novae, five polars, and one intermediate pblarhe authors also found that only
two previously known short-period systems with HQS spefaiiad to be identi-
fied as CVs; this “hit rate” of 90% underlines the extreme &dfficy of the HQS
of finding short-period CVs. Five out of those 18 systems haeasured white
dwarf temperatures, all of them in the rangd 1 000—- 16 000K (MR Ser, ST LMi,
AR UMa, SWUMa, T Leo: Gansicke et al. 2001; Hamilton & Sior020 Araujo-
Betancor et al. 2005b; Gansicke et al. 2005b). For the mr@mgil3 systems, all
have spectra dominated by strong Balmer and He emissioggstigg accretion
rates too high to detect the white dwarf.

In summary, the HQS contains a total of 30 short-period C2s@w identi-
fications plus 18 previously known systems); all of which @wasistent with being
pre-bounce systems. At face value, this number agreesr naitedy with the 36
expected systems derived above, but one has to bear in nanthtk number is an
absolute lower limit, as hotter white dwarfs and/or acoretiuminosity from the
disc and hot spot will increase the volume sampled by the HQS.

While there may still be some shortfall of pre-bounce systeitnis much
more worrying that so far no systems with the clear signatifira post-bounce
CV that evolved significantly back to longer periods has beemd — neither
in the HQS, nor elsewhere. The coldest CV white dwarfs hawn beund, to
our knowledge, in the polar EF Eriy(g ~ 9500 K, Beuermann et al. 2000), and
HS 2331+3905T,g ~ 10500 K, Araujo-Betancor et al. 2005a), both systems with
the orbital periods of- 81 min — which may hence be either pre- or post-bounce
systems.

A final note concerns the number of WZ Sge stars, i.e. sharbgewarf
novae with extremely long outburst intervals. Given thersgrBalmer lines in the
known WZ Sge stars e.g. WZ Sge itself (Gilliland et al. 1988)V Scl (Abbott
et al. 1997), GD 552 (Hessman & Hopp 1990), and GW Lib (Szkadsl.e2000;

4Excluding the double-degenerate helium CVs, which follodifeerent evolution channel that
is not taken into account in the population models of de K&8bR) and Politano (1996).
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Thorstensen et al. 2002), we believe that any WZ Sge stahterighanB ~ 18
would have easily been identified in the HQS — yet, only a singgw WZ Sge
system has been discovered, HS 2331+3905 (Araujo-Betaneabr2005a).

Thus, we conclude that while our systematic effort in idgimg new CVs
leads to a space density of pre-bounce short-period CVshndmgees with the
predictions within an order of magnitude, the bulk of all C\ich are predicted

to past the minimum orbital period, remain unidentified so fa

5.9 Summary

We have identified five new dwarf novae as a part of our seanchda CVs in
the HQS, bringing the total number of HQS-discovered dwarfag to 14. The
new systems span orbital periods freml.5 h to nearly 5 h, confirming the trend
that dwarf novae spectroscopically selected in the HQSladjsp larger ratio of
long-to-short orbital periods. Overall, dwarf novae resaret only about one third
of the HQS CVs which are studied sufficiently well, and it isrmyw clear that the
properties of the sample of new HQS CVs do not agree with tbbtee predicted
large population of short-period low mass-transfer systewithin the limiting
magnitude ofB ~ 17.5— 185, the HQSdoeshowever contain a large number of
previously known dwarf novae that were identified becaugbeif variability, and
almost all of these systems have been recovered as strongri@itiates on the ba-
sis of their HQS spectrum (Gansicke et al. 2002b). Baset&ingpectroscopic and
photometric properties it appears that most, if not allysperiod CVs in the HQS
(newly identified and previously known) are still evolvingtards the minimum
period. If the large number of post-bounce CVs evolving biclonger periods
predicted by population models exists, they must (a) hameleag outburst recur-
rence times, and (b) have}equivalent widths that are far lower than observed in

the currently known typical short-period CVs.
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Chapter 6

A new hot and young pre-cataclysmic

variable

6.1 Introduction

Post-common envelope binaries (PCEBS), i.e. detache@ wiarf-main sequence
binaries, originate from wide binaries comprising unequaln sequence compo-
nents. Once the more massive star evolves through the dgmasepand fills its
Roche lobe, unstable mass transfer onto the unevolvedtats.sThe high accre-
tion rate subsequently brings the system into a common epedCE) phase. Fric-
tion between the stellar components and the envelope sthiekoinary orbital sep-
aration and eventually ejects the envelope from the systsulting in the majority
of PCEBs having orbital periods of a few days (Willems & Kolt02). The binary
separations of PCEBs are believed to be further reduceddghrangular momen-
tum loss via magnetic braking and/or gravitational radmati The main-sequence
star will ultimately fill its Roche lobe and start mass tramsinto the white dwarf,
which turns the binary into a CV. While this general scen@iwidely accepted,
the details of the evolution through the common envelopes@has well as the

subsequent orbital angular momentum loss are poorly utets Consequently,
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predictions made by binary population models are ratheeuain.

As PCEBs are simple objects in terms of their stellar comptmehey of-
fer a large potential in constraining and calibrating thggats of both CE evolu-
tion and orbital angular momentum loss. This has implicetifor a wide range
of astronomical objects such as SN la progenitors, X-ragie@s, or neutron star
binaries as likely progenitors of short gamma-ray bursteweler, until recently
PCEBs received little observational attention, largelg tluthe lack of a dedicated
search for such systems. Schreiber & Gansicke (2003) sedlthe properties of
30 well-studied PCEBs and showed that the known populatidghese systems is
extremely biased towards young systems consisting of haevdwarfs and late
type companions, as the majority of the known PCEBs wer@llyitselected as
blue objects. A substantial improvement in the statistid3@EB properties will be
possible through the exploitation of large extragalaatiwsys such as the Hamburg
Quasar Survey (HQS, Hagen et al. 1995) or the Sloan Digitalkvey (SDSS,
York et al. 2000).

In this chapter, | present a detailed follow-up study of tee/?CEB HS 1857-
+5144, which has been discovered in our ongoing effort tatileCVs and pre-
CVs in the HQS. The information on observations is avail@bl@hapter 2. In Sec-
tion 6.2, | describe the spectroscopic and photometricathearistics of the system.
The orbital ephemeris of HS 1857+5144 as well as radial wyl@nd equivalent
width are determined in Sections 6.3—6.4. In addition, plmaktions between pho-
tometric and spectroscopic data are derived in Sectionl@.%sections 6.6—6.7, |
analyse the nature of the stellar components and discugsttire evolution of the

system.
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6.2 Spectroscopic and photometric characteristics

6.2.1 Spectroscopic characteristics

An identification spectrum of HS 1857+5144 was obtained igési 1992 at the
Calar Alto 2.2m telescope. The spectrum is characterised blpe continuum
superimposed by strong Balmer emission lines. Subseqimeetseries, interme-
diate resolution spectroscopy of HS 1857+5144 was perfdimduly 2004 at the
2.7m McDonald telescope covering 10 h (35 spectra) in total. Four additional
high resolution spectra were obtained at the WHT in July 20668ering the orbital
minimum, maximum, and the quadrature phases.

Figures 6.1 and 6.2 illustrate the orbital phase-dependaration of the
emission line profiles of HS 1857+5144 from the McDonald anHWspectra,
respectively. The emission lines greatly vary in strengthrahe orbital cycle,
with maximum line fluxes occurring &t ~ 0.5 and disappearing arourgd~ 0.0.
The dominant lines detected in the McDonald spectra beloniget Balmer series,
but the high quality of the WHT spectra reveals a multitudenafrow emission
lines, e.g. the @/N m A4650 Bowen blend, Mg, N1, Ou/Cui blend, and Ni/Fen
blend. This emission-line spectrum is a characteristicnoiwn PCEBS containing
a cool secondary star irradiated by a very hot primary corapgrsuch as BE UMa
(Ferguson et al. 1981; Ferguson & James 1994), EC 11575{03%H et al. 1995),
and HS 1136+6644 (Sing et al. 2004). The strengths of the &aémission lines
vary in phase with those of HeCui/N i, indicating that all emission lines come
from the same source. The WHT spectra also reveal that theddatmission
lines have double-peaked profiles, with peak separations bf0kmst for HB
(Figure 6.2, small window) anet 150 kms* for Hy which are most likely caused
by non-LTE effects in the strongly irradiated atmospherehaf companion star
(Barman et al. 2004).

During the orbital faint phase) ~ 0.0, weak absorption Balmer lines are
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Figure 6.1: Phase-binned spectra of HS 1857+5144 obtaindd@onald Obser-
vatory. These spectra show a clear modulation of the enmdisie strengths with
orbital phase.

observed in both sets of spectra, with theiHel686 absorption also detected
in the WHT spectra. The detection of H&4686 classifies the primary star in
HS 1857+5144 as a DAO white dwarf.
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Figure 6.2: Main panel high resolution spectra of HS 1857+5144 at different
orbital phases from.02— 0.77 obtained at the WHTSmall windows close up of
the evolution of the 8 emission line profile in the orbital phase rang2®0-0.77
(from bottomto top).

6.2.2 Light curve morphology

We obtained a total of 60 h of time-series CCD photometry of HS 1857+5144
during the period July 2003 to June 2006, using the IAC80, C&d Kryoneri
telescopes. The light curves of HS 1857+5144 (Figure 6s)ldy a smooth quasi-
sinusoidal modulation with a period af 6.4 h and peak-to-peak amplitudes of
0.7 mag in théB-band, 1.1 mag in thB-band, and ® mag in white light. The min-

imum in theB-band light curve is nearly flat far 0.15 orbital cycles, whereas the
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Figure 6.3: FilterlessR, and B (from top to botton) sample light curves of
HS 1857+5144 obtained with the 1.2 m telescope at Kryonese@iatory.

shape of the minimum in the-band is rounder. No sign of the typical short-period
flickering of accreting systems is detected, which classHi& 1857+5144 as a de-
tached binary. The low-amplitude scatter seen in the ligites in Figure 6.3 is
caused by residual flat-field structures and poor trackirnth@Kryoneri telescope.
The observed periodic brightness variation is chara¢ien$ a large reflection ef-
fect on the heated face of the secondary star, irradiatednmt primary star (e.g.
TW Crv, Chen et al. 1995; KV Vel, Hilditch et al. 1996; and H3333927, Heber
et al. 2004). Finally, HS 1857+5144 was found at a constarnmeagnitude of
~ 16.2 throughout our observing runs, consistent with USNO-ABdasurements

of HS 1857+5144R = 16.3 andB = 15.7).
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6.3 Orbital period and ephemeris

A qualitative inspection of the light curves presented irctm 6.2.2 provided
an estimate of the orbital period of 6.4 h. In order to obtain a precise value,
we shifted the magnitudes of each observing run so that thigiima match that
of the 2003 July 21 Kryoneri data, which covered an entirdataklzycle. We
then subjected the combined 2003—-2006 data to a time-saragsis within the

M DAS/ TSA context using Schwarzenberg-Czerny’s (1998) method, a variation
of the analysis-of-variance technique which fits orthodg@aéynomials to the data
folded over a set of trial periods. TIORT periodogram (Figure 6.4) contains an un-
ambiguous peak at 3.7558 A sine fit to the combined photometric data defined

the following ephemeris:
To = HJID2452831547517) + 0.266333578) x E (6.1)

whereTy is defined as the time of inferior conjunction of the secopdéar (= orbital
minimum in the light curves). We conclude that the orbitaipeof HS 1857+5144
is Porp = 3835203+ 0.0001 min. Figure 6.5 (bottom two panels) shows the Kry-

oneriB-band andR-band light curves folded according to the above ephemeris.

6.4 Radial velocities and equivalent widths

In order to spectroscopically confirm the orbital period & ¥857+5144, we first
measured radial velocity variations of th@Hly, Hd, He, and H10 emission lines
separately by cross-correlating the observed line profiliéis a single Gaussian
with a FWHM of 250 kms? for HB and H, and of 300 kms? for Hy, H3, and H10
within MOLLY. The ORT periodograms calculated from the radial velocities of the
individual lines consistently favoured an orbital freqagmf ~ 3.75d™1, in good
agreement with the photometric result. The radial veloaityplitudes determined

from the different Balmer lines varied in the rangel 75— 215kms L.
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Figure 6.4: ORT periodogram of HS 1857+5144 computed from all photometric
data.

In order to obtain a more robust measure of the radial velafithe com-
panion star in HS 1857+5144, we determined an average raéliatity of the
Balmer lines by fitting simultaneously the Balmer serigstblH13 with a set of 10
Gaussians. The wavelengths of all Gaussians were fixed itdaberatory wave-
lengths relative to that of & and only the wavelength ofd; as well as the widths
and amplitudes of all 10 Gaussians were used as free pamameéefbe average
Balmer line radial velocities are listed in Table 6.1 andsdrewn in Figure 6.5 (top
panel) folded over the ephemeris given in Equation6.1. A dinto the folded
velocities and their errors results in an amplitud&gf, = 1852+ 4.9kmst and
y= —240+6.5kms1. Note that this velocity amplitude does not represent the
radial velocity amplitude of the centre of mass of the seaoydtar, but that of the
illuminated hemisphere. Since the centre of light is lodatl®ser to the centre of
mass of the system than the centre of mass of the secondathsté&ue’ radial ve-
locity amplitude of the secondary star should thereforeabgelr than the observed

velocity amplitudeKem = 1852+4.9km s 1. We will determine &-correction in
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Section 6.6.3.

We also analysed the variation of the equivalent width ofHifieline (Ta-
ble 6.1). The Scargle periodogram calculated from thesesurements contained
two equally significant signals at@9 d-1 and 3749 d1; the latter of which agrees
well with the orbital frequency derived from the photometnd from the radial ve-
locity variations. The equivalent width measurementsddldver Equation 6.1 are
shown in Figure 6.5 (second panel from top). As expectedriarradiation effect,

maximum equivalent width takes placedat- 0.5.

6.5 Photometric and spectroscopic phase relations

The assumption that the emission lines in HS 1857+5144r@igion the inner
hemisphere of the secondary star as a result of strongatradifrom the hot pri-
mary star makes specific predictions on the relative phaste ghotometric and
spectroscopic variability. At superior conjunction of thecondary star when the
irradiated side faces the observgr= 0.5, the system appears brightest; the radial
velocity of the secondary star is zero and crossing fromstatted to blue-shifted
velocities; the emission-line strength is at the maximuna, @ce versa for the in-
ferior conjunction of the secondary star at phase zero. &lemce would expect
an agreement in phase between the light curve and the eeuiwaidth variation,
and a 0.25 phase shift between those two parameters anddibkevaocity curve
(e.g. Thorstensen et al. 1978, 1994, 1996; Vennes & Thasteh996; Orosz et al.
1999; Hillwig et al. 2000; Kawka et al. 2002). Figure 6.5 slsae average radial
velocities of the Balmer lines and the equivalent widths fds well as th&-band
and R-band light curves folded over Equation6.1. The phase bliséwveen the
B-band andR-band light curves with respect to the equivalent width ataon, as
determined from sine fits, is» 0.004 for theR-band and~ 0.018 for theB-band.
The larger phase offset of tliBeband light curve is probably related to the fact that
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Figure 6.5: Spectroscopic and photometric data of HS 18544 %olded over the
photometric orbital period of 383 min given in Equation 6Idp two panelsthe av-
erage of the Balmer radial velocities an@® Elquivalent width variations along with
the best sine fit (dashed line); the filled and open circlesessmt the Mcdonald and
WHT data, respectively. The error bars in the radial velogieasurements are in-
cluded in the plot, but of similar size as the points. The utadeties in the values of
the equivalent widths are dominated by systematic effeictiseoorder~ 1A. Bot-
tom two panelsR-band andB-band light curves obtained during May/June 2006
along with the synthetic light curves (gray line) computethvihe progranPHOEBE
for Mygq = 0.72Mg), Mgec= 0.21Mg, i = 53°, andT,,g = 100000 K. Phase zero is
defined as inferior conjunction of the secondary star. Nloée phase of the radial
velocity curve is offset with respected to equivalent widdniation curve and light
curves by~ 0.25, consistent with an origin of the emission lines on thadubaner
hemisphere of the secondary star (see Section 6.5 for shetail

136



Table 6.1: The average radial velocities of the Balmer eiondfes and Hb equiv-
alent widths of HS 1857+5144 measured from the McDonald amtiM\&pectra.

HJD 245 v EW  HJD245 v EW

(kms1) A) (kms1) A)
3202.6780 6£+3.9 10.8 3202.8808  157+6.7 4.8
3202.6857 —36.24+3.4 9.1 3202.8884  161+6.2 5.6
3202.6954 —64.04+3.6 9.7 3202.8954  168+6.4 6.2
3202.7037 —1034+35 84  3202.9058  14R+55 7.0
3202.7134 -1287+41 8.2  3202.9134  115+53 8.3
3202.7211 -1509+51 8.2  3202.9204 89+4.38 8.1
3202.7287 -2046+6.8 7.7  3202.9294 58+4.6 7.9
3202.7405 -2052+6.1 5.0  3202.9371 28+45 10.0
3202.7482 -2187+6.1 4.4  3202.9447 -3194+64 6.8
3202.7836 - 0.6 3202.9537 —448+47 7.9
3202.7912 - 2.3 3202.9614 —825+50 9.6
3202.8013 - -3.0 3205.6857 —22434+81 15
3202.8114 - -3.3  3205.7468 - 1.9
3202.8197 - 2.9 3205.8114 2BZA104 1.4
3202.8273 - -3.0  3205.8760 BE47 9.5
3202.8405 - 0.2 3919.3887 -57.8+28 8.7
3202.8482 - 1.0  3920.3912  18B:E35 4.6
3202.8572 - 0.1  3921.3888 - 2.7
3202.8648 153+103 1.2  3922.3880 -2261+47 2.1
3202.8725  14(B+8.7 25

Notes: The statistical error of thefrequivalent widths isw 0.01— 0.05A, which
is negligible. The systematic error, however, is of the ordel A, depending on
the details of how the continuum flux is determined.

it does not cover the entire orbital cycle, and hence thefginesults in larger un-
certainties. The phase of the folded equivalent width viamndags that of the radial
velocity curve by @5+ 0.01 orbital cycle.

The phase-dependent behaviour of the emission lines, andlttive phases
of the photometric, radial velocity, and equivalent wid#nigations found in our data
corroborate the hypothesis of the emission lines in HS 18%44 originating on the

inner face of the secondary star illuminated by the hot wihitarf.
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6.6 Stellar components

6.6.1 Light curve solution

In order to determine additional constraints on the systararpeters from the ob-
served reflection effect, we modelled the light curves of BS745144 with the
'PHysics Of Eclipsing BinariEs’ prografPHOEBE! (Pr8a & Zwitter 2005), which is
built on top of the widely used WD code (Wilson & Devinney 19Wilson 1979,
1990). We simultaneously fitted tiieband and-band data obtained at Kryoneri
Observatory under the following assumptions: (a) circoldits and synchronous
rotation of the secondary star; (b) stellar surface tempezaand brightness were
computed assuming blackbody emission; (c) a detailed leaion of the reflection
effect was adopted; (d) linear limb darkening was chosemraithe limb darkening
coefficient was interpolated from Claret (2000); (e) gnadarkening exponents of
1 (von Zeipel 1924) and 0.32 (Lucy 1967) were used for ragkagind convective
stars, respectively; (f) no contribution fluxes from a spahird light were applied.
In our analysis, we tested a wide range of white dwarf mass®sring
Mwg = 0.3—1.4M,. We then assumed an M-type companion star, testing the whole
range of spectral types M9—MOV, corresponding to massds, amd temperatures
of Mgec~~ 0.07— 0.53Mg), Rsec~ 0.11— 0.56R.), and Tsec~ 2300— 3800K, in-
terpolated from Rebassa-Mansergas et al. (2007). Eapeatsal types than MOV
would imply extremely massive white dwarfs (Section 6.6vB)ch are excluded by
the spectral fit (Section 6.62)This approach allows us to search for possible so-
lutions over a large range of possible mass ratips, Mse¢/Myg ~ 0.05— 1.77.
For each inpufg, we fixed Pyp = 0.26633 d andTsec according to the selected

spectral type of the companion star. The following paranseteere free in the

Lhttp://phoebe.fiz.uni-lj.si/

2A strict upper limit on the mass of the companion comes froef#tt that it is not Roche-lobe
filling. Using p ~ 107Pgr§(h) (Equation 1.4), withp, the average density of the donor, dgh(h),
the orbital period in hours for a Roche-lobe filling star, thaximum mass of a main-sequence

companion in HS 1857+5144 Msec < 0.72Mg,, corresponding to a spectral type K3V or later.
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fits: g, white dwarf temperatureTyg), orbital inclination (), surface potentials
for both components, and albedo of the secondary staBZ). The fits for early
type companions, M2-MOV, do not reproduce well the obse®ethd R light
curves, which supports the exclusion of early-type donarireed above. We
found that, independently from the details of a given fit, siistem must contain a
hot white dwarf withT,,q > 60000 K and a cool component with an albedo higher
than that of a normal M staiA{ B2 > 0.5) to reproduce the large amplitude ob-
served in the light curves. Such hidlyg is also confirmed by the spectral fit to
the WHT faint-phase spectrum in the following section. iRkgtthe B-band and
R-band light curves alone provides a fairly large range offme system param-
eters,Myq ~ 0.3— 1.4M;), Mgec~ 0.066— 0.367M,,, (spectral type M9-M3V),

i ~40° —60°, andTyq ~ 60000— 100000K. For a giverMge, @ more massive
white dwarf requires a larger inclination and a highgg.

Figure 6.5 (bottom two panels) presents the correspondibgnd andB-
band synthetic light curves from the progr&®OEBE for Myyq = 0.72Mg), Mgec=
0.21Mg, i =53, andT,q = 100000 K, along with the observed light curves folded
over the ephemeris in Equation 6.1. The choice of this padrcset of parameters
is detailed below in Section 6.6.4, but other fits in the paatemrange given above

fit the data equally well.

6.6.2 Spectral fit

We performed a spectral fit to the faint-phase WHT spectru®1857+5144 to
obtain an independent estimate Mf,q and Ty, using both a grid of LTE pure-
hydrogen models (Koester et al. 2005), and a grid of NLTE rfsodkéth a variety
of He abundancés We fitted the H8 and Hy absorption lines after normalising
the continua of the observed data and the model spectra isatne way using a
third-order polynomial. The fits suggest 80006KT,q < 100000K and 5 <

Shttp://astro.uni-tuebingen.defauch
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Figure 6.6: HB and Hy from the WHT faint-phase spectrunh & 0.02) fitted with
an LTE model forT,,g = 100000 K and logy = 8.0.

logg < 8.5 (corresponding t0.8M¢ < Myg < 1.0Mg) for the LTE models, and
70000K<S Tywg < 100000K and & < logg < 8.5 (corresponding to .UM, <
Mwg < 1.0My) for the NLTE models. Figure 6.6 shows the best LTE fit {® &hd
Hy for T,,g = 100000K and logy = 8.0. These numbers should be considered as
rough estimates only, as the optical spectrum of HS 18574 %l dontaminated by
flux from the companion star, which is very difficult to qudyntiA more reliable
temperature and mass estimate would require far-ultretvadta, where the white
dwarf dominates the emission of the system (Good et al. 200@)conclude from
this qualitative spectral analysis that the white dwarf i8 2857+5144 is indeed
very hot, and given the high surface gravity preferred byfitiseis more likely to
be a white dwarf than a subdwarf. The detection ofiR&686 then qualifies the

primary as a DAO white dwarf.
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6.6.3 K-correction and mass ratio-inclination constraints

As mentioned already in Section 6.4, the emission lines i85y +5144 trace the
orbit of the centre of light of the illuminated hemispherelu secondary star, and
not its centre of mass. Hence, for a dynamic assessment bfriagy parameters,
the measured velociten (Section 6.4) has to be corrected accordingly. The radial
velocity amplitude of the secondary star’s centre of messcor can be expressed
according to Wade & Horne (1988) as

K — Kem
ST I (1 ) (BR/a)

whereAR is the displacement of the centre of light from the centre aksof
the secondary star, with § AR < Rsec (AR = 0 implies that the centre of light
coincides with the centre of mass of the secondary star,a@SAR = Rsec IS the
maximum possible displacement, where all the light coma® fa small region on
the secondary star closest to the primary star). Assumaigthie emission due to
irradiation is distributed uniformly over the inner hentigpe of the secondary star,
and zero on its unirradiated fac&R = (4/31M)Rsec (Wade & Horne 1988; Wood
et al. 1995; Orosz et al. 1999; Vennes et al. 1999).

The expected radial velocity of the secondary st@k{cal) is

2masini
I::'orb(:l- + Q)

Kseccal = )

wherea is the binary separation. Equatif@eccor = Kseccal then gives a unique
for a given choice of, Hence, a fixed value dfprojects onto a one-dimensional
curve within the Mg, Msed plane, and for the possible range of parameters con-

sidered here, those curves are nearly straight lines.

6.6.4 Combined constraints

In Sections 6.6.1-6.6.3 above, we have outlined what tygemdtraints on the sys-

tem parameters of HS 1857+5144 can be derived from the adx$dight curves,
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radial velocity variations, and the spectrum of the primster. Here, we will com-
bine all those independent constraints.

In a first step, we imposed a rangeiocf 40° — 60°, as suggested by the
set of PHCEBE fits to the B-band andR-band light curves, on the combinations
of (Mwd, Mse¢) Which are consistent with the corrected radial velo#itgccor Of
the secondary star. The resulting parameter range is iedid¢zy the gray shaded
area in Figure6.7. In a second step, we inspected the indiligght curve fits
from the grid ofPHOEBE runs, and required the inclination of a model for a given
(Mwd, Mseg to fall within +5° of the corresponding inclination constraint from the
radial velocity of the secondary star. We introduced thigzZiness” in inclination
as a measure to account for systematic uncertainties witbid-correction and the
light curve fits. Possible combinations @4, Mse¢ are indicated by filled circles
in Figure 6.7, and trace a somewhat narrower band than thal ini= 40° — 60°
constraint. A final constraint comes from the spectral fitref WHT faint phase
spectrum (Section 6.6.2), which implieddM < Myq < 1.0Mg, shown as vertical
dashed lines in Figure 6.7.

The combination of all constraints suggestsiM., < Msec< 0.30M, (spec-
tral type M6-M4V), 06 M., < Myg < 1.0Mg, 70000KS Twg < 100000K, and
45° <1 < 55°. A substantial improvement on this set of parameters wijline
measuring the radial velocity amplitude of the white dw&fy, and determining
an accurate temperature for the primary. Both types of nreasents could be

easily obtained from time-resolved ultraviolet spectogsc

6.6.5 2MASS magnitudes

HS 1857+5144 is detected in the 2MASS (Skrutskie et al. 28063 15.09+ 0.04,

H = 15.05+0.08,Ks = 14.76+ 0.14. Our ephemeris is good enough to establish
the orbital phase of the 2MASS data, which is very close tatalrinaximum,

¢ ~ 0.5. In order to test to what extent the optical-infrared sgéctnergy dis-
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Figure 6.7: Photometric and spectroscopic constraintdvgp,(Msed. The gray
shaded area represents possible dynamical solutions frefiiKtcorrected” radial
velocity of the secondary star féfem = 185kms* and fori = 40° — 60°. Filled
circles represent possible solutions from the light cumvalysis for given g,
Mseg in whichi agrees with spectroscopic constraint withif°. Dashed lines are
upper and lower limits oM,,q derived from the spectral fit (see Section 6.6.4 for
details).

tribution (SED) of HS 1857+5144 is compatible with the stelbhotometry and
spectroscopy, we modelled tBRIHK; parameter range obtained from the analy-
sis of the time-resolved magnitudes with the sum of a whitarflapectrum from
Koester et al. (2005) and a blackbody representing the ibotion of a (heated)
low-mass companion. The data leave some freedom in the paeateters, how-
ever, as an example, a fairly good fit is achievedTgy= 70000 K, Tsec= 6000 K,
Rwd = 1.3 x 10°cm, corresponding tyg ~ 0.6 Mg, andRsec= 1.3 x 10%cm,
corresponding to a spectral type of M6, at a distance of 4GFgure 6.8). This
solution coincides well with the photometric and spectopsc constraints in Fig-
ure 6.7. Overall our simple model confirms the stellar patamseestablished in

the previous sections, with a slight preference for a whitarfl mass in the range
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Figure 6.8: TheBRJIHK; fluxes of HS 1857+5144 (filled triangles) at orbital max-
imum (¢ ~ 0.5) along with an example of a plausible fit (solid line) witletium

of a white dwarf spectrum (dots) and a blackbody (dashed legresenting the
heated side of the low-mass companion, assumjjag= 70000 K, Tsec= 6000 K,
Rwd = 1.3 x 10°cm, andRsec= 1.3 x 1019cm, at a distance of 460 pc (see Sec-

tion 6.6.5 for details).

Mwg = 0.6 — 0.8 M, and a companion star with a radius near the lower end of the
determined range, i.e. corresponding to a spectral typeMBg-and a distance to

the system of 290—460 pc.
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Table 6.2: PCEBs with a large reflection effect.

Object Porb SP1 SPsec T1 M; Msec Reflection effect [mag]  Ref.
[d] [K] [Mc] [Mc] B V R

NN Ser 0.130 DAO M4.75V 5700& 3000 0544+0.05 0150+0.008 0.33 0.49 0.772 1,2
HS 1857+5144 0.266 DAO ~M6-M4V ~ 70000-100000 ~0.6—-1.0 ~0.15-0.30 0.7 1.1 this work
TW Crv 0.328 sdO MV 10500820000 ~ 0.55—-0.61 <03 0.74 0.85 0.93 3,4
KV Vel 0.357 sdO,PN MV 77008-3000 0634+0.03 023+0.01 0.49 0.55 0.61 5
VATT Lyr 0.472 sdOB,PN 6000010000 051+0.07 0154+0.02 05 0.6 6,7
V664 Cas 0.582 sdO,PN K5-F5V 8306@6000 1.15 4,8
VW Pyx 0.676 sdO,PN 850006000 1.36 9,10
Abell 65 1 sd?,PN ~ 80000 >05 11,12
BE UMa 2.291 sdO/DAO,PN K4-3V 10500805000 0Q704+0.07 036+0.07 ~ 13 13, 14, 15

References: (1) Haefner (1989); (2) Haefner et al. (203})Chen et al. (1995); (4) Exter et al. (2005); (5) Hilditclat(1996);
(6) Bond & Grauer (1987); (7) Pollacco & Bell (1994); (8) Slanskii et al. (2004); (9) Kohoutek & Schnur (1982); (10) Exte
et al. (2003); (11) Bond & Livio (1990); (12) Walsh & Walton926); (13) Ferguson et al. (1987); (14) Wood et al. (1993) (1

Ferguson et al. (1999)



6.7 Discussion, part Il

The analysis presented in Section6.6.2 suggests that H3-5&84 contains a
hot white dwarf withT,,g ~ 70000— 100000 K. The implied cooling age of the
white dwarf is 12 — 6 x 10°yr (Bergeron et al. 1995, and Bergeron 2002, pri-
vate communication), making HS 1857+5144 one of the yourig€&Bs known
to date. Following the prescription of Schreiber & Gansi¢R003), and assum-
ing the range of system parameters established in Sec6aasbwell as “classi-
cal” magnetic braking for the angular momentum loss medmnwe estimate
the period at which HS 1857+5144 left the common envelops@ba bePcg ~
0.266334— 0.266345d, very close to its present orbital period. HS 183a445will
evolve within the next 0.4— 1.3 x 10'%yr into a semi-detached CV configuration,
and start mass transfer at an orbital period-dd.08— 0.13d, i.e. within or below
the period gap. The large uncertainties on the future elaviatre a consequence of
the limited constraints on the system parameters. Additisyistematic uncertain-
ties in the actual strength of angular momentum loss fronothé have not been
taken into account.

Among~ 40 previously known PCEBs listed in Schreiber & Gansicl@dd),
and Shimansky et al. (2006), only 8 systems display a refledifect comparable
to that of HS 1857+5144 (Table 6.2). All these systems carggiremely hot white
dwarfs or subdwarfs, and all are very young PCEBSs that maseses observational
probes into our understanding of common envelope evolution

A large reflection effect is expected for those PCEBs coirtgia hot sub-
dwarf, because of the larger luminosity compared to a whitartiof the same
temperature, and indeed the majority of known PCEBs withgeleeflection effect
have sdO primary stars. So far, only one PCEB, HS 1136+6646 € al. 2004),
containing a hot white dwarf similar to HS 1857+5144 is knowine secondary
star in HS 1136+6646 has been suggested to be a K7-4V staedratis of its

spectral type, which appears too early for the estimated wfle®.34M,. However,
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Sing et al. (2004) discuss the possibility that the secongaoverluminous as it
is still out of thermal equilibrium after accreting at a higtte during the common
envelope phase. The amplitude of the reflection effect in H%36646 is much
lower than in HS 1857+5144, which is consistent with its lengrbital period of
0.84d. The other system most similar to HS 1857+5411 is BE UMdch has
been classified as a borderline object between an sdO subaeaa DAO white
dwarf (Liebert et al. 1995; Ferguson et al. 1999), and is@ased with a planetary
nebula. It is interesting to note that six out of the nine ay=t listed in Table 6.2 are
still embedded in planetary nebulae. Our long-slit spaciopy of HS 1857+5144
does not reveal any noticeable trace of extended emisscomdiHx, though a deep
Ha image testing for remnant nebular emission would be us8faiilarly, no sign
of extended ld emission around HS 1136+6646 has been observed. While the ma
jority of very young PCEBs are still embedded in their planginebulae/common
envelopes, the discovery of HS 1857+5144 and HS 1136+66d@ests that the

envelope can be dispersed rather quickly.

6.8 Summary

We have identified a pre-CV, HS 1857+5144, containing a hddite dwarf and
alow mass MV star with an orbital period Bf;, = 38352 min. The light curves of
HS 1857+5144 display a very large reflection effect with peakeak amplitudes
of 0.7 and 1.1 mag in thB- and R-band, respectively. Combining the results of
our spectroscopic and photometric analyses, we constiaisytstem parameters
t0 0.15Ms S Mgec < 0.30M, (spectral type M6—M4 V), ®M < Myg S 1.0Mg,
70000K<S Twg < 100000K, and 455 1 < 55°. Taking these parameters at face
value, HS 1857+5144 is one of the youngest PCEBs known toatatehas just
emerged from the post common envelope phase. The systeeveiitually evolve

into a CV, and start mass transfer within or below the 2h orbital period gap.
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Chapter 7

Discussion: a big picture of the

survey

In Chapter 1, | pointed out the serious discrepancies betvlee CV population
predicted by the standard scenario of CV evolution theory the observed one,
which may be caused either by uncertainties in the theoryahservational se-
lection effects among the known CVs. A rather likely selecteffect is that CVs
with low-amplitude variability and CVs that are intrinsliyefaint and/or not partic-
ularly blue, as well as faint X-ray systems, are most celgainderrepresented in
the known sample of CVs. The main path towards an understgrdihe evolution
of CVs is to create a model that can reproduce all featuresdfan the observed
period distribution. On the observational side, it is neeegto characterise a large
and unbiased CV sample as a major tool to test and calibratthdoretical pop-
ulation models. The work presented in this thesis is part lairge effort of our
team in Warwick to establish the properties of the intrirG\¢ population of our
Galaxy using a homogeneous selection scheme, with thefispaion to derive the
orbital period distribution of the HQS CV sample. Our sdlattriterion, the spec-
troscopic fingerprint of CVs, has never been systematietyloited before and

we have shown that our selection method is very sensitivedd-geriod CVs (see
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Section 1.8.3 for details). We should, therefore, be abldeatify a large number

of CVs below the period gap, if they exist in the predictedcgpadensity.

7.1 An overview of the new CVs and pre-CVs in the
HQS

We have discovered 53 new CVs/pre-CVs in the HQS (Table 7B& follow-up
observations of these candidates have led to the discoveaynamber of inter-
esting and rare systems, including nine new CVs, HS 01393045 0229+8016,
HS 0417+7445, HS0506+7725, HS 0642+5049, HS 1016+3412,3KG+11.524,
HS 1857+7127, and HS 2214+2845, as well as one new pre-CV8B5t5144
presented in this thesis (Chapters 4-6). The list belowsgseveral examples of

such objects found in the survey.

7.1.1 The new HQS CVs with orbital period measurements

e Short-period dwarf novae

— The HQS identified eight short-period dwarf novae, of which@417-
+7445,HS 101745319, HS 1449+6415, and HS 2219+1824, are\N&J U
type. HS 1449+6415 is found near the minimum period and hata r
atively small outburst amplitude((3.5 mag) among the SU UMa stars
with orbital periods less than 90 min, other than ER UMa dfdgami
et al. 2000 and see also Nogami et al. 1997). HS 2219+1824rach
terised by a long recurrence time between outbursts; noaautburst
has been detected (Rodriguez-Gil et al. 2005a). The dsjpetra of
the system clearly reveal the photospheric emission of thieevdwarf
similar to that of low mass-transfer short-period dwarf a®such as
WZ Sge (Greenstein 1957; Gilliland et al. 1986), GW Lib (Chexk &
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Seitter 1987), BC UMa (Mukai et al. 1990), and BW Scl (Abbdtak
1997).

— HS 0913+0913 has an orbital period just at the lower edgeeopéniod
gap (Tappert & Bianchini 2003). The system was proposed #3 ean-
didate due to its long-term outbursting behaviour, the ualstrength
of the Hen emission, and the appearance of an absorption component

during rise to outburst (Kato et al. 2002a; Tappert & BiancBD03).

— HS 2331+3905 is an enigmatic short-period likely dwarf nthat re-
sembles WZ Sge (Araujo-Betancor et al. 2005a). The systaernaits
a cold white dwarf and most likely a brown dwarf donor, andsit i
eclipsing with an orbital period of- 81.1 min. Another photometric
period was detected at 83.4 min which might relate to the presence
of permanent superhumps. Most puzzling, however, is thectiet of
a large amplitude radial velocity variation in the emissiime wings
with a period~ 3.5 h which is in no way related to the orbital period.
HS 2331+3805 exhibits the photometric behaviour of a pingathite
dwarf; it is the brightest CV among this class of extremehg rabjects,
making it the prime target for detailed follow-up studiesheTsystem
is characterised by extremely low mass-transfer and haer theen ob-

served in outburst, turning the system into a dwarf nova ickatel.

— Another two short-period dwarf novae that have rare outbune HS -
1016+3412 and HS 1340+1524 (Chapter 5).

e Long-period dwarf novae
Among the long-period dwarf novae, the HQS identified twe fanight sys-
tems exhibiting deep eclipses, which are HS 0907+1920 anti88&+6753.
HS 0907+1920 (Gansicke et al. 2000; for system parameter$isorstensen
2000; Shafter et al. 2000) shows no strong orbital hump imthescent light
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curves, suggesting that the system may contain a faint tesigt, resulting
from a mass-transfer rate lower than in normal dwarf novaealhe period
gap (Kato et al. 2002b; Feline et al. 2005). HS 1804+6753 #sattterised
by low-amplitude outbursts and eclipses of the white dwad #ne hot spot
(Billington et al. 1996; see system parameters in Fiedlat.€t997; Baptista
et al. 2000; Shafter & Holland 2003; and structure of acoretlisc of the
system in Joergens et al. 2000; Baptista & Catalan 2001).

Novalike variables

Nine novalike variables have been classified in the HQS dndhalbit in the
3—-4h orbital period range. The most abundant species ofl#ss belong

to the exotic SW Sex stars: HS0357+0614 (Thorstensen & T&001),
HS 0728+6738 (Rodriguez-Gil et al. 2004b), HS 0129+2930R20+0603,
HS 0455+8315, HS 0805+3822, and HS 1813+6122 (Rodrigliezt-@. 2007b).
While they have relatively strong emission lines, they aeakvX-ray emit-

ters, and display only moderate variability.

IPs
A handful of the HQS CVs have been added to the class of IPghadu not

show large-amplitude variability.

— Specifically, HS0618+7336 is an IP with a soft X-ray excesflireg
the system to a small group of soft IPs (Araujo-Betancor e2@0D3a;
Staude et al. 2003).

— HS0752+6314 (Tovmassian et al. 1998; Kemp et al. 2002) an@in36-
+1624 (Rodriguez-Gil et al. 2004a; Patterson et al. 200d)short-
period IPs having orbital periods near the observed periodnmim
of hydrogen-rich CVs. Although they have orbital period€ammon,
their observed properties are dramatically different. AS*6314 is a

low mass-transfer system (de Martino et al. 2005; Evans 8iét&1005)
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which occasionally displays short outbursts similar to@speriod IP,
EXHya (Kemp et al. 2002; Ishioka et al. 2002). In contrast,G456-
+1624 never been observed to undergo an outburst, but isocely
exhibits low states, resembling the behaviour of the higks¥teansfer

VY Scl stars (Rodriguez-Gil et al. 2004a).

— HS 0943+1404 shows signatures of being a transitional bbgteveen
IPs and polars i.e. having an unusually laRygn/Por ratio, a long or-
bital period, and the magnetic moment of the white dwarf tbimthe
range of polars, and it undergoes deep low states which aracteris-
tic of polars (Rodriguez-Gil et al. 2005b).

e Polars/pre-polars
The HQS has turned out to be efficient in identifying extrgmmate magnetic

systems such as high-field polars and pre-polars.

— HS 1552+2730 is a polar found in the period gap (Tovmassiaal. et
2001; Thorstensen & Fenton 2002). The system has an exirdmgg
magnetic field strength of 160 MG, which is the second highest field
observed in polars (Gansicke et al. 2004b; Schwope et@8)261S 1552-
+2730 shows signs of an unusually low mass-transfer ratéragdently

switches between high and low states (Tovmassian et al.)2001

— HS 1023+3900 (Reimers et al. 1999; Vogel et al. 2007) and 2368333
(Reimers & Hagen 2000) are probably pre-polars containveracold
white dwarf and a late-type stellar companion which is ndingl its
Roche lobe. These systems were identified as low accretierpodars

due to their extremely low accretion rate from a stellar wind

e Pre-CVs
Among new 53 systems, HS 1857+5144, is classified as one gbtinggest
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pre-CVs containing a very hot white dwarf (see Chapter 6addition, a con-
firmed pre-CV, HS 1316+6747, has been discovered in thisguHS 1316-
+6747 was first identified as a CV candidate by Green et al §)L38owever,
the lack of significant variability in the light curve (Mids& Shafter 1995),
and the absence of emission lines in its spectrum (Tappeait 2000) were
thought to make this system unlikely to be a CV; based on opubinshed
spectroscopic and photometric data this system is a depnie€CV, show-
ing occasionally Balmer emission lines which are likely ® daused by a
phase-dependent reflection effect with an orbital periotheforder of a few

days.
e Uncertain classification

— Interestingly, the detached white dwarf/red dwarf binag/2237+8154,
containing a very cold white dwarf, is found just at the upgage of the
period gap, with an orbital period of 178 min. Gansicke e{2004a)
classified the system as either one of the oldest pre-CVe thabie on-
set of mass transfer, a CV that terminated mass transferrdaced the

period gap, or a hibernating nova.

— HS 0139+0559 and HS 0229+8016 have been identified in thik asr
either UX UMa-type novalike variables or as Z Cam-type dwenvae.
These systems exhibit clean quasi-sinusoidal radial itgleariations

of their emission lines but no or very little orbital phototme variabil-

ity.

7.1.2 The new HQS CVs with no orbital period measurements

The orbital periods of most CVs in the HQS have already beessored and only
a few systems await spectroscopic and photometric obsengab determine their
orbital periods (see Table 7.2). Among them, HS 0019+39470688+4308, and
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HS 0058+4307 are spectroscopically very similar to HS 008%9, HS 0229+8016,
and HS 0642+5049 which are characterised by thick-discrpbea line spectra
that resembles those of high mass-transfer novalike Masatr dwarf novae in
outburst. In particular, photometric data of HS 0058+4360&sinot show signif-
icant variability; the system has been proposed as a Z Cam-dyvarf nova by
Kato et al. (2003). The identification spectrum of HS 00023D8uggests that the
system is a CV dominated by a K-type donor. The three systel®9€124+3752,
HS 0128+3547, and HS 1434+2355 are probably short-peri@ifdwvae. Based
on our spectroscopic and photometric data, HS 1634+465Rely ito be a long-
period novalike variable. Finally, HS 0819+2003 is a CV ddate which shows
transient Balmer and Heemission.

In summary, many of the CVs identified in the HQS fulfil the enbn of
“hard-to-find” objects, with infrequent/no, or low-ampide outbursts, weak X-ray
emission , and small-amplitude variability that might beanspicuous in variability

and X-ray surveys.

7.2 The period distribution of the HQS CVs

So far, the orbital periods of 44 HQS CVs/pre-CVs (Table fi@)e been measured
through the combined effort of our team, investing large an® of observing time.
Figure 7.1 (left panel) presents the orbital period distitn of the 42 new HQS
CVs (excluding two pre-CVs, HS 1857+5144 and HS 1316+676d, assuming
that HS 2237+8154 is a CV that turned off mass transfer areteththe period gap).
Although the orbital period distribution of the new HQS C¢sstill not complete,
with ~ 20% of them lacking orbital period measurements, the sithéda between
the distribution in Figure 7.1 (left panel) and that of theolum CV population in
Figure 1.2 (Ritter & Kolb 2003) are evident: the existencéhaf2— 3 h period gap,

the small number of systems B, = 6 h, and the minimum period cut-off at
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Figure 7.1: Left panel: Orbital period distribution of 42 new HQS CVRight
panel: Orbital period distribution of all HQS CVs consisting of 42mHQS CVs
(white shade) and 49 previously known CVs that are contaméte HQS spectral
data base; the systems that were recovered by the spegiosetection criterion
are represented in dark gray shade; those which were naneseal are shown in
light gray shade (see Section 7.2 for details). The tickkaardicate the individual
periods. The conventional 2-3 h period gap is representetbblied lines. The
data of the previously known HQS CVs are provided by B. Gélesi

80 min. The characteristics of the HQS CV period distributtan be summarised

as follows.

7.2.1 The lack of short-period systems

In contrast with the predictions made by the standard mauhdy, a small number
of new HQS CVs have been discovered below the period gap jugth- 33% (14
out of 42) short-period systemByf, < 3 h) found in our sample. Figure 7.1 (right

panel) presentall CVs discovered in the HQS, i.e. the previously known CVs
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(gray shade) plus the new HQS discoveries (white shadepjedews for the details.
Table 7.1 reveals an extremely interesting ratio of shertga Py < 3 h) to long-
period Corp > 3 h) new HQS CVs which isnly a half of the valuef that of the
known CVs in the Ritter & Kolb catalogdegi.e. the relative fraction of short-period
CVs among the new HQS CVs is even lower than in the generieR§ttKolb
catalogue. In what follows, | present an updated discussidhe CV discovery
efficiency of the HQS and of the overall properties of the HQS sample (see
Gansicke et al. (2002b) for an earlier summary). In ordecdmpare the ratio
of short- to long-period systems of the new HQS CVs with thevimusly known
CVs contained in the HQS, we separate them into two grougsthie systems that
were recovered and those that were not recovered by ourrepeapic selection
criterion. A large fraction of short-period systems wasokeed by this criterion
(Figure 7.1, right panel, dark gray shade); there are ontysystems (TY Psc and
TY Uma) that were not recognised (Figure 7.1, right panghtligray shade). In
particular, the equal number of short-period and longquksiystems (see Table 7.1)
implies that we should easily find the same fraction for the RS CVs within
the same magnitude limit. Despite our method being mosieidficn detecting low
mass-transfer systems, the number of new short-periodragssonly half that of
the new long-period systems, suggesting that a large d&ract short-period CVs
(i.e. with strong emission lines) have already been fouridreeur survey, because
of their variability and/or X-ray emission.

A full discussion of the implications that our search for Awshe HQS has
for our understanding of the galactic CV population mustiatha characterisation
of the complete HQS CV sample. However, an important prelarni statement
that will not substantially change ishere is no large population of nearby short-
period CVs that resemble the known template systéthsased differently, if the

large population of short-period CVs predicted by theoris&x the majority of

IRitter & Kolb (2003), Edition 7.5 of July 1, 2005, within thelital period range of 1 h to
~ 1d and removing AM CVn systems
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Table 7.1: CVs population in the HQS, the PG, and the Ritterafo2003).

Surveys/catalouge Shd®t,, LongPon Total short-/longPorp

HQS old-rec. 17 17 34 1

HQS old-nrec. 2 13 15 0.2
HQS new 14 28 42 0.5
HQS all 33 58 91 0.6
PG old 5 5 10 1

PG new 10 15 25 0.7
PG all 15 20 35 0.8
Ritter&Kolb 295 277 572 1.1

Note. HQS old-rec. and old-nrec. are the previously CVs wettovered and not
recovered by our spectroscopic selection criterion, retspedy.

these systems must look very different from the well-knowarsperiod systems,

i.e. have weak emission lines and/or substantially redoetircua.

7.2.2 An accumulation of the new systems at the 3—4 h orbital

period range

An unexpectedly large number of systems with orbital pexiodthe range 3-4h
were identified; nearly half (7 out of 16) of which are new SW Stars (see Sec-
tion 4.6.1 for a full detailed discussion on CV populatiorthis period range). Re-
cently Rodriguez-Gil et al. (2007b) pointed out an inceegisa large number of
SW Sex stars in the the narrow 3—-4.5 h period range as well aga fraction of
these systems in the 2-3 h period gap among the novalikeblaiitassical nova
population. Whereas SW Sex stars initially appeared to &éfthaks” among the
CVs, they now turn out to be an important subclass. Studyheg telation to the
global population of CVs may have important implicationsotar current under-
stand of CV evolution as a whole.

The accumulation of systems just above the period gap reptesn in-
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triguing challenge to our current understanding of CV etiolu While most of
the CV population models do not show any particular accutimrabove the pe-
riod gap (e.g. Kolb 1993; Howell et al. 2001), the theordtstady by de Kool
(1992) found that the orbital period distribution of CVs tains a peak above the
period gap £ 3— 4 h), if the initial mass ratio distribution is assumed to leaked
towards equal masses in the zero-age main-sequence binklogvever, the stel-
lar masses in the well-studied eclipsing SW Sex star DW URig, & 3.28 h) are
Mwg = 0.77+0.07M andMgec= 0.304+0.10M, (Araujo-Betancor et al. 2003b),
suggesting a very unequal mass ratio for the initial maguseace progenitor bi-
nary. The lack of evidence of equal masses to produce a spikeeahe period
gap in the population model seriously challenges our ctimederstanding of CV

evolution.

7.3 Comparison with Palomar-Green survey

The HQS represents currently the largest-area CV survesdbas optical data
We compare its population to the previously largest sutveyPalomar-Green (PG)
survey. The PG survey was a high-galactic latitude UV exsasgy. The photo-
graphicU andB observations were carried out using the Palomar 46 cm S¢hmid
telescope, covering 10714 de@r about a quarter of the sky at galactic latitudes
|b| > 30° and declination® > —10° with a limiting magnitude 1% < B < 16.7,
and a colour selection criterion &f — B < —0.46 (Green et al. 1986). The survey
discovered a sample of 35 CVs (Ringwald 1993, 1996, andeeders therein), of
which ten are previously known CVs. Figure 7.2 illustratesarbital period distri-
butions of the new PG CVs (left panel) and that of all PG CVghtripanel where
the gray shaded systems are the previously known CVs). Owra period dis-

2While SDSS has discovered already more CVs than the HQS, stiecovers a smaller area,
(b) is not complete due to the limited number of fibres, andséturates a¥ ~ 15, hence it is
incomplete for nearby intrinsically bright CVs.
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tribution of PG CVs is similar to that of all observed CV pogtihn in Figure 1.2.
We now compare the orbital period distribution of new PG Q¥that of new HQS
CVs. The most distinct feature found in these two surveyheasaccumulation of
systems at the 3—4 h period range which is occupied by a laagédn of SW Sex
stars. This is most extremely the case in the PG survey wivei8\V8 Sex stars
(SW Sex, Penning et al. 1984; DW UMa, Shafter et al. 1988; P, Ainorstensen
et al. 1991b; BH Lyn, Thorstensen et al. 1991a; WX Ari, Beummmet al. 1992;
and BP Lyn Ringwald 1993) are found among eight systems (76%b)is period

range. In contrast with the HQS, the PG survey shows a prefereowards the
discovery of short-period systems just below the period gdple the HQS pro-
vides more systems near period minimum. Finally, the ladbid-period systems
atPyrp 2 6 his similar in both surveys.

Interestingly, the ratio of short-period to long-period®ms among the pre-
viously known CVs in the PG survey is unity (Table 7.1), saniio that of the pre-
viously known HQS CVs that are recovered by spectroscopecsen. The ratio
of short- to long-period systems among the new PG CVs is semhlan that of the
known CVs in Ritter & Kolb (2003), again similar to the resulve found from
our survey. Recently, Pretorius et al. (2007) pointed oait tihe distribution of the
predicted intrinsic population is inconsistent with the €% sample. In particular,
the discrepancy found in the ratio of long-period to shamiqd systems is much
higher than the predicted one. The authors pointed out dsthveelack of period
bouncers in the PG sample. This confirms the deep-rootedigonshn the standard

model of CV evolution.
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Figure 7.2: Left panel:Orbital period distribution of 25 new PG CVRight panel:
Orbital period distribution of all PG CVs consisting of 25m€Vs (white shade)
and 10 previously known CVs (gray shade) The tick-marksciaig the individual
periods. The conventional 2—3 h period gap is representeld$lyed lines. Data are
provided by B. Gansicke.
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Table 7.2: The 53 new CVs/pre-CVs discovered in the HQS.

HQS ID Other name Porb (MinN) Typé References
CVs with orbital period measurements

HS 2331+3905 81.1 DN:/WZ: 1

HS 1449+6415 KV Dra 84.9 DN/SU 2,3

HS 0752+6314 HT Cam 86.0 IP 2,4,5,6,7
HS 0756+1624 DW Cnc 86.1 P, VY 8,9,10
HS 2219+1824 86.2 DN/SU 11

HS 1340+1524 92.7 DN/XX this work
HS 1017+5319 KS UMa 97.9 DN/SU 2,12
HS 0417+7445 105.1/109.9 DN/SU this work
HS 1016+3412 114.3 DN/XX this work
HS 0913+0913 GZCnc 127.1 DN/XX, IP: 2,13,14
HS 1552+2730 RXJ1554.2+2721 151.8 AM 2,15,16,17,18
HS 1023+3900 WX LMi 167.6 AM, PP: 19,20,21
HS 2237+8154 178.1 CV:.,PC: 22
HS2141+1231 181 NL: 23

HS 1607+0400 RXJ161008.0+035222 192 AM 2,24,25
HS 0728+6738 192.6 NL/SW 26

HS 0805+3822 SDSS J080908.39+381406.2 193 NL/SW 27,28
HS 2133+0513 197 NL:,ZC: 23

HS 0129+2933 TTTri 201.1 NL/SW 28

HS 0551+7241 LS Cam ~ 240 IP:, VY: 29

HS 0357+0614 KUV 03580+0614 205.5 NL/SW 30,31
HS 0506+7725 212.7 NL/VY this work
HS 1813+6122 213.0 NL/SW 28

Continued on next page



HQS ID Other name Porb (Min) Typé References
HS 0455+8315 214.2 NL/SW 28
HS 0220+0603 214.9 NL/SW 28
HS0941+0411 RXJ0944.5+0357 215.0 DN/XX 2,32
HS 0552+6753 LU Cam 216.6 DN/UG 2,25
HS 0758+4019 SDSS J080215.39+401047.2 221.6 NL 33
HS 0642+5049 225.9 NL/UX:, DN/ZC: this work
HS 0229+8016 232.6  NL/UX:, DN/ZC: this work
HS 0922+1333 244.0 AM, PP: 34,35
HS 0139+0559 243.7 NL/UX:, DN/ZC: this work
HS 0943+1404 250 IP 36

HS 0907+1902 GYCnc 252.6 DN/UG 2,37,38
HS 2214+2845 258.0 DN/UG this work
HS 1857+7127 272.3 DN/ZC: this work
HS 2325+8205 280 DN:/ZC: 39
HS0618+7336 1RXSJ062518.2+733433 283.0 IP 40,41,42
HS 2205+0201 300 CcVv 23

HS 1804+6753 EXDra 302.3 DN/UG 43,44,45
HS 1857+5144 383.5 PC this work
HS 0218+3229 462.5 CVIDN: 46

HS 1055+0939 541 DN 46

HS 1316+6747 PG 1316+678 ~3.4d: PC 47,48,49
CVs with no orbital period measurements

HS 0002+0901 CVv

HS 0019+3947 NL:, DN/ZC:

HS 0038+4308 HV And NL:, DN/ZC: 50

HS 0058+4307 IW And NL:, DN/ZC: 51
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HQS ID Other name Porb (Min) Typé References

HS 0124+3752 DN

HS 0128+3547 RXJ0131.4+3602 DN: 2
HS 0819+2033 Cv:

HS 1434+2355 RX J1437.0+2342 DN 2,24
HS 1634+4658 SDSSJ 163605.00+465204.5 Cv 52

8AM: polar, DN: dwarf nova, IP: intermediate polar, NL: noia variable, PC: pre-CV, PP:
pre-polar candidate, SU: SU UMa-type dwarf nova, SW: SW &ax8G: U Gem-type dwarf nova,
UX: UX UMa-type novalike variable VY: VY Scl star, WZ: WZ Sgdas, ZC: Z Cam-type dwarf

nova, XX: unclassified subclass. Uncertain classificatamesmarked by a colon.
b(1) Araujo-Betancor et al. (2005a); (2) Jiang et al. (20(®)Nogami et al. (2000); (4) Tovmas-

sian et al. (1998); (5) Kemp et al. (2002); (6) Ishioka et 2002); (7) de Martino et al. (2005); (8)
Uemura et al. (2002); (9) Rodriguez-Gil et al. (2004a);) Ratterson et al. (2004); (11) Rodriguez-
Gil et al. (2005a); (12) Patterson et al. (2003); (13) Katale(2002a); (14) Tappert & Bianchini
(2003); (15) Tovmassian et al. (2001); (16) Thorstensen &téie (2002); (17) Gansicke et al.
(2004b); (18) Schwope et al. (2006); (19) Reimers et al. 9)9@0) Schwarz et al. (2001); (21)
Vogel et al. (2007); (22) Gansicke et al. (2004a); (23) Séke et al. in prep.; (24) Schwope et al.
(2002); (25) Thorstensen priv. com.; (26) Rodriguez-Géle (2004b); (27) Szkody et al. (2003)
(28) Rodriguez-Gil et al. (2007b); (29) Dobrzycka et aR48); (30) Szkody et al. (2001); (31)
Thorstensen & Taylor (2001); (32) Mennickent et al. (2002B) Rodriguez-gil priv. com.; (34)
Reimers & Hagen (2000); (35) Tovmassian & Zharikov (20035)(Rodriguez-Gil et al. (2005b);
(37) Gansicke et al. (2000); (38) Kato et al. (2002b); (39)z8s et al. in prep.; (40) Wei et al.
(1999); (41) Araujo-Betancor et al. (2003a); (42) Staudelef2003); (43) Fiedler et al. (1997);
(44) Billington et al. (1996); (45) Shafter & Holland (200846) Rodriguez-gil et al. in prep.; (47)
Tappert et al. (2000); (48) Misselt & Shafter (1995); (49rGicke priv. com.; (50) Schwope &
Reinsch (1992); (51) Kato et al. (2003); (52) Szkody et &00).
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Chapter 8

Conclusion

The work presented in this thesis is an attempt to establislga homogeneously
selected sample of CVs from the HQS that overcomes obsenatiiases found in
the previously known CV population. The ultimate goal of pineject is to compile
a statistically complete sample of CVs which could then begared with the
predictions of the current models of CV evolution as welllas previously known
CV population. The large amount of observing time and mangvaequired to
achieve this goal are far beyond the scope of this thesissBas the data at hand,
however, this work underlines the deep-rooted problemsumumderstanding of
CV evolution. The HQS CV sample provides a first glance at a @vige that
is closer to the intrinsic CV population than any previousdgt and represents an
important tool to improve our understanding in CV evolutitmthis final chapter,
| summarise the major results from the HQS presented in ltigisi$, and outline

future work.

We are undertaking a large scale search for new CVs in the HQ&la
galactic latitudesd > 0° and |b| > 20°, covering~ 13600deg, with a dynamic
range of 13< B < 185. Our candidate selection was done systematically via the
spectroscopic appearance of most CVs, i.e. the presencalmieBemission lines,

resulting in the discovery of 50 new CVs and 3 new pre-CVs. éalfl CVs/pre-
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CVs have had their orbital period determined. Overall th@ogedistribution of the
HQS CVs presents similar features found in that of the preshoknown CV popu-
lation, i.e. a prominent period gap, a sharp cut-of’s@t ~ 80 min, and a dwindling
amount of long-period systems. The main surprises are:h@}inall number of
new short-periodiyp < 3 h) systems. In fact, the ratio of short- to long-period CVs
in our sample is only half that of the previously known CVsgethough our selec-
tion method is specifically sensitive to short-period lowssieransfer systems. This
aggravates the problem of the missing short-period CV jmunl. We conclude
that if numerous short-period systems do exist they mudt thtferent from the
well known low mass-transfer systems such as e.g. WZ Sge,\8&} U Leo, and
ST LMi. (b) the accumulation of long-period systems in theroa period range of
3—-4h, just above the period gap, and a large fraction of SWs&ex (7 out of 16)
among these systems. None of these objects is a strong Xouagesor displays

large-amplitude outbursts.

This thesis provides follow-up time-resolved optical gpescopy and pho-
tometry of ten new systems among the 53 new CVs/pre-CVs.r bhigital periods
were determined from radial velocity and photometric ailiy studies. In par-
ticular, four relatively bright{ ~ 14.0 — 15.5) long-period CVs, HS 0139+0559,
HS 0229+8016, HS 0506+7725, and HS 0642+5049 increase fhégtion in the
3—-4h period range with orbital periods of 283+ 0.49 min, 232550+ 0.049
min, 2127+ 0.2 min, and 2290+ 0.23 min, respectively. Although they in-
habit the same orbital period range, they greatly diffehigitobserved properties.
HS 0506+7725 is classified as a VY Scl star. The other thraemsgsare identified

either as UX UMa-type novalike variables or as Z Cam-typerfiwavae.

The orbital periods of new five dwarf novae span the rarge5—5h
i.e. Porp >~ 1051 min orPyp >~ 1099 min (HS 0417+7445F0p, = 1143+ 2.7 min
(HS 1016+3412)Pyp = 92.66+0.17 min (HS 1340+1524P,, = 272317+0.001-
min (HS 1857+7127), anBy, = 25802+ 0.56 min (HS 2214+2845). These five
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new dwarf novae display a variety of observed propertiesr&erded one super-
outburst of HS 0417+7445, identifying the system as a SU Wa-dwarf nova.
HS 1016+3412 and HS 1340+1524 have rare outbursts, andtheype is yet un-
determined. HS 1857+7127 is found to be partially eclipsfrequently varies in
brightness and is likely to be a Z Cam-type dwarf nova. In H&22845, the M-
type secondary star is clearly seen; we classified thissyasea U Gem-type dwarf

nova with a most likely cycle length of 71 d.

The ratio of short-period<{ 3 h) to long-period £ 3 h) dwarf novae of the
HQS sample is B, much smaller compared to the ratio o7 2ound for all known
dwarf novae. The HQS dwarf novae display typically infreguar low-amplitude
outburst activity, underlining the strength of spectrgsceelection in identifying
new CVs independently of their variability. The spectrqacgroperties of short-
period CVs in the HQS, newly identified and previously knosmggest that most
or possibly all of them are still evolving towards the minimyperiod. Their total
number agrees with the predictions of population modelstioimvan order of mag-
nitude. However, the bulk of all CVs is predicted to have gedlpast the minimum
period, and those systems remain unidentified. This sugtiesttthose post-bounce
systems have markedly weakep ldmission lines compared to the average known

short-period CVs, and undergo no or extremely rare outburst

The orbital period of a new detached white dwarf/M dwarf bjn&lS1857-
+5144, was determined to g, = 38352034+ 0.0001 min. The system contains
a hot white dwarf with temperature ef 70000— 100000K that illuminates the
inner hemisphere of the M dwarf companion, resulting in gdameflection effect
observed in the light curves. We estimated the masses oteélarscomponents
to beMyg ~ 0.6 — 1.0M, andMgec~ 0.15— 0.30M,, as well as an inclination of
i ~ 45° —55°. The cooling age of the white dwarf suggests that the systsust
emerged from a common envelope phas&0®yr ago and will start mass transfer

within or below the 2—-3 h period gap.
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Future work

In order to complete the new HQS CV sample, the orbital perioidnine CVs
(Table 7.2, for CVs with no orbital period measurements)dneebe obtained. In
Chapter 5, the space density of short-period systems wasagst, but detailed
follow-up information (e.g. distances, masses, tempegafltand subclasses) are
required to derive the true space density of the HQS CVs tobgared with the
predicted values.

Interestingly, the Sloan Digital Sky Survey (SDSS) is disaing a hum-
ber of CVs with a steep Balmer decrement, in which the whitarf\dominates
the optical emission, a clear sign of low mass-transfesrggekody et al. 2005 and
references therein). However, most of these systems aydaist, g~ 19— 20, im-
plying that they are distantd(> 100 pc) and not intrinsically numerous anywhere
near the numbers predicted by theory. Recently, Szkody @G07) have published
the total number of CVs in the SDSS data base to be 213, of wiWchare new
discoveries. Based on the published datd0% of the SDSS CVs have accurate
orbital period measurements. It appears that the SDSS ¢gessitl in finding sys-
tems below the period gap, with a large fraction of 70%, wiilitfers dramatically
from the statistics of the HQS CVs or that of the previouslgwn CVs. Although
SDSS seems to provide a large number of all systems belowetedpgap, the
number of the short-period systems near the period minintiihdges not match
that of model estimates. However, before drawing any saiethusion, the orbital

periods of the whole sample must be derived.
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Appendix A

Finding charts

10 x 10 finding charts for HS 0139+0559, HS 0229+8016, HS 0417+ 748%)506-
+7725, HS 0642+5049, HS 1016+3412, HS 1340+1524, HS 18314 31S 1857-
+7127, HS 2214+2845, and comparison stars used for theehtial CCD pho-
tometry in Chapter 2.
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Table A.1: Comparison stars used for the differential CCBtphmetry in Chapter 2

ID USNO-A2.0 R B

Cl 1650-00512682 12.6 13.5
C2 1575-02009718 13.3 13.3
C3 1575-02008711 13.6 14.9
C4 1650-00942250 13.1 14.2
C5 1350-06806656 12.4 13.3
C6 1200-06495553 14.3 15.0
C7 1050-06991669 13.4 14.5
C8 1050-06992410 14.4 16.4
C9 1050-06992029 15.3 17.3
C10 1350-10080469 13.2 14.7
Cl1l1 1350-10079362 16.4 17.8
Cl2 1575-04072972 12.2 135
C13 1575-04073098 13.8 14.8
Cl4 1575-04073991 13.8 14.9
C15 1125-19198939 13.7 14.8
Cl6 1125-19199670 15.0 15.6
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