THE UNIVERSITY OF

WARWICK

AUTHOR: Jonathan Girven DEGREE: Ph.D.
TITLE: Stellar and Planetary Remnants in Digitial Sky Surveys

DATE OF DEPOSIT: ...ttt

I agree that this thesis shall be available in accordance with the regulations
governing the University of Warwick theses.

I agree that the summary of this thesis may be submitted for publication.

I agree that the thesis may be photocopied (single copies for study purposes
only).

Theses with no restriction on photocopying will also be made available to the British
Library for microfilming. The British Library may supply copies to individuals or libraries.
subject to a statement from them that the copy is supplied for non-publishing purposes. All
copies supplied by the British Library will carry the following statement:

“Attention is drawn to the fact that the copyright of this thesis rests with
its author. This copy of the thesis has been supplied on the condition that
anyone who consults it is understood to recognise that its copyright rests with
its author and that no quotation from the thesis and no information derived
from it may be published without the author’s written consent.”

AUTHOR’S SIGNATURE: ... i e i

USER’S DECLARATION

1. T undertake not to quote or make use of any information from this thesis
without making acknowledgement to the author.

2. I further undertake to allow no-one else to use this thesis while it is in my
care.

DATE SIGNATURE ADDRESS

www.warwick.ac.uk



Stellar and Planetary Remnants in Digitial Sky

Surveys

by

Jonathan Girven

Thesis
Submitted to the University of Warwick
for the degree of

Doctor of Philosophy

Astronomy and Astrophysics

June 2012

THE UNIVERSITY OF

WARWICK



Contents

List of Tables vi
List of Figures viii
Acknowledgments xi
Declarations xii
Abstract xiii
Chapter 1 White dwarf and subdwarf stars 1
1.1 The Hertzsprung-Russell diagram . . . . . .. .. ... ... ..... 1
1.2 Whitedwarfs . . . .. ... . 3
1.2.1 Atmospheres . . . . . . . ... ... 4

1.2.2 Tidally destroyed asteroids . . . . .. ... ... ... .... 6

1.2.2.1  Metal pollution . . . . . . .. ... ... ... ... 7

1.2.22 Dustdiscs . ... .. .. oo 8

1.223 Gasdiscs . . . . ..o 10

1.2.2.4 Remnants of planetary systems . . . . . .. .. ... 10

1.2.2.,5 Disk lifetimes . . . . . . ... ... ... ... ... . 11

1.2.3 Large samples of white dwarfstars . . . . .. ... ... ... 12

1.2.4 Magnetic fields . . . .. ... oo 13

1.3 Subdwarfs . . . . . . ..o 14
1.3.1 Subdwarf structure and atmospheres . . . . . .. ... .. .. 14

1.3.2 Subdwarf formation . . .. ... ..., 15

1.3.3 Binarity . . . . ... o 16

1.3.4 Population synthesis . . . . . .. .. ... 0L, 17
Chapter 2 Digital sky surveys, imaging and instruments 18
2.1 Ultraviolet . . . . . . . . . 20



2.1.1 GALEX . . ..

2.2 Optical . . . . .
221 CMC . .. e
2.2.2 SDSS . ..

2.3 Near-infrared . . . . . . ... .. ...
2.3.1 2MASS . .. e
2.3.2 UKIDSS . . . . . . . . e

2.4 Far-infrared . . . . . . ... ...
241 WISE . . . .. .. e

Chapter 3 Methods

3.1 Cross-matching . . . . . . .. .. . L o
3.2 Colour-colour diagrams . . . . .. ... ... ... ... ..
3.3 Completeness and efficiency . . . . . .. .. ... ... L.
3.4 SED modelling and fitting . . . . . . ... ... 0oL
3.4.1 White dwarf models . . . . .. .. ..o
3.4.2 Subdwarfmodels . . . . .. ... ...
3.4.3 Main-sequence star models . . . . ... ..o oL
3.4.4 Model magnitudes . . . . ... ... oo
3.4.5 X2 fitting ... ...
3.4.5.1 Spectroscopic fitting . . . .. ..o

3.4.5.2 Photometric fitting . . . . .. .. ... ..

Chapter 4 DA white dwarf catalogue

4.1 Selecting DA whitedwarfs . . . . .. ... ... ... 0oL
4.1.1 Narrow line hot stars. . . . . .. ... ... ... ... ...
4.1.2  Overall completeness and efficiency . . . . . ... ... ...
4.1.3 Completeness of SDSS spectroscopy for DA white dwarfs .

4.2 Modelling SDSSdata . . . . .. ... ... ... ...
4.2.1 Fitting the SDSS spectroscopy . . . . . . . . .. ... ...
4.2.2 Fitting the SDSS photometry . . . . . ... ... ... ...

4.3 Summary . ... ..o

Chapter 5 White dwarf stars with infrared excess in UKIDSS

5.1 Cross-matching SDSS and UKIDSS . . . .. ... ... .. .....
5.2 Identifying infrared excess objects . . . . . .. .. ... ... ...
5.2.1 IR excess detection . . . . . .. ... ... L.
5.2.2 IR excessmodelling . ... ... ... ... ... .. ...

ii

28
28
29
32
32
32
33
34
35
35
36
36

39
39
43
43
46
46
46
48
52



5.3

5.4
5.5
5.6

5.2.3 Comparison of the spectroscopic and photometric methods . 63
5.2.3.1 DA whitedwarfs . . . . ... ... ... ... ... 63
5.2.3.2 Quasar elimination. . . . . . . ... ... ... ... 64
5.2.3.3 Contamination by NLHS and non-DA white dwarfs 66

5.2.3.4 Independent checks: infrared colours and proper mo-

tions. . . . ..o oL 70

5.2.4 Overallnumbers . . . ... ... ... ... .. ........ 7
Notes on individual objects . . . . . . ... ... ... .. ...... 80
5.3.1 Benchmark systems . . . ... ... ... ... ... ... 80
5.3.1.1 SDSSJ1228+1040 . . . . . . . .. ... ... .... 80

5.3.1.2 SDSSJ1043+0855 . . . . . . . .. ... ... 81

5.3.1.3 SDSSJ121240136 . . . . . . . . ... ... 84

5.3.2 Example spectroscopic infrared excess candidates . . . . . . . 84
5.3.2.1 SDSSJO135+1445 . . . . . .. .. ... 84

5.3.2.2 SDSSJO753+2447 . . . . . ... 87

5.3.2.3 SDSSJ1247+1035 . . . . . . ... 87

5.3.2.4 SDSSJ1557+0916 . . . . . . . ... ... ... ... 87

5.3.2.5  SDSSJ2220—-0041 . . . .. . .. ... ... ... 87

5.3.3 Example photometric infrared excess candidates . . . . . . . 87
5.3.3.1 DA white dwarf candidates . . . . .. .. ... ... 89

5.3.3.2  Other composite objects . . . . .. ... ... ... 91

5.3.4 Follow up observations . . . . . . .. ... ... ... ..... 92
Comparison with SDSS DR6 white dwarf-main sequence binaries . . 92
Confirmation of infrared excess candidates in WISE . . . . ... .. 95
White dwarfs with dusty debris disc . . . . .. ... ... ... ... 98

Chapter 6 Remnants of planetary systems around white dwarf stars101

6.1

6.2

6.3

Observations . . . . . .. .. . L 102
6.1.1 Dataanalysis . . . . ... ... ... L oL 105
6.1.2 Near-infrared observations . . . . . . .. ... ... ... ... 106
Analysisand results . . . . . .. ... 109
6.2.1 Removal of nearby background source flux . . . . .. ... .. 109
6.2.2 Spectral energy distributions . . . . ... ... .00 109
6.2.3 Stars with an infrared excess . . .. .. .. ... ... .... 112
6.2.4 Stars without an infrared excess . . ... ... ... .. ... 114
White dwarfs with planetary remnants . . . . . . . . ... ... ... 120

6.3.1 Updated statistics and accretion rates . . . . . .. ... ... 120

iii



6.3.3 How complex is the evolution of the dust disks? . . . . . . .. 124
Chapter 7 Hot subdwarf stars with F to K-type companions 128
7.1 Introduction . . . . . . . . . . ... 128
7.2 Cross-matching . . . . . . . . ... 128
7.2.1 Sample I. GALEX, CMC and 2MASS . . ... .. ... ... 128
7.2.2  Sample II: GALEX, SDSS and UKIDSS . . .. ... ... .. 129

7.3 Selecting ultraviolet excess objects . . . . . .. .. ... ... ... 131
7.3.1 Colour-colour diagrams . . . . . .. ... ... ... ..... 131
7.3.2 Isolating subdwarfs in binaries . . . . . ... ... ... ... 135

7.4 Spectroscopic observations . . . . . .. ... L oo 143
741 WHT . ... e 143
742 MagE . . ... 144

7.5 Fitting composite systems . . . . . ..o oL 146
7.6 Fit results and individual objects . . . . . .. .. .. ... 147
7.6.1 Potential systematic temperature differences . . . .. .. .. 148
7.6.2 0018+0101 . . . . . . . . . . 151
7.6.3 130040057 and 1538+0934 . . . . . . ... ... ... .... 151
7.6.4 151740310 and 1518+0410 . . . . . . . . . .. .. ... ... 152
7.6.5  1709+4054 . . . . .. 152
7.6.6 213840442 . . . . L 152
7.6.7 224440106 . . . . . ... 152
7.6.8 Overlap . . . . .. .. L 153
7.6.9 Distributions of fits — C2MS sample . . . . . ... ... ... 159
7.6.9.1 Subdwarf temperature distribution . . . . . . .. .. 159

7.6.9.2 Companion type distribution . . . .. ... ... .. 160

7.6.9.3 Distance distribution . . . ... .. .. 000 161

7.6.10 Distribution of fits — SU sample . . . . ... ... ... ... 162
7.6.11 A volume-limited sample . . .. .. ... ... ... ..... 165

7.7 Discussion . . . . . . . . e 166

Chapter 8 PG 1258+593 and its common proper motion magnetic

white dwarf counterpart 170
8.1 Selection . . . . . . . . .. 170
8.2 Observations . . . . . . . . . . . . . e 175
8.3 White dwarf parameters . . . . . .. .. ... L. 176
8.4 Stellar evolution of the CPM pair . . . . . . .. ... ... ... ... 179

v



8.5 The origin of magnetic white dwarfs . . . . .. ... ... ... ... 184

Chapter 9 Summary and Outlook 187
9.1 Selecting stellar remnants from large scale digital sky surveys . . . . 187
9.2 Remnants of planetary systems around white dwarf stars . . . . . . 188
9.3 The formation of subdwarfs in the RLOF channel . . . . . . . .. .. 189
9.4 The origin of magnetic fields in white dwarf stars . . . . . . . .. .. 189
9.5 Follow-up studies . . . . . . ... .. ... ... ... 190
9.6 Outlook . . . . . . . . e 190

9.6.1 SkyMapper, VISTA and VST . . . . .. ... ... ... ... 190
9.6.2 GAIA . . . . . . e 192
9.6.3 LSST . .. . . . 192
9.6.4 Pan-STARRS . . . .. .. .. ... . ... ... ..., 193
9.6.5 White dwarfs with early-type companions . . . . . .. .. .. 194
9.6.6 Summary . . . . . ... e e 194

Appendix A A catalogue of white dwarf stars with infrared excess in

UKIDSS

195

Appendix B A catalogue of hot subdwarf stars with F to K-type

companion

203



List of Tables

2.1

4.1
4.2

5.1

5.2

5.3

5.4
5.5

6.1
6.2
6.3
6.4

7.1
7.2
7.3

7.4
7.5
7.6
7.7

Keysurveys . . . . . . o . 19
Colour selection for finding DA white dwarfs in ugriz space . . . . . 42
Efficiency and completeness of the polynomial colour-colour cuts . . 45

The number of all SDSS DR7 objects satisfying our constraint set
(Table4.1), and of various subsets with different UKIDSS bands. . . 55

Objects with an infrared excess split by estimated low-mass compan-

fontype . . . . ..o 62
Objects with quasar-like infrared colours, but large and statistically

significant proper motions . . . . . . .. ... Lo 78
Summary of numbers at each stage of the processing . . . . . .. .. 79
Table of infrared excess candidates detected in WISE . . . . . . . .. 99
Spitzer IRAC White Dwarf Targets. . . . . .. .. ... ... .... 104
IRAC Coordinates for HE and HS White Dwarfs. . . . . .. ... .. 105
Spitzer IRAC and IRS fluxes.. . . . . . ... ... ... ... ..... 107
Near-Infrared Photometry. . . . . . . .. .. .. ... ... ... ... 108
Colour selection for finding subdwarfs with companions . . . . . . . 130
Summary of numbers at each stage of the sample selection . . . . . . 137
SIMBAD and SDSS classifications of objects in the C2MS, C2MS

and SU samples . . . . . . . . ... e 138
Follow-up spectroscopic observations and classifications. . . . . . . . 144
Individual objects of interest from the C2MS sample . . . . . . . .. 154
Individual objects of interest from the SU sample. . . . . . . .. .. 155

Comparison of fits using the C2MS sample against that using the SU

sample where thereisoverlap . . . . . . . . ... ... ... ... .. 158

vi



7.8

8.1
8.2
8.3

8.4
8.5

Al

A2

A3

A4
A5

B.1
B.2

B.3

Limitations on the distance of subdwarf plus main—sequence star can-

didates caused by the relative magnitude cuts . . . . . . .. ... .. 161
Colour-colour cuts to select white dwarf stars . . . . . ... ... .. 171
Table of CPM white dwarf pairs . . . . . .. ... ... ... .... 173
Coordinates, proper motions, and PSFd magnitudes of the two white

dwarfs extracted from SDSSDR7 . . . . ... ... .. ... ..... 175

Atmospheric and stellar parameters for PG 12584593 and SDSS J1300+5904.179

Known spatially resolved double degenerate systems with one mag-

netic component . . . . ... o Lo 184

DA white dwarf infrared excess candidates from the spectroscopic
method . . . . . .. 196
Photometric-only infrared excess candidates which are found to have
an infrared excess in the photometric method . . . . . . .. ... .. 197
Infrared excess candidates which are found to have an excess in either
the spectroscopic or photometric-only methods, but all have an SDSS
spectrum for classification . . . . . . ... L L0 199
Table of possible QSO . . . . . . . . .. ... ... 201
Infrared excess candidates from both the spectroscopic and photo-

metric fitting methods that are also found to be white dwarf + main

sequence binaries in Rebassa-Mansergas et al. [2010] . . . . . . . .. 202
Example of: Full list of the 449 objects from the C2M sample . . . . 204
Subdwarf and companion effective temperatures, and distance esti-
mates for the C2MS sample . . . . . .. ... ... .. ... 205
Subdwarf and companion effective temperatures, and distance esti-
mates for the SU sample . . . . . .. .. .. ... 0oL 208

vii



List of Figures

1.1
1.2
1.3
14

2.1
2.2
2.3
2.4
2.5
2.6

3.1
3.2
3.3
3.4

3.5

4.1

4.2
4.3

44

5.1

Hertzsprung-Russell diagram . . . . .. .. ... ... ... .....
An example DA white dwarf spectrum . . . . . ... ... ... ...

An example DB white dwarf spectrum . . . . . .. ... ... ..

An example sdB and sdO spectrum . . . . . ... ... 15
GALEX filter response curves . . . . . . . . . ... ... 21
SDSS survey footprint . . . . . ... .o 22
SDSS filter response curves . . . . ... ..o 23
2MASS filter response curves . . . . . . ... ..o 25
UKIDSS filter response curves . . . . . . . . .. .. ... ... .... 26
WISE filter response curves . . . . . . . . . . . . . .. 27
An example colour-magnitude diagram . . . . . . . ... ... L. 30
An example colour-colour diagram . . . . . .. ... ... ... ... 31

Example model SEDs of a sdB star, a DA white dwarf and a main-
sequence star . . . ... L. L L e 33
An example model of a DA white dwarf star to demonstrate the
calculation of magnitudes . . . . . .. .. ... ... L. 34

An example of fitting Balmer-line profiles of a DA white dwarf star . 37

SDSS colour-colour diagrams illustrating the location of the SDSS
spectroscopic objects . . . . . . ..o 41
The spectroscopic completeness of DA white dwarfs in SDSS DR7 . 47
An example of a fit to the SDSS spectrum and ugri photometry of a
DA whitedwarf . . . . . . . ... .. 49
A demonstration of the systematically lower measured photometric

effective temperatures . . . . . . .. ..o oL 51

Sky coverage of the SDSS DR7 and UKIDSS DR8 LAS . . ... .. 54

viii



5.2
5.3

5.4

9.5

5.6

5.7
5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19
5.20

5.21
5.22

6.1
6.2

Spatial offsets of the SDSS DR7 and UKIDSS DRS positions . ... 56
An example of a spectroscopically confirmed DA white dwarf with a
possible IR flux excess . . . . . . . . ... oo 58
Reduced x? as a function of companion type . . ... ........ 60
An example of a spectroscopically confirmed DA white dwarf where
the photometric method substantially underestimates the white dwarf
temperature . . . . . ... L L L 61
An example SED of a quasar that was selected as a candidate DA
white dwarf (based on its colours) with possible infrared excess . . . 65
The white dwarf selection efficiency as a function of g-band magnitude 68

The distribution of the white dwarfs with infrared excess in the (u —

g,g — 1) colour-colour space . . . . . ... ... 69
The distribution of the NLHS with infrared excess in the (u—g,g—1)

colour-colour space . . . . . . .. ..o 71
Location of the SDSS/UKIDSS sample in (z — H, H — K) colour space 72
A DZ white dwarf with a possible infrared excess . . . . . . ... .. 75

The use of proper motion to separate white dwarfs from contaminants 76
SDSS J1228+1040; one of two DA white dwarfs in our SDSS/UKIDSS

sample that are known to have a gaseous debris disc . . . . . .. .. 82
SDSS J1043+0855; the second of only two DA white dwarfs in our
SDSS/UKIDSS sample that is known to have a dusty debris disc . . 83
SDSS J1212+-0136; a short-period binary containing a magnetic DA (H)
white dwarf plus a brown dwarf companion . . . . . ... ... ... 85
SDSS J0135+1445; a cool white dwarf with a probable low mass com-
PAnIon . . ... L e e e 86
SDSS J0753+2447; a DA white dwarf plus dusty disc or low-mass
companion candidate . . . . . ... ..o Lo 88
SDSS J0959—0200; a photometric-only DA white dwarf candidate . . 89
SDSS J1221+1245; a photometric-only DA white dwarf candidate . . 90

The distribution of the WDMS binaries from the catalogue of Rebassa-

Mansergas et al. [2010] as a function of effective temperature of the

white dwarf and spectral type of the companion star . . . . . .. .. 94
SED of SDSSJ1538+0644 . . . . . . . . . ... 96
SEDs of SDSS J1538+4-2957 and SDSS J1635+2912 . . . . . ... .. 97
IRS Peak-Up image mosaics of GD 61 and NLTT 51844 . . . . . . .. 106
Infrared images of GD61 . . . . . . . .. ... L oL 110

X



6.3
6.4
6.5
6.6
6.7
6.8
6.9

7.1
7.2
7.3
7.4
7.5

7.6

7.7
7.8

7.9

7.10

7.11

8.1
8.2
8.3
8.4

8.5

8.6

Infrared images of HE1349—-2305 . . . . . . .. ... ... ... ... 111

SED of HE 0110-5630, GD 61 and HE 1349—-2305 . . . .. .. .. .. 115
Disk modeling for HE 0110-5630, GD 61 and HE 1349—-2305 . . . . . 116
SEDs of targets consistent with photospheric emission . . . . . . .. 118
SEDs of targets consistent with photospheric emission . . .. . . .. 119
Time-averaged dust accretion rates vs. cooling age . . . . .. .. .. 121

Mass of metals within the convective envelopes as a function of effec-

tive stellar temperature . . . . . . . . . ... ... 123

(mpyuv — rome) vs (rome — Ks) and (myuv — reme) vs (reme — Ks)

colour-colour diagrams . . . . . . . . .. ... .. 133
2D density plots of the (mpyyv — remc) vs (reme — Ks) and (myuy — reme)
vs (reme — K's) colour-colour diagrams . . . . . ... ... ... .. 134
The location in colour-colour space of objects with SDSS spectra . . 140
Potential contaminants of the subdwarf plus main—sequence star sample142
WHT optical spectra of nine candidate subdwarf plus companion stars145
The SEDs of, and fits to, 0316+0042 (PG 0313+005), 081442019 and

121244240 (PG 12104+429) . . . . . . . ... oo 149
The SEDs of, and fits to, 0818—0701, 082541202 and 1530+1204 . . 150
A comparison of fits using the C2MS sample versus that using the

SU sample, where there isoverlap . . . . . ... ... ... .. ... 159
Distributions of the subdwarf and companion effective temperatures
in the C2MS sample . . . . . . . . ... 162
Distribution of the distance to the subdwarf-companion star systems
in the C2MS and SU samples . . . . . . ... ... ... ... .... 163
Distributions of the subdwarf and companion effective temperatures
inthe SU sample . . . . . . ... ... 165
Colour-colour cuts to select white dwarf stars . . . . . . ... .. .. 171
SDSS image of the white dwarf CPM pair . . . . . . ... ... ... 176
Normalised INT/IDS H/-He line profiles of PG 12584593 . . . . . . 178
SDSS u — g vs g —r colour-colour diagram showing PG 12584593 and
its magnetic CPM companion . . . . . . .. ... ... 180
The SDSS spectrum of SDSS J13004+-5904 along with non-magnetic
and magnetic white dwarf models . . . . . . . .. ... ... ... .. 181
The mass of the progenitors star of SDSS J1300+5905 as a function
of the mass of the progenitor star of PG 1258+593 . . . .. ... .. 183



Acknowledgments

I would like to thank my supervisors for all their help and guidance throughout my
PhD: Prof. Boris Génsicke for never accepting anything less than excellence and
Dr. Danny Steeghs for being a mediator in the ensuing arguments. Boris for getting
excited about the little things and Danny for delving into the field of subdwarfs
with me ... amongst a host of other things. I am extremely grateful to Dr. Carolyn
Brinkworth for giving me the opportunity to experience California and all it has to
offer. Also, to my collaborators, thank you for your hard work and patience.

I would like to thank all of my friends and family for the support they gave

me over my eight years at Warwick:

e Those who shared an office with me (Lieke, Joao, Simon, Nicola and Stelios)

e Sandra Greiss for putting up with me and my “sense of humour”

e Everyone else in the Warwick astronomy group

e My various housemates (to name a few: Anisha, Andy, Jonny, Morwenna and
Toby)

e My friends from Rootes J-block (Liam, Sean, Peps, Alex, Michael, Kerrie,
Rachel, Hannah and many others)

e Barley Blighton (a constant source of entertainment)

e Everyone on my physics undergraduate course (Tom, Jamie, Luke, etc.)

e The Warwick windsurfing club (Ben Jones, Jess Precious, Cousins, Kay Polley,
Ben Wood, Matt Matt, Joey, Harriet, Polly, Alice, Max Thurlow ...)

e My parents and my brother, Chris.

A huge thank you to you all. Sorry if I forgot anyone!

xi



Declarations

I declare that this thesis has not been submitted in any previous application for
a higher degree. Chapters1-2 provide information gathered from the literature.
Chapter 3 outlines some common methods used through this work. In Chapters4-8,
I present my own work. Finally, in Chapter9, I summarise the results and draw
conclusions.

Chapters4 and 5 are based on Girven et al. [2011]: Girven, J., Génsicke,
B. T., Steeghs, D., Koester, D., “DA white dwarfs in Sloan Digital Sky Survey Data
Release 7 and a search for infrared excess emission”, MNRAS, 417, 1210 (2011)

Chapter 6 is based on Girven et al. [2012a]: Girven, J., Brinkworth, C. S.,
Farihi, J., Gansicke, B. T., Hoard, D. W., Marsh, T. R., Koester, D., “Constraints on
the Lifetimes of Disks Resulting from Tidally Destroyed Rocky Planetary Bodies”,
ApJ, 749, 154 (2012)

Chapter 7 is based on Girven et al. [2012b]: Girven, J.; Steeghs, D.; Heber,
U.; Gnsicke, B. T.; Marsh, T. R.; Breedt, E.; Copperwheat, C. M.; Pyrzas, S.; Longa
Pena, P., “The Unseen Population of F to K-type Companions to Hot Subdwarf
Stars”, MNRAS, accepted for publication (2012)

Chapter8 is based on Girven et al. [2010]: Girven, J., Génsicke, B. T.,
Kiilebi, B., Steeghs, D., Jordan, S., Marsh, T. R., Koester, D., “PG 12584593 and
its common proper motion magnetic white dwarf counterpart”, MNRAS, 404, 159

(2010)

xii



Abstract

Large scale digital sky surveys have produced an unprecedented volume of
uniform data covering both vast proportions of the sky and a wide range of wave-
length, from the ultraviolet to the near-infrared. The challenge facing astronomers
today is how to use this multitude of information to extract trends, outliers and
find rare objects. For example, a large sample of single white dwarf stars has the
potential to probe the Galaxy through the luminosity function.

The aim of this work was to study stellar and planetary remnants in these
surveys. In the last few decades, it has been shown that a handful of white dwarfs
have remnants of planetary systems around them, in the form of a dusty disc.
These are currently providing the best constraints on the composition of extra-solar
planetary systems. Finding significant numbers of dusty discs is only possible in
large scale digital sky surveys.

[ ultilised the SDSS DR7 and colour-colour diagrams to find DA white dwarfs
from optical photometry. This nearly doubled the number of spectroscopically con-
firmed DA white dwarfs in the SDSS compared with DR4 [Eisenstein et al., 2006],
and introduced nearly 10,000 photometric-only DA white dwarf candidates. I fur-
ther cross-matched our white dwarf catalogue with UKIDSS LAS DRS to carry out
the currently largest and deepest untargeted search for low-mass companions to,
and dust discs around, DA white dwarfs. Simultaneously, I analyzed Spitzer ob-
servations of 15 white dwarfs with metal-polluted atmospheres, all but one having
helium-dominated atmospheres. Three of these stars were found to have an infrared
excess consistent with a dusty disc. I used the total sample to estimate a typical
disc lifetime of log[tgisc(yr)] = 5.6 +1.1, which is compatible with the relatively large
range estimated from different theoretical models.

Subdwarf population synthesis models predicted a vast population of sub-
dwarfs with F to K-type companions, produced in the efficient RLOF formation
channel. T used a cross-match of ultraviolet, optical and infrared surveys to search
for this unseen population. I select a complementary sample to those found from
radial velocity surveys, offering direct tests of binary evolution pathways.

Finally, I present a method to use common proper motion white dwarf pairs
to constrain the initial-final mass relation, which is extremely uncertain at low
masses. In the example I show, one of the stars is a magnetic white dwarf with
B ~ 6 MG, making this a rare and intriguing system from a magnetic white dwarf
formation point of view.

xiii



Chapter 1

White dwarf and subdwarf stars

1.1 The Hertzsprung-Russell diagram

The night sky consists of a many stars, of varying types, from massive stars fusing
heavy elements in their cores to degenerate objects, devoid of an energy source, and
fading gradually from view. These stars can be divided and identified by use of
a Hertsprung Russell diagram, which is traditionally a plot of temperature against
luminosity. It can, however, be shown with absolute magnitude instead of luminosity
and either spectral type or B-V colour as an alternative to temperature. Objects
in different evolutionary states separate from one another across the diagram. In
Figure 1.1, we can see that main-sequence stars run diagonally across the diagram
from cool, faint, low mass stars in the lower-right, to the most massive, hot, bright
stars in the upper-left. A star on the main-sequence has collapsed from a gas cloud
and has reached the temperatures and pressures in its core necessarily to burn
hydrogen into helium. The most massive stars will only continue in this phase for a
few million years, whereas many low mass stars will continue burning hydrogen for
the age of the universe and beyond. Our Sun currently lives on the main-sequence
and will for a total of approximately 10 billion years.

When a star creates a sufficient amount of hydrogen in its core (assuming
the star has a mass of more than approximately 0.26 M), the temperatures and
pressures increase to a point where hydrogen can fuse into carbon (via the triple
alpha process). This reaction occurs in a shell around the core. The outer layers
begin to expand, cool and shine less brightly. At this stage, the star is known as
a red giant. In Figurel.1, the giant branch is a sequence moving perpendicular to
the main-sequence, towards the upper-right corner of the diagram. For the most

massive stars, many other shell burning stages can occur, for elements all the way
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Figure 1.1: A sketch of the Hertzsprung-Russell diagram showing the position of
the hot subdwarf (sdO and sdB) and white dwarf stars. Taken from Heber [2009).



up to iron (leading to the blue super giant branch). Solar-like stars, however, will
never reach sufficiently high core temperatures for this to happen. Unless external
forces intervene (see Section 1.3 on subdwarf stars), the helium core will run out,
and the outer layers off the star will drift away, leaving the core exposed. This small,

hot, blue object is known as a white dwarf star.

1.2 White dwarfs

White dwarfs are the most common stellar remnants in the Galaxy, having descended
from main sequence stars with 0.8MgoSM S8Mg [see D’Antona & Mazzitelli, 1990,
Koester & Chanmugam, 1990, Koester, 2002, Hansen, 2004 and Hoard, D. W., 2011
for a review|. Only the most massive of stars do not follow the path to becoming
a white dwarf and explode in a core-collapse supernova, leaving behind either a
neutron star or black hole. Not only are white dwarfs the end point of our own Sun
and allow us to glimpse the distant future of our Solar System, but they provide
insight into a multitude of important astrophysical questions. In single star evolu-
tion, white dwarfs expose the cores of their main-sequence progenitors, which can
not be directly studied while the star is on the main sequence. They also provide
a laboratory to test one of the most extreme environments in astrophysics because
of their intense gravities, densities and magnetic fields. White dwarfs also have key
links to binary star evolution, helping understanding of mass transfer, enrichment
of the interstellar medium (via nova explosions) and Supernovae type Ia, the basis
for modern cosmology.

White dwarfs no longer undergo nuclear burning in their cores, unlike main-
sequence stars. Instead, they are prevented from gravitational collapse by electron
degeneracy pressure: the outward pressure from the Pauli Exclusion Principle stop-
ping two electrons from simultaneously being in the same phase space and occupying
the same quantum state. This leads to a maximum mass, the Chandrasekhar mass
limit [1.44 M ; Chandrasekhar, 1931], beyond which the gravitational potential over-
whelms the electron degeneracy pressure and the white dwarf collapses. Accreting
white dwarfs which grow to exceed the Chandrasekhar mass limit, or white dwarf
mergers, are thought to produce type la supernovae, some of the brightest objects in
the Universe. Much of the study of cosmology is based upon their use as a standard
candle to measure distances across the Universe [e.g. Rowan-Robinson, 1985].

Once the white dwarf has formed, starting its life with a surface temperature
of ~ 100,000K, it begins to cool and decrease in luminosity following the white
dwarf cooling track [Mestel, 1952],



L(t)/Le = (23 x1073) x M x t77/5 (1.1)

where the mass (M) is given in solar units and the time (¢) is given in Gyrs'. White
dwarfs typically have masses around 0.6 My, but have been found to range from
0.2 — 1.3 Mg in some cases. The beauty of Equation 1.1 is that the age of the white
dwarf can be deduced from its luminosity, which means white dwarfs can be used

as cosmic chronometers [e.g. Oswalt et al., 1996].

1.2.1 Atmospheres

White dwarfs are relatively simple objects, generally being just crystalised (for cool
white dwarfs) balls of carbon and oxygen (or helium for the lowest mass white dwarfs
and oxygen-neon for the most massive). The cores are highly degenerate, and since
degenerate electrons are extremely good conductors, the core is almost isothemal.
The core can therefore be thought of as a sphere with a single temperature, con-
taining most of the mass of the white dwarf, upon which a thin [1/100th of the
total white dwarf mass for stars with a hydrogen-rich atmosphere; Murdin, 2001]
non-degenerate atmosphere layer sits.

Due to the high surface gravities and limited radiative forces, heavy elements
sink rapidly within the atmospheres of cool (Teg < 25,000 K) white dwarf stars, re-
sulting in the differentiation of the atmosphere [Fontaine & Michaud, 1979; Koester,
2009]. The spectra of white dwarfs therefore consist of essentially pure hydrogen or
helium and thus are dominated by pressure broadened Balmer or Helium lines for
hydrogen-rich (DA; Figure 1.2) or helium-rich (DB; Figure 1.3) atmospheres, respec-
tively. The downward diffusion of metals occurs over a timescale that is typically
only days to years for ~ 11,000 — 25,000 K white dwarfs with hydrogen-rich atmo-
spheres.

DA white dwarfs are the largest subset, however helium-rich white dwarfs do
make up about 8 percent [Eisenstein et al., 2006]. The latter have been split into
a number of different subclasses: DO-types are the hottest of these with effective
temperatures between approximately 100,000 to 45,000 K and spectra dominated
by singularly ionised helium. At the next step down in temperature (~ 30,000 to
12,000K), DB white dwarfs are classified as having spectra dominated by neutral
helium. Below 12,000 K, DC white dwarfs have featureless spectra (DA white dwarfs

'More recent works on white dwarf cooling tracks are given in e.g. Hansen [1999] and Chabrier
et al. [2000]
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Figure 1.2: An example of an optical (SDSS) spectrum of a white dwarf with a
hydrogen-rich atmosphere (here: SDSS J1228+1040). SDSS J1228+1040 also shows
Fe II (5020 and 5170 A) and Ca triplet (8500 — 8660 A) emission indicative of accre-
tion from a gaeseous disk [Génsicke et al., 2006b].

below 6,000 K would also appear as a DC white dwarf). A small fraction (1 per cent)
of white dwarfs are found to have carbon-rich atmospheres (DQ), and a couple
of very rare white dwarfs have oxygen-rich atmospheres [Génsicke et al., 2010].
Finally, DZ white dwarfs show absorption features from metals such as calcium,
magnesium and iron in the optical spectra of cooler (~ 5,000 — 20,000 K) objects
[Zuckerman et al., 2003; Koester et al., 2005b, also see Section 1.2.2.1], and carbon
and silicon in the ultraviolet for warmer (~ 12,500—25, 000 K) objects [Dupuis et al.,
2009a,b]. Hybrid classes do also exist, such as DBA, DAB, DAO, DAZ and DBZ,
where multiple sets of features are seen. For example, a DBA spectra is primarily
dominated by absorption from neutral helium, but does show evidence of hydrogen
as well (the dominant element being the second letter).

Not all white dwarfs have atmospheres completely dominated by gravita-
tional settling. On the one hand, above ~ 25,000 K, radiative levatation becomes a
significant factor [Chayer et al., 1995], supporting significant amounts of metals in
the atmosphere. On the other hand, below a surface temperature of ~ 10,000 K [for
DA white dwarfs; Dufour et al. 2007 - see Figure 14; but much higher for DB white
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Figure 1.3: An example of an optical (SDSS) spectrum of a white dwarf with a
helium-rich atmosphere (here: SDSS J0020+1352).

dwarfs; Bergeron et al. 2011 - see Figure 3], a convective zone develops [associated
with the partial ionisation of the dominant atmospheric component; Koester et al.,
1982; Fontaine et al., 1984], which also draws metals to the surface.

The relative simplicity of white dwarf atmospheres has allowed state of the
art model atmosphere codes to be developed [Koester, 2009, 2010; Tremblay &
Bergeron, 2009], which allow spectral fitting to calculate the white dwarfs effective
temperature (Teg) and surface gravity (log(g)). Systematic uncertainties often reach
as low as tens to hundreds of Kelvin and 0.1 dex for the Teg and log(g), respectively.
This is discussed further in Section 3.4.1.

1.2.2 Tidally destroyed asteroids

Extra-solar planets around main-sequence stars are an exciting, but challenging
field, from the perspective of measuring compositions. The bulk density of transiting
planets and the atmospheres from transit spectroscopy have been estimated in cases
such as Valencia et al. [2010] and Grillmair et al. [2008], respectively. However, over
the past decade it has become increasingly clear that planetary systems survive, at

least in part, the late evolution of their host stars, and therefore can be studied after



the death of the central star. The observational evidence supporting this conclusion
comes from metal pollution observed in white dwarf atmospheres, and the commonly
detected circumstellar discs of solid and gaseous debris [e.g. Zuckerman & Becklin,
1987; Kilic et al., 2006a; Gansicke et al., 2006b, 2007, 2008; Jura et al., 2007a; von
Hippel et al., 2007; Brinkworth et al., 2009; Farihi et al., 2010b; Debes et al., 2011;
Farihi et al., 2011a; Melis et al., 2011; Brinkworth et al., 2012; Dufour et al., 2012,

and a host of other references therein].

1.2.2.1 Metal pollution

Despite the extremely rapid time scale on which metals sink out of a white dwarfs
atmosphere, about 25 percent of DA and 33 percent of DB white dwarfs exhibit
absorption features due to the presence of trace metals [Zuckerman et al., 2003;
Koester et al., 2005b; Zuckerman et al., 2010], and these must be the result of
external sources and a sign of ongoing accretion [Sion et al., 1990].

Although metal absorption features have been seen in single white dwarf
spectra for over a century [van Maanen, 1917; Kuiper, 1941], it is only relatively
recently that we have begun to understand the nature of the potentially huge,
asteroid-sized, accretion reservoirs [Farihi et al., 2010a] and metal accretion rates
of (dM,/dt) > 108gs™! [Koester & Wilken, 2006]. Surveys such as the Hamburg
Schmidt survey [Heber et al., 1991], Hamburg/ESO survey [Friedrich et al., 2000],
and the ESO supernovae la progenitor survey (SPY) [Koester et al., 2001, 2005b;
Voss et al., 2007] have been instrumental in discovering large numbers of bright
(V' < 16) metal-polluted white dwarfs. An increasing number of DZ white dwarfs
have also been discovered using the SDSS spectroscopic survey [e.g. Dufour et al.,
2007; Koester et al., 2011] and other large surveys [Zuckerman et al., 2010; Kawka
et al., 2011].

Detailed abundance studies have been limited to a handful of white dwarfs
because of the need for high-resolution, high-quality spectroscopy. Zuckerman et al.
[2007] detected 15 metals (atomic number, Z > 2) in the atmosphere of the dra-
matically metal polluted white dwarf GD 362, using Keck/High Resolution Echelle
Spectrometer (HIRES), a significant advance over previous work that detected
only Ca, Mg, and Fe [Gianninas et al., 2004; Kawka & Vennes, 2006]. From
the atmospheric abundances of GD 362, the white dwarf has accreted at least the
equivalent of a 240km asteroid. The most polluted DAZ white dwarf currently
known, GALEX 193140117, accretes approximately solar-like material at a rate of
3 —4 x10%gs™! [Vennes et al., 2010; Debes et al., 2011; Melis et al., 2011; Vennes
et al., 2011b; Génsicke et al., 2012]. The chemical abundances of the photospheric



pollutants in these, and all DZ white dwarfs, can be analytically linked to those
of the accreted matter [Koester, 2009; Jura et al., 2009b]. Initially, the metals
were believed to be accreted from the interstellar medium [ISM; e.g. Dupuis et al.,
1992, 1993a,b]. However, the general lack of accreted hydrogen in DBZ-type white
dwarfs was a constant problem for the hypothesis [e.g Koester, 1976; Wesemael,
1979; Aannestad et al., 1993]. Alcock et al. [1986] first proposed the idea that
cometary impacts could be the source of photospheric metals. In a number of cases,
the accreting material has been confirmed to be silicate-rich, and typical of the
material associated with planet formation [e.g. zodiacal and cometary dust; Reach
et al., 2005; Jura et al., 2009a; Reach et al., 2009]. The detection of O (along with
eight others, including the major elements; Mg, Si, and Fe) in the spectra of GD 40
allowed Klein et al. [2010] to confirm that the properties of the accreted material
were consistent with the balance of mineral oxides in the bulk Earth.

A number of authors have tentatively claimed to have detected the accretion
of differentiated bodies, planetary lithospheres and possible water-worlds [e.g. Jura
et al., 2009a; Farihi et al., 2011a; Zuckerman et al., 2011] from the abundances
of white dwarf atmospheres. However, this is still in debate. Although water is
widespread in the outer solar system [Jewitt et al., 2007; Encrenaz, 2008], and can
be more than 50 per cent of the mass of Kuiper Belt objects and comets, Jura &
Xu [2012] find that the majority of DZ white dwarfs have accreted objects that
are significantly drier than the CI chondrites. Génsicke et al. [2012, in press]
find substantial diversity in the accretion rates among four white dwarfs observed
with Hubble Space Telescope ultraviolet spectroscopy, at least comparable with the
variation in the solar system asteroids.

A diverse group of different exoplanets; Earth-like, refractory-rich and carbon-
rich objects, are predicted to exist [Bond et al., 2010]. The atmospheres of gas giant
exoplanets around main—sequence stars can be probed by transmission spectroscopy
during transit. However, studying planetary systems around white dwarfs unlocks
the potential to measure the bulk chemical composition of destroyed, and subse-
quently accreted, rocky planetary bodies such as asteroids, moons, or possibly major
planets [e.g. Dufour et al., 2010; Klein et al., 2010; Vennes et al., 2010; Zuckerman
et al., 2010; Farihi et al., 2011a,b; Klein et al., 2011; Zuckerman et al., 2011].

1.2.2.2 Dust discs

Zuckerman & Becklin [1987] discovered that the white dwarf G29—38 had a large
infrared excess over the flux expected from a single white dwarf. This was initially

interpreted to be the contribution from a brown dwarf companion, however, this was



subsequently ruled out [Graham et al., 1990b; Kleinman et al., 1994; Kuchner et al.,
1998]. The 10 um flux far exceeds that expected from a brown dwarf companion
and is more consistent with a cloud of dust [Graham et al., 1990a; Telesco et al.,
1990; Tokunaga et al., 1990]. The dust was confirmed by Reach et al. [2005] using
the Spitzer Space Telescope [Werner et al., 2004] and evidence of silicate emission,
consistent with the dust disc hypothesis, was seen in several cases [Graham et al.,
1990a; Tokunaga et al., 1990; Reach et al., 2005]. G29—38 is accreting from this
dust disc at a rate of 5 x 1071% Mg, per year [Koester et al., 1997].

Ground based searches for white dwarfs with discs were successful in a num-
ber of cases [Becklin et al., 2005; Kilic et al., 2005, 2006b; Kilic & Redfield, 2007].
However, the launch of the Spitzer Space Telescope has lead to an order of mag-
nitude more objects [Jura et al., 2007a,b; von Hippel et al., 2007; Farihi et al.,
2007, 2008b, 2009; Jura et al., 2009a; Reach et al., 2009; Farihi et al., 2010b; Chu
et al., 2011; Girven et al., 2012a; Xu & Jura, 2012]. Recently, observations from
UKIDSS [Girven et al., 2011; Steele et al., 2011] and the Wide-field Infrared Survey
Ezplorer [WISE; Wright et al., 2010] mission [Debes et al., 2011] have contributed
significantly to the number of known white dwarfs with dust discs. It has been
shown that ~ 1 — 3 percent of all single white dwarfs with cooling ages < 0.5 Gyr
(Tegr ~ 10,000 — 20,000 K) have dust discs [Farihi et al., 2009; Girven et al., 2011].

Dust discs are modelled with an optically thick, geometrically thin, flat disc,
defined by the temperature of inner and outer edges and the inclination with respect
to the observer [Adams et al., 1988; Chiang & Goldreich, 1997; Jura, 2003, 2006;
Jura et al., 2007a]. The known discs fall in three catagories: Firstly, 2 15 per cent
of pre-white dwarfs harbour dust with an inner disc temperature of ~ 100 K [Chu
et al., 2011], which is believed to form in collisions between Kuiper-belt-like objects
[Bonsor & Wyatt, 2010; Dong et al., 2010]. Secondly, two cool (Teg < 10,000 K)
white dwarfs (G 166—58; Farihi et al. 2008b and PG 1225—079; Farihi et al. 2010b)
have been shown to have ~ 500 K dust in a disc with a large inner hole, the origin
of which is still unknown. Finally, a significant fraction of DZ white dwarfs are
surrounded by a dust disc with an inner disc temperature of ~ 1,000 K. The dust,
in this case, originates from tidal disruption of either comets [Alcock et al., 1986;
Debes & Sigurdsson, 2002a] or asteroids [Jura, 2003, 2008]. The observed level of
accretion, and corresponding numbers of asteroids and comets, can be explained
by the post-main sequence evolution of a star and its planetesimal belt [Bonsor
et al., 2011]. The maximum disc temperature is constrained by the sublimation
temperature of the dust grains (~ 1,700K). The minimum grain temperature, or

corresponding maximum radius, is associated with the system’s tidal disruption



radius for comets and asteroids (=~ 1.2Rq; Davidsson 1999), where rocky bodies are
shredded and accrete [Debes & Sigurdsson, 2002a; Jura, 2003; Zuckerman et al.,
2007; Dufour et al., 2010; Klein et al., 2010].

1.2.2.3 Gas discs

Around the same time as the first Spitzer discoveries of the white dwarfs with dusty
discs, SDSS J1228+1040 (a 22,000 K white dwarf with a hydrogen-rich atmosphere)
was shown to have double peaked Ca II triplet emission in the SDSS DR4 optical
spectrum [see Figure 1.2; Génsicke et al., 2006b]. This is the hallmark of a gaseous,
rotating disc [Young et al., 1981; Horne & Marsh, 1986]. SDSS J1228+1040 also
shows strong Mg II absorption (even though it has a diffusion timescale of only a
few days), but a lack of helium absorption, indicating that the white dwarf must
be orbited by hydrogen and helium deficient, metal-rich material. From modelling
of the Calcium triplet emission, the kinematics imply that the white dwarf must be
orbited by a thin, flat gaseous disc with an outer radius of ~ 1.2R. This outer limit
corresponds to the Roche limit of large (d 2 1km) solid bodies and therefore the
radius at which they are destroyed by tidal gravitational forces [Davidsson, 1999].

Brinkworth et al. [2009] confirmed the presence of a dusty component to the
gaseous disc at SDSS J122841040 using Spitzer. At the inner edge, the disc has an
effective temperature of ~ 1,700 K, consistent with the temperature that even the
most refractory elements sublimate [Lodders, 2003].

Four more white dwarfs (two DBZ; SDSS J0738+1835: Dufour et al. 2012
and SDSS J0845+2257: Génsicke et al. 2008, and two DAZ; SDSS J0959—0200:
Farihi et al. 2012 and SDSS J1043+-0855: Génsicke et al. 2007) have subsequently
been shown to have a gaseous disc. All of which also show metal-pollution and
have a dusty component to the disc [Melis et al., 2010; Debes et al., 2011]. The
dust disc around SDSS J10434-0855, however, was not confirmed by the analysis of
Brinkworth et al. [2012]. Not observing the dust disc may imply that the disc is
edge-on or that almost all the dust has accreted and we are seeing the final stages

of the accretion event.

1.2.2.4 Remnants of planetary systems

In numerous cases, the origin of the metal pollutants in white dwarf atmospheres
(Section 1.2.2.1) has been unambiguously identified as circumstellar dust (Section 1.2.2.2),
primarily via Spitzer studies [e.g. Reach et al., 2005; Jura et al., 2009a; Brinkworth
et al., 2009; Farihi et al., 2009, 2010b; Girven et al., 2012a; Xu & Jura, 2012], and
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gas (Section1.2.2.3). It seems that the three are intimately linked, and if one is
present, all must have been present, at some level, and at some time in the past
evolution.

The favoured and successful model of a tidally destroyed asteroid [Graham
et al., 1990a; Jura, 2003] is consistent with the observed disc properties [Génsicke
et al., 2006b; Farihi et al., 2010a; Melis et al., 2011; Debes et al., 2011], the subse-
quent photospheric pollution, and the composition of both the orbiting and accreted
material [e.g. Klein et al., 2011; Zuckerman et al., 2011]. Such a catastrophic de-
struction is most readily achieved by a remnant planetary system with at least one
major planet [Debes & Sigurdsson, 2002b] that perturbs a belt of smaller objects.
Thus, white dwarfs with discs and/or photospheric metals may harbor complex

planetary systems.

1.2.2.5 Disk lifetimes

Although metal-pollution, gaseous and dusty discs are all bi-products of a single
(or multiple) comet or asteroid disruption, some of the most metal-polluted white
dwarfs show no evidence of an infrared excess, consistent with no disc [e.g. Farihi
et al., 2009; Klein et al., 2011; Girven et al., 2012a]. Similarly, only a handful of white
dwarfs with dusty discs have detectable gas discs (see Section 1.2.2.3), even though
gas discs are predicted to be formed from collisions in the disc and sublimation of
the inner disc edge. This provides some important information about the relative
durations of each of the three channels: metal-pollution, gaseous and dusty discs.

The typical lifetime of dust discs is a significant uncertainty [Jura, 2008;
Kilic et al., 2008], yet this is an important indicator of the mass of the parent
body (or bodies) that generated the observed debris. There are numerous stars
with cooling ages greater than 1 Gyr that exhibit atmospheric metal pollution, such
as the prototype system, vMa2 [van Maanen, 1917; Greenstein, 1956; Weidemann,
1960]. Koester et al. [2011] recently identified 26 white dwarfs with temperatures
5000 — 8000 K and 10%° — 10?3 g of accreted metals in their convection zones. These
stars have typical cooling ages of 1 — 6 Gyr (assuming the canonical surface gravity;
log g = 8), but must have accreted material recently, within the past few million
years. Interestingly, even though there are many with metal pollution, there is only
a single (and anomalous) infrared excess around white dwarfs with cooling ages older
than 1 Gyr [G166-58; Farihi et al., 2008b], so this may be viewed as an upper limit
for typical disc lifetimes.

From theoretical considerations, Rafikov [2011a] finds that the lifetimes of

the compact dust discs around white dwarfs should be of the order 10°yr, when
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dominated by Poynting-Robertson drag (the spiralling in of dust particles due to
interaction with the emission from the host star). However, Poynting-Robertson
drag cannot produce the highest (average) accretion rates inferred for the helium
atmosphere stars (DB) with metals, which are on the order of 10!°—10'! gs~! [Farihi
et al., 2010b]. Xu & Jura [2012] extend the estimates of Rafikov [2011a] and find a
factor of five higher accretion rates, but this still does not lead to high enough rates.
To produce higher accretion rates, gas resulting from sublimated dust, produced at
the inner edge of the dust disc [Jura, 2008; Farihi et al., 2009], efficiently transports
angular momentum outward and fuels a more rapid in-fall of material. Rafikov
[2011b] calculates that the lifetime of a 10?2 g disc is then reduced to several 10* yr.
A strong coupling between the gas and the dust, such as even a slight eccentricity
of the gas disc, would substantially increase the likelyhood of runaway accretion
[Metzger et al., 2012].

In Chapter 6, we study the infrared excess that is the trademark of warm dust
orbiting within the tidal disruption radius around three white dwarfs; HE 0110—5630,
GD 61, and HE 1349—2305, and use these results to produce a statistical estimate

of a typical disc lifetime.

1.2.3 Large samples of white dwarf stars

Large samples of white dwarfs are particularly useful in many studies, for example
constraining the luminosity function, which in turn can be used to determine the
ages of many Galactic populations [e.g. Winget et al., 1987; Oswalt et al., 1996; De
Gennaro et al., 2008]. The low luminosity of white dwarfs also makes them ideal tar-
gets for searches of low-mass companions, such as pioneered by Probst & O’ Connell
[1982]. For main-sequence binaries, the companion mass distribution is thought to
drop near the low-mass end (~ 0.1My), and the fraction of FGK stars with substel-
lar companions estimated from radial velocity surveys is <1% [e.g. Marcy & Butler,
2000; Grether & Lineweaver, 2006], though Metchev & Hillenbrand [2009] suggest
that substellar companions are more frequent at larger orbital separations. Because
white dwarfs are the progeny of main-sequence stars with masses of up to 8 My,
studies of white dwarf binaries can probe the companion mass function over a wide
range of (initial) host star masses. Currently, only four white dwarfs are confirmed
to have (non-interacting) substellar companions (Becklin & Zuckerman, 1988; Farihi
& Christopher, 2004; Maxted et al., 2006; Steele et al., 2009, but see Luhman et al.,
2011 for a very low-mass candidate), and the fraction of white dwarfs with brown
dwarf companions appears to be consistent with the low number found around FGK
stars [Farihi et al., 2005; Hoard et al., 2007].
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Rebassa-Mansergas et al. [2010] used the SDSS spectroscopic database to
identify white dwarf plus main-sequence binaries. We use the SDSS photometric
data, in Chapter 4, to identify hydrogen-rich white dwarfs, and then determine those
with infrared flux excess, consistent with late-M and later-type companions, in the
UKIRT Infrared Deep Sky Survey (UKIDSS) in Chapter 5.

1.2.4 Magnetic fields

It has been shown that a significant number, possibly ~ 10—15%, of all white dwarfs
may be magnetic with fields >1 x 106G [Liebert et al., 2003; Wickramasinghe &
Ferrario, 2005]. The SDSS has been a rich source for finding new magnetic white
dwarfs (MWD) (Génsicke et al., 2002; Schmidt et al., 2003; Vanlandingham et al.,
2005, and Kiilebi et al., 2009), bringing the number of known magnetic white dwarfs
to > 200. However, the formation mechanism for magnetic white dwarfs is still under
debate, with the two favoured progenitors being either magnetic Ap/Bp (perculiar-
A/ perculiar-B) stars [Moss, 1989] or close binaries that evolved, and potentially
merged, through a common envelope [Tout & Pringle, 1992].

In the Ap/Bp scenario, the magnetic white dwarfs field is a relic of the
large-scale magnetic fields of their intermediate mass progenitor stars. These in
turn are fossils of the magnetic field in star formation [Moss, 1989]. Assuming flux
conservation, the surface fields observed in Ap/Bp stars (~ 10% — 2 x 10*G) are
sufficient to explain the range of fields found in magnetic white dwarfs. However,
population synthesis suggest that only 40% of the known magnetic white dwarfs
may have descended from Ap/Bp stars [Wickramasinghe & Ferrario, 2005].

A clue to a possible link between binary evolution and strongly magnetic
white dwarfs came from the absence of detached magnetic white dwarf plus M-dwarf
binaries, i.e. magnetic pre-CVs [Liebert et al., 2005b], which could not be explained
within the Ap/Bp scenario. Differential rotation and convection are predicted to
be key to a magnetic dynamo [Tout & Pringle, 1992], both of which are prevalent
in common envelope (CE) evolution. Tout et al. [2008] recently revisited the CE
scenario for the formation of magnetic white dwarfs, and proposed that if a strong
field is generated during a CE, the two possible outcomes are either a merger, leading
to a single massive, strongly magnetic white dwarf, or a short-period magnetic white
dwarf plus low-mass star binary, that rapidly evolve into a mass-transferring CV
state.

A key for testing which of the hypotheses is correct would be a set of wide
common proper motion (CPM) magnetic white dwarfs. For the magnetic white

dwarf in a wide pair to have formed from a merger or close binary, the system
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would have to have formed with three stars, an unlikely scenario. Large quanti-
ties of wide common proper motion (CPM) magnetic white dwarfs would favour
the Ap/Bp scenario. In Chapter8, we report the discovery of one such system:
SDSS J130033.48+590407.0 (henceforth SDSS J1300+5904).

1.3 Subdwarfs

Subluminous blue stars were first discovered by Humason & Zwicky [1947] in a
photometric survey of the North Galactic Pole region. Green et al. [1986] found
many more hot subdwarfs in the Palomar-Green (PG) survey, to the extent that
they were the dominant species among faint (B < 16.1) blue objects. In the PG
survey they outnumber white dwarfs, and thus are prevalent enough to account for
the ultraviolet upturn in early-type galaxies [Brown et al., 1997].

Hot subdwarf stars are either core helium-burning stars at the end of the
horizontal branch (HB; BHB and EHB in Figure 1.1) or have evolved even beyond
that stage [see Figure 1.1; Heber et al., 1984; Heber, 1986] 2. Their high temperatures
(blue colours), but relatively low luminosities clearly distinguishes them from main-
sequence stars. They represent the degenerate core of a post-main-sequence star,
interrupted from its normal evolution, following the asymptotic giant branch (AGB)

route, into a white dwarf star.

1.3.1 Subdwarf structure and atmospheres

Subdwarfs are thought to have a relatively well defined mass around a canonical
value of 0.46 M, [Saffer et al., 1994; Han et al., 2003; Politano et al., 2008] and
radii of a few tenths of a solar radius. They have very thin layers of hydrogen
(Meny < 0.01Mg) on the surface, which are not able to support shell burning after
helium-core exhaustion.

Hot subdwarf stars are split into two catagories; B-type and O-type subd-
warfs (sdB and sdO, respectively). On the one hand, B-type subdwarfs are core
helium-burning stars at the blue end of the horizontal branch. They differ from
ordinary horizontal branch stars because their hydrogen envelopes are too thin to
sustain hydrogen burning. They therefore evolve directly into white dwarf stars,

avoiding the AGB. The spectra of sdB stars show strong hydrogen absorption and

*Hot subdwarfs have little in common with traditional cool subdwarfs (see Figure1.1), other
than their small radii. Cool subdwarfs are core helium burning stars, just like main-sequence
stars (see Section 1.1). Their smaller radii (and therefore lower luminosities) are explained by low
metallicities. This decreases the opacity of the atmosphere, which reduces the radiation pressure,
resulting in a smaller, hotter star for its mass.
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Figure 1.4: Example optical (SDSS) spectra of an sdB and sdO subdwarf star
(SDSS J0104+0021 and SDSS J0051+0042, respectively). SDSS J00514+0042 is off-
set by +2 x 1071% flux units for clarity (see Chapter 7).

they are generally helium-poor. On the other hand, O-type subdwarfs are a mixture
of post red-giant branch, post-HB, and post-AGB stars, often showing helium-rich
spectra. Example spectra of both an sdB and sdO star are shown in Figure1.4. A
detailed review on this and the field as a whole is given by Heber [2009].

1.3.2 Subdwarf formation

Formation scenarios of subdwarfs are still significantly uncertain, and invoke either
fine-tuned single star evolution or rely on close-binary star interactions. In the late
hot-flasher scenario, a low-mass (~ 0.8 Mg) star undergoes the He core-flash at
the tip of the red-giant branch. However, if sufficient mass is lost on the red giant
branch, the star can experience the He core-flash whilst descending the white dwarf
cooling track [Castellani & Castellani, 1993]. Such a star would end up close to the
He main sequence, at the very hot end of the extreme horizontal branch [D’Cruz
et al., 1996]. Alternatively, the formation involves one or two phases of common-
envelope evolution and/or stable Roche-lobe overflow (RLOF) within a close binary

system [Mengel et al., 1976]. Binary evolution could even take the route of merging
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two helium white dwarfs followed by He ignition [Webbink, 1984; Iben, 1990; Saio
& Jeffery, 2000]. All formation scenarios require substantial mass loss before the
start of core He-burning, however the specific physical mechanisms for this are still

unclear.

1.3.3 Binarity

Since the first quantitative estimates of the contribution of different binary channels
to the population of subdwarf stars [Tutukov & Yungelson, 1990], it has been shown
that a large fraction of subdwarfs do reside in binaries. In the PG sample of subd-
warfs, a significant fraction show composite colours or spectra (at least 20 per cent;
Ferguson et al. 1984, ~ 54 — 66 per cent; Allard et al. 1994). Radial velocity surveys
[e.g. Maxted et al., 2001; Morales-Rueda et al., 2003] confirm a fraction of bina-
ries as high as two-thirds. High-resolution optical spectra from the ESO Supernova
Ia Progenitor Survey [SPY; Napiwotzki et al., 2001] led to binary star fractions
of 30-40 per cent [Napiwotzki et al., 2004; Lisker et al., 2005]. Copperwheat et al.
[2011] estimate that the binary fraction in the sdB population is somewhat higher
at 46 - 56 per cent. This is only a lower limit since the radial velocity variations
that Copperwheat et al. [2011] search for would be difficult to detect in long period
systems.

Other searches have used near-infrared photometry [e.g. Thejll et al., 1995;
Ulla & Thejll, 1998; Williams et al., 2001] or photometric catalogues such as the
Two Micron All Sky Survey [2MASS; Skrutskie et al., 2006] to find subdwarfs with
companions [e.g. Stark & Wade, 2003; Green et al., 2006; Vennes et al., 2011a]. Call
absorption can also be used to infer the presence of a cooler companion star [Jeffery &
Pollacco, 1998]. The majority of companions found to date have either been M-type
stars or white dwarfs [Heber, 2009]. However, some F, G and K-type companions
to subdwarfs have been seen in studies such as Aznar Cuadrado & Jeffery [2001],
Reed & Stiening [2004], Lisker et al. [2005], Wade et al. [2006], Stark & Wade [2006],
Wade et al. [2009], Moni Bidin & Piotto [2010] and Geier et al. MUCHFUSS; 2011b].
Depending on the study, and its corresponding selection effects, the companions to
subdwarfs have been shown to be mostly main-sequence stars [e.g. Aznar Cuadrado
& Jeffery, 2001] and occassional giant or subgiant companions (e.g. Allard et al.
1994 and BD-7°5977; Heber et al. 2002).
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1.3.4 Population synthesis

Many of the previous surveys have been biased by selection effects and inhomoge-
neous data sets. Han et al. [2003] argued that a large number of sdB stars may be
missing from existing samples. Early-type main—sequence stars of spectral type A
and earlier would outshine a subdwarf at optical wavelengths. F to K-type compan-
ions on the other hand, have generally been avoided because the spectral analysis of
the composite spectrum becomes difficult [Heber, 2009]. Systems with earlier type
companions are actually predicted, in some cases, to be far more common than the
M-type companions that have primarily been found so far. In the population synthe-
sis study by Han et al. [2003], subdwarfs with early type companions are produced
in the very efficient first stable RLOF channel and are expected to be in systems
with subdwarfs as cool as 15,000 K. Clausen et al. [2012], however, do not find the
same frequency of F-type companions. Identifying this predicted population, and
determining their relative contribution to the total subdwarf population would offer
important constraints on the prior binary evolution that led to their formation. In
addition, the distribution of orbital periods and subdwarf temperatures of such a
sample will provide direct constraints on key parameters that underpin subdwarf
population synthesis models [Clausen et al., 2012].

In Chapter 7, we take advantage of recent large-area ultraviolet, optical and
infrared photometric surveys (see Chapter 2) to search for new composite systems
comprised of subdwarfs plus main—sequence star companions of mid-M-type and
earlier. Cuts in colour-colour space (see Section 3.2) are employed to separate these
objects from possible contaminants. We also develop a fitting technique to simul-
taneously determine the subdwarf and companion effective temperatures from the
photometric magnitudes (see Section 3.4). This permits the recovery of composite
systems with much earlier type companions than seen in previous studies. Fur-
thermore, we are sensitive to a wide range of separations and binary periods in
that we only limit ourselves to spatially unresolved systems. Finally, we discuss the

distribution of objects in effective temperature and distance to the system.
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Chapter 2

Digital sky surveys, imaging

and instruments

The last decade of astronomy has been the era of the large scale digital sky survey.
These are generally carried out by telescopes specifically commissioned for the pur-
pose of scanning vast regions of the sky in multi-colour, multi-epoch, photometric
and /or spectroscopic observations. Each telescope has filters focused on a region in
wavelength, anywhere from the ultraviolet to the infrared. Some, such as the Sloan
Digital Sky Survey, also have dedicated follow-up spectroscopic instruments incor-
porated in the survey. A massive amount of data is produced from these surveys in
the form of catalogues and ‘Data Releases’ (DR). Even though many surveys were
conceived with a few primary goals in mind, there are inevitably a host of other
uses found. Outlined below, and in Table 2.1, are a number of significant surveys

that were made use of in this work.
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2.1 Ultraviolet

2.1.1 GALEX

The Galaxy Evolution Explorer (GALEX) telescope was launched on a Pegasus
rocket in April 2003. It has an effective area of 20 — 50 cm? and a field of view of
122. The primary focus of the telescope was to observe galaxies in the ultraviolet; to
answer how galaxies evolve and change over time and to study star formation in these
objects. One of the surveys the GALEX telescope performed was an extra-galactic
ultraviolet All-sky Imaging Survey [AIS; Martin et al., 2005]. Observations were
made in two ultraviolet band passes, mpyy and myyy, ranging from 1350 — 1750
and 1750 — 2750 A, respectively (see Figure2.1), down to a limiting magnitude of
mag =~ 20.5. Data Release 6 of the GALEX AIS was released in 2010, which now
covers two thirds of the sky and has significant improvements in the calibration and
data reduction over previous versions. Access to the GALEX database is provided by
the Multi-Mission archive at the Space Telescope Science Institute (MAST) and via
CasJobs, provided by the Sloan Digital Sky Survey Collaboration. Predefined cross-
matching tables between the Sloan Digital Sky Survey (discussed in Section 2.2.2)
and GALEX are provided in CasJobs [Budavari et al., 2009]. GALEX is particularly
suited to search for (hot) white dwarfs and subdwarfs because both are blue and

therefore bright in the ultraviolet.

2.2 Optical

2.2.1 CMC

The Carlsberg Meridian Telescope (CMT) has a 2060 x 2048 CCD camera (pixel
size 0/'7) with a Sloan r filter (see Figure2.3) operating in drift scan mode. The
CMT maps the sky from La Palma (Spain) covering the declination range —30° to
+50° with a magnitude range of rocyc = 9 — 17. The Carlsberg Meridian Cata-
logue, Number 14 [Version 1.0: CMC; Copenhagen University Obs. et al., 2006] is
an astrometric and photometric catalogue of 95.9 million stars. The photometric
catalogue, along with providing a Sloan type r filter, is also cross-matched with
the Two Micron All Sky Survey (within 2”; described in detail in Section2.3.1) to
provide some colour information. More information on both the telescope and the

survey can be found in Evans [2001].
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Figure 2.1: Left to right, GALEX mpyy and myyy-band filter response curves.

2.2.2 SDSS

The Sloan Digital Sky Survey (SDSS) is currently the deepest large-area optical
survey that is publicly available. It makes use of a 2.5m wide-field altitude-azimuth
telescope at Apache Point Observatory, New Mexico. The telescope has a 3° field
of view and observations are recorded by a large-format mosaic of 30 2048 x 2048
Tektronix CCD cameras in five filters (u, g, r, ¢ and z-bands). The total survey is
split into two main areas: the northern and southern Galactic cap (shown in Fig-
ure2.2). The northern Galactic cap is centered on a = 12720™, § = 4-32.5°, covers
~ 10,000 contiguous deg? and was chosen to minimise the Galactic extinction. The
southern Galactic cap is separated into three stripes, one centered on the celestial
equator (o = 20"07™, § = 0°), one north and one south of the equator.

The SDSS is a photometric and spectroscopic survey that is primarily focused
on the identification and study of galaxies [e.g. Strauss et al., 2002] and quasars [e.g.
Adelman-McCarthy et al., 2006]. The first public release of the SDSS was the Early
Data Release in 2001 [EDR; Stoughton et al., 2002], technical details for which can
be found in York et al. [2000]. Further Data Releases and the corresponding infor-
mation can be found in Abazajian et al. 2003, 2004, 2005] and Adelman-McCarthy
et al. [2006, 2007, 2008]. Throughout the majority of this work, we have made use
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Figure 2.2: Northern and southern Galactic cap areas for the SDSS in Galactic
coordinates. The solid black lines represent the SDSS imaging area, whilst the
contours map extinction. Taken from York et al. [2000].

of the SDSS Data Release seven (DR7, Abazajian et al. 2009), which represents the
final Data Release of the SDSSII project, including the low-latitude Sloan Extension
for Galactic Understanding and Exploration [SEGUE; Yanny et al., 2009]. SDSS
DR7 provides ugriz photometry for 357 million objects, covering 11500 deg?, ap-
proximately one-quarter of the celestial sphere, as well as follow-up spectroscopy for
1.44 million galaxies, quasars, and stars. The SDSS is an ongoing operation which
has been extended greatly since its conception. Following on from the SDSS and
SDSS-1II discussed herein, SDSS-III has begun to be released, along with the BOSS,
SEGUE-2, APOGEE and MARVELS sub-surveys.

The SDSS imaging is obtained in five optical photometric bands: wu, g, r,
i and z (filter response curves shown in Figure2.3). The detection limits in 1”
of seeing are 22.3, 23.3, 23.1, 22.3 and 20.8 mag, respectively, on the AB system,
and assuming an airmass of 1.4. The filters have effective wavelengths of 3560,
4680, 6180, 7500 and 8870A, respectively. The photometric pipeline corrects for:
CCD defects, calculated overscan, biases, sky, flat-field values and produces PSF
magnitudes for all point sources. Mean errors are 0.03 mag at 20 mag, increasing
to about 0.05 at 21 mag and to 0.12 at 22 mag for g, r and ¢-bands. For the less
sensitive v and z-bands, errors increased to 0.05 at 20 mag and 0.12 at 21 mag.

The SDSS also provides a comprehensive follow-up spectroscopic program.

Candidates for spectroscopy are chosen based on a series of cuts on their ugriz
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Figure 2.3: Left to right, SDSS u, g, r, ¢ and z-band filter response curves. The
curves include the quantum efficiency of the CCD at zero air mass.

colours [see Stoughton et al., 2002]. The focus was primarily on providing spec-
troscopy and photometry of all the quasars [Richards et al., 2002] and galaxies
[Strauss et al., 2002] in the SDSS footprint. The spectrograph covers 3800 — 9200A
at A/dX from 1850 to 2200. Each spectroscopic observation was taken using a cus-
tom made plate with holes drilled to allow the attachment of 640 fibres covering
~ 7deg?. The holes were drilled at the positions of the SDSS photometry and then
the spectroscopic fibres were plugged into the plate the day before the observations.
A total of nine spectral plates were observed per night. Each spectrum is uniquely
identified by their modified Julian date (MJD), spectroscopic plate and the fibre
number. The total integration time for each spectra was 45 — 60 minutes, split into
~ 15 minute exposures. The flux and wavelength-calibrated spectra were provided
on a vacuum wavelength scale and corrected to the heliocentric restframe.

Data access to the archive of the SDSS survey is provided in three ways.
Firstly, the Catalog Archive Server (CAS) contains the measured parameters for
all the objects in the imaging and spectroscopic surveys. The SDSS Query Tool
is a stand-alone application for providing queries to the CAS server. Secondly, the

Data Archive Server (DAS) makes available all the raw and reduced data (corrected
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frames, binned images, colour images, spectra). Finally, the SkyServer provides
access to the data through a relational data base server using SQL.

An additional important resource within the SDSS are proper motion mea-
surements. Data Release 7 incorporated substantial improvements in both the as-
trometric calibration, carried out against the UCAC2 catalogue [Zacharias et al.,
2004], as well as an updated table of proper motions computed from the combined
SDSS and USNO-B positions [Monet et al., 2003]. Statistical astrometric errors per
coordinate for bright stars were reduced to approximately 45 mas, with systematic

errors of less than 20 mas.

2.3 Near-infrared

2.3.1 2MASS

The Two Micron All Sky Survey [2MASS; Skrutskie et al., 2006] is a uniform all-sky
near-infrared survey designed to, amongst a host of other things, probe the large-
scale structure of the Milky Way and the local Universe and to search for rare,
extremely red objects, such as brown dwarfs. 2MASS used two automated 1.3m
telescopes, one at Mt. Hopkins, AZ and one at CTIO, Chile. Both were equipped
with a three channel camera, each channel consisting of a 256 x 256 array of HgCdTe
detectors, capable of observing the sky simultaneously at J, H and K, (1.25, 1.65
and 2.17 um, respectively; see Figure 2.4), with a spatial resolution of about 4”. Each
filter was observed for 7.8s such that a 1mJy source would have a signal-to-noise
ratio greater than 10 in each band. This corresponds to a 10c point-source detection
level of better than 15.8, 15.1 and 14.3 mag in the J, H and Kg-bands respectively.
The 2MASS All-Sky Data Release (ASDR) includes 471 million sources in a Point
Source Catalogue, and 1.6 million objects identified as being extended objects in the

Extended Source Catalogue.

2.3.2 UKIDSS

The Wide Field Camera (WFCAM), mounted on the United Kingdom Infrared
Telescope (UKIRT) in Hawaii, has four 2048 x 2048 Rockwell devices imaging an
exposed solid angle of 0.21 deg?, which leads to a pixel scale of 0.4”. With this
instrument, a set of five near-infrared surveys is being undertaken, collectively known
as the UKIRT Infrared Deep Sky Survey [UKIDSS; Hewett et al., 2006; Lawrence
et al., 2007]. UKIDSS began in May 2005 and will eventually survey 7500 deg? of
the Northern sky, entending over both high and low Galactic latitudes. It aims

24



1.0f

e e
o oS
‘

Normalised Efficiency
o
S

0.2}

ik

12000 14000 16000 18000 20000 22000
Wavelength [A]

Figure 2.4: Left to right, 2MASS J, H and K,-band filter response curves. The
curves are normalised.

to become the successor to 2MASS, extending three magnitudes deeper in K, in
the region it surveys. This project was designed to focus on the search for the
coolest and nearest brown dwarfs, high-redshift dusty starburst galaxies, elliptical
galaxies and galaxy clusters at redshifts 1 < z < 2, and the highest-redshift quasars,
at z=7. The Early Data Release was made public in 2006 [Dye et al., 2006] and
subsequent releases continue to be made on six month or one year separations [e.g.
Warren et al., 2007b,a]. The data are made available via the WFCAM science
archive [Hambly et al., 2008]. One of the five sub-surveys, the Large Area Survey
(LAS), aims to be the infrared counterpart to the SDSS. The UKIDSS LAS will
eventually provide imaging over 4028 degree? in four broad band colours, Y, J, H,
and K (see Figure 2.5), with limiting (Vega) magnitudes of 20.2, 19.6, 18.8 and 18.2,
respectively. This adds a significant increase in depth over 2MASS (Section 2.3.1).
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Figure 2.5: Left to right, UKIDSS Y, J, H and K-band filter response curves.

2.4 Far-infrared

2.4.1 WISE

The Wide-field Infrared Survey Explorer (WISE) is a NASA Medium-class Explorer
mission designed to survey the entire sky in four infrared wavelengths, 3.4, 4.6, 12,
and 22pm [see Figure 2.6; Wright et al., 2010]. WISE consists of a 40 cm telescope
that images all four bands simultaneously every 11s. It covers nearly every part
of the sky a minimum of eight times, ensuring high source reliability, with more
coverage at the ecliptic poles. Astrometric errors are less than 0.5 arcsec with respect
to 2MASS. The preliminary estimated S/N = 5 point source sensitivity on the
ecliptic is 0.08, 0.1, 0.8, and 5 mJy in the four bands [assuming eight exposures per
band; Wright et al., 2010]. Sensitivity improves away from the ecliptic due to denser
coverage and lower zodiacal background. Here we use the preliminary data release

(PDR), covering half the sky and containing approximately 257 million objects.
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Chapter 3

Methods

3.1 Cross-matching

Each survey in Chapter 2 has the potential to unlock extremely interesting science
in its own right, however, when combined, the broad range of wavelength coverage
is unrivaled for studying the full Spectral Energy Distribution (SED; flux density
as a function of wavelength, e.g. Figure 1.2 and 3.4) of objects. The combination of
two or more surveys is especially efficient at identifying and decomposing composite
objects, as will be shown throughout this work.

The first stage in combining two surveys is to cross-match common objects
by position matching. This is done by calculating the distance (r) between each

object in spherical coordinates, according to:

r = arccos( cos(m/2 — d1) * cos(m/2 — d3)
+sin(m/2 — 61) * sin(7/2 — d2) * cos(a; — ag) ), (3.1)

where both sets of Right Ascension (R.A.; a3 and ag) and declination (d; and s,
where the subscripts 1 and 2 refer to the first and second survey, respectively),
along with the resulting distance are given in radians. For each object in the first
survey, a distance to each object in the second survey is calculated. If an object
falls within a pre-defined search radius (7,45 ), this is considered a match, and the
two sets of information can be combined. If multiple objects match within 7,4, , the
closest object is usually chosen. There is a chance for false matches, however, this
is relatively small because we generally look out of the Galactic plane (for example
see Section 5.1). Using surveys focussed on the Galactic plane, false matches would

be a significant problem.
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This method can be relatively computationally intensive when millions of
objects in the first survey are being compared to millions in the second survey. For
large datasets, we pre-ordered the tables in declination. For an object at a;; and 41,
we therefore only needed to calculate the distance to objects with declinations within
01— Tmaz < 09 < 01+ 7Tmae. Finding the first and last position in a ordered list which
meets a requirement such as this is a relatively quick task, and the number of objects
for which Equation 3.1 needs to be calculated is greatly reduced. The TOPCAT
package is a commonly used utility for cross-matching [Taylor, 2005], however, we

implemented our own routine using python.

3.2 Colour-colour diagrams

The large scale surveys described in Chapter 2 or a cross-match of multiple surveys
(performed using Section3.1) will each have detailed information for millions to
hundreds of million of objects. How to select the few thousand objects we are
interested in from the full survey is a challenging problem. In this work, we often
take advantage of a diagnostic known as “colour-colour” diagrams to select a specific
species of object.

A colour is defined as the difference between two photometric magnitudes
and therefore measures the gradient of the SED of the object over a particular
wavelength range. Colours are usually defined as the shorter wavelength minus the
longer wavelength magnitude. For example, in the case of the SDSS (Section 2.2.2),
the colours commonly defined are (u — g), (9 — ), (r — i) and (i — z). Blue, hot
objects will have negative colour and red, cool objects will be positive. Composite
objects, containing two objects of different temperatures will show sharp changes
between two colours.

The Hertzsprung-Russell diagram (e.g. Figure1.1; showing luminosity vs
effective temperature) is analogous to a colour-magnitude diagram (e.g. Figure3.1).
These commonly used diagrams show clear separations between different species of
objects, however, even more information can be gained from colour-colour diagrams.
A colour-colour diagram is a two dimensional plot with a colour index on both
axes. An example set of colour-colour diagrams for the SDSS colours is shown in
Figure3.2. Objects with distinctly different SEDs seperate out in certain colour-
colour diagrams and can therefore be selected using cuts in colour-colour space.
Throughout this work, we use optimised colour-colour cuts to select interesting

objects from contaminants (everything else).

29



F814W

25 —

30

F606W—-F814W

Figure 3.1: An example of colour-magnitude diagram for the globular cluster,
NGC 6397, using the F606W and F814W, HST bands, taken from [Hansen et al.,
2007]. Prominent features include a cluster main sequence, a clear main-sequence
turnoff, and a clear white dwarf cooling sequence.
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3.3 Completeness and efficiency

Given a set of cuts in colour-colour space, used to select a sample of objects, we aim
to quantify the quality of the selection through two parameters; completeness and
efficiency. To define completeness, we require a relatively unbiased sample of the
target object. For example, in Chapter 4, we use Eisenstein et al.’s sample of DA
white dwarfs. Although subject to the biases of the SDSS spectroscopic selection
criteria, Eisenstein et al. [2006] analysed all the spectra in the colour-colour region
we target, and therefore should be an otherwise unbiased sample of DA white dwarfs
above Tog = 8,000 K and complete within SDSS down to g < 19. Given an unbiased
sample, completeness is then defined as the fraction of the sample recovered by our
constraints. The efficiency of the selection is simply defined at the ratio of target
objects to contaminants. In Chapter4, we make use of the SDSS spectroscopic
follow-up for classifying targets and contaminants. Using these two parameters,
one can optimise the selection criteria for the purpose, whether it be maximum

completeness, efficiency or a compromise between the two.

3.4 SED modelling and fitting

To predict the location of a group of objects on a colour-colour diagram, we use
synthetic stellar models to calculate a set of model fluxes, magnitudes and colours.
We can also predict the location of composite objects by summing multiple model
components. This is key when designing colour cuts to select a specific group of
objects. After the group has been selected, the models can also be used to estimate
stellar parameters by x? fitting (discussed further in Section 3.4.5). In the following

sections, we introduce the various stellar model grids used throughout this work.

3.4.1 White dwarf models

A grid of synthetic DA white dwarf spectra were calculated with the model atmo-
sphere code described by Koester [2010] and using the latest line profiles of Tremblay
& Bergeron [2009]. These cover effective temperature, Teg = 6,000 — 100, 000K in
131 steps nearly equidistant in log(Teg), and surface gravity, log(g) = 5.0 — 9.5
in steps of 0.25dex. The white dwarf models cover the range 1,150 — 25,000 A in

wavelength.
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Figure 3.3: Example model SEDs of a 15,000 K sdB (top), 12,000 K DA white
dwarf (middle) and 6,000 K main sequence star (bottom) from Sections3.4.2, 3.4.1
and 3.4.3, respectively. The fluxes are scaled and offset arbitrarily for clarity.

3.4.2 Subdwarf models

The sdB spectra were calculated using the model atmosphere code described by
Heber et al. [2000], covering 200 — 200,000 A in wavelength and Tz = 11,000 —
40,000K in steps of 1,000 K. The corresponding surface gravities were chosen to
ensure that our temperature sequence tracks the (extreme) horizontal-branch stars
[Dorman et al., 1993]. This translates into log(g) = 4.0 for Teg = 11,000 — 13,000 K
objects, log(g) = 4.5 for Teg = 14,000 — 16,000 K, log(g) = 5.0 covering Teg =
17,000 — 20,000 K, log(g) = 5.5 for Teg = 21,000 — 28,000 K and log(g) = 6.0 for
Teg = 29,000—40,000 K. Surface gravity does not significantly affect spectral slope,
but primarily affects the width of line profiles, which is a negligible feature when fit-
ting photometry as we do here. It does, however, correspond to a significant change
in the size of the subdwarf and therefore the relative brightness of the subdwarf to

a companion (see Section 7.3.2).
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Figure 3.4: An example SED, from the near-ultraviolet to the near-infrared, of a
Ter = 12,000 K, log(g) = 8.0 model DA white dwarf star (solid black line). Shown as
black dashed lines are the SDSS and 2MASS filter curves as discussed in Section 2.2.2
and 2.3.1, respectively. Folding the white dwarf SED through the filter curves using
the method described in Section 3.4.4 results in the magnitudes shown as open black
circles.

3.4.3 Main-sequence star models

A range of solar metalicity main sequence star templates of effective temperatures
from 4,250 K to 25,000 K in 48 steps were taken from the Castelli & Kurucz [2003]
ATLAS9 model atmosphere library. For models below 4, 250 K, Pickles [1998] stellar
spectral library models are substituted because of the problems with Castelli &
Kurucz [2003] model colours in this region [Bertone et al., 2004]. A Pickles [1998]
MOV star is used as a proxy for a 4,000 K model. Similarly, M1V, M2V, M3V and
M5V replace 3, 750K, 3,500K, 3,250 K and 3,000 K, respectively. We restrict the
models to unevolved main sequence stars because we do not expect sub-giant and
giant companions to contribute significantly to our samples. The main sequence
star spectra cover 1,150 — 25,000A in wavelength. To normalise the Castelli &
Kurucz [2003] main sequence star models to a flux at 10 pc, we rescale the models
to match the luminosities from the (zero age main sequence) isochrones of Girardi
et al. [2000].
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3.4.4 Model magnitudes

The grids of synthetic spectra discussed above were folded through all relevant filter
transmission curves to calculate absolute magnitudes. To do this, we use a variation
on the method described in Bradt & Padmanabhan [2005, Section 8.2]. First, each
filter transmission curve (e(\)) and photon spectral flux density (S,(\)) are spline
interpolated onto a common wavelength grid. To account for the higher energy of
the bluer photons, the photon spectral flux density must be weighted by the photon

energy,

Sp(A) = Sp(A)/(he/N), (3.2)

where h, c and X are the Planck constant, the speed of light and the wavelength grid
of the spectra, respectively. The zero point of the filter (z) must also be multiplied
by this factor,

2 =z/(he/N), (3.3)

where A becomes the effective wavelength of the filter. The filter zero points can
be found in the relevant literature, or if the magnitude is on the AB scale, the zero
point is defined such that a zero magnitude object corresponds to a flux density of

3631 Jy. Finally the magnitude (m) is calculated as:

m = —2.5 x (logo( B(SH(A) x A) ) —logip( B(e(A) x A) ) —logyo(z') ). (3.4)

The second log;, accounts for the integral of filter transmission curve and the third
log;y rescales the magnitude to the required magnitude scale defined by its zero
point. We were therefore able to produce grids of absolute magnitudes for each
white dwarf, subdwarf and main-sequence star model described in Sections3.4.1 -
3.4.3.

3.4.5 2 fitting

To quantify the likely composition of single or composite object, we use the models
described in Sections 3.4.1 - 3.4.3 and perform a y? fitting technique to estimate the

system parameters of the object. We seperate this method into the two different
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cases of analysing either spectra or photometry:

3.4.5.1 Spectroscopic fitting

Fitting of spectra was only performed on DA-type white dwarf stars. The method
used was to isolate and fit optical line profiles following that described in Rebassa-
Mansergas et al. [2007]. Because of the uncertainties in the flux calibration of the
SDSS spectra, we fit normalised Ha to He absorption lines. Higher order Balmer
lines have increased sensitivity to surface gravity, however, we don’t include lines
higher than He because of reduced S/N. A y? minimisation is used to find a best fit
from our grid of DA white dwarf model spectra, providing log(g) and Teg. The x?
surface is interpolated onto a fine grid to calculate a more accurate log(g) and Teg,
and the 1o parameter errors are taken from projecting the minimum x? + 1 contour
onto the Teg and log(g) axis (also discussed in Rebassa-Mansergas et al. 2007).

At around 13,000K (the exact value being dependent on log(g); Rebassa-
Mansergas et al. 2007), the equivalent width of the Balmer lines goes through a
maximum. This leads to a maximum in the y? surface (see Figure 3.5) and therefore
a degeneracy in the x? fitting procedure. For each object, a “hot” and a “cold” best
fit solution is found from the x? surface. We use the best fitting effective temperature
calculated from the photometry (see Section3.4.5.2) to choose between the “hot”
and “cold” solutions, based on the minimum separation in Teg.

Using the cooling models of Holberg & Bergeron [2006], we are also able to
calculate the mass of the white dwarf (Myq), radius of the white dwarf (Ryq) and
the distance (d) to each object.

3.4.5.2 Photometric fitting

When analysing photometry, we pursued SED fitting exploiting the broad wave-
length range of the photometric data that is available. When we assume only a
single component in the system, such as when fitting the photometric-only DA
white dwarf candidates in Section4.2.2, we simply take a grid of synthetic model
magnitudes, and calculate a y? compared to the real magnitudes for each. The best
fit is defined by the minimum x? (x2,,,). One sigma errors are defined by a contour
in the reduced x? (x? divided by the number of degrees of freedom; usually given
as the number of data points minus the number of fitted parameters minus one)
surface around the best solution at x2, + 1.

When fitting white dwarfs or subdwarfs photometrically, the photometry

does not provide sufficient constraints to accurately determine the surface gravity.

36



- L.il“\l ] 9 :_ . _:
> i ] B ]
2 b 1 - ]
- L J1 8 O -
o i i C i
2 f 1a | 4 .
R 19 7 | -
£ 7] - ]
s ] - .
Z 1 6r -

_I 1 | | | 1 | 1 | | | 1 | 1 | 1 | 1 I_ 5 :I | || | 1 1 | | 1 1 I:

-200 -100 0 100 200 10000 50000
Wavelength [A] Teff[K]

SDSSJ204431.43-061440.2 SN=12.6

N
|

w

—_

|

\ )
Ll

N | \IM"MM(I’H‘.‘J\W}'
s

F,[10-16erg cm2s~1A-1]
N

oL -
1 mh il A 1|"\“hi\|‘l.h‘nh IV

ag
A VO NS

5000 6000 7000
Wavelength [A]

8000 9000

N
o
o
(@]

Figure 3.5: An example of fitting the Balmer-line profiles of a DA white dwarf star,
taken from Rebassa-Mansergas et al. [2007]. Top left-hand panels: best fit (black
lines) to the normalized HB to He (grey lines, top to bottom) line profiles. Top
right-hand panels: 3, 5 and 100 x? contour plots in the Teg — log(g) plane. The
black contours refer to the best line profile fit, the red contours to the fit of the
whole spectrum. The solid line indicates the occurrence of maximum HfS equivalent
width. The best “hot” and “cold” line profile solutions are indicated by black dots,
the best fit to the whole spectrum is indicated by a red dot. Bottom panels: the
residual white dwarf spectra resulting from the spectral decomposition and their
flux errors (grey lines) along with the best-fitting white dwarf model (black line)
to the 3850 — 7150 A wavelength range (top) and the residuals of the fit (grey line,
bottom).
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For white dwarfs with effective temperatures outside of the range 9000 — 20000K,
the spectral line widths are narrow and therefore do not significantly affect the
SED, we adopted a canonical value of log(g) = 8.0. Between 9000 — 20000K, the
Balmer lines are sufficient broad to provide some constraint on the surface gravity
from photometric fitting. As discussed in Section 3.4.2, we limit the subdwarf’s
surface gravity such that the models track the (extreme) horizontal-branch stars
temperature sequence.

In the case where we assume two components in the system, the hotter body
dominates the short wavelength flux while the cooler companion dominates at longer
wavelengths. This permits the decomposition of the SED into two components at a
common distance. To model both components of the system, we merge two synthetic
model grids into a single, composite system grid!. The observed magnitudes were
then fitted with the grid by minimising a weighted x? whilst varying the distance and
other common properties, such as the effective temperatures of both components.
Uncertainties were again taken from the one sigma contours in the x? surface.

Reddening from interstellar dust can potentially have a significant effect on
the shape of the hotter components SED, especially at short wavelengths. It would
therefore primarily affect the inferred effective temperature of the white dwarf or
subdwarf. The slope will be flattened and thus a systematically lower effective
temperature would be found. With prior knowledge of the reddening to the system,
this can corrected for, however, this is not always the case, as will be shown in
Section 7.5.

'In the case of the subdwarf plus main-sequence star systems used for Chapter 7, the grid also
includes the option for the subdwarf not to have a companion.
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Chapter 4

DA white dwarf catalogue

4.1 Selecting DA white dwarfs

Since the first comprehensive list of white dwarfs produced by Eggen & Greenstein
[1965], the number of known white dwarfs has increased substantially. The multiple
versions of the McCook & Sion catalogue have been instrumental in developing the
understanding of white dwarfs, both in bulk properties and finding rare objects.
Before the project undertaken here, the most recent catalogue of spectroscopically
identified white dwarfs was based on SDSSDR4 [Eisenstein et al., 2006], which
comprised 4783 square degrees, roughly half of the sky coverage of DR7. Here, we
exploited the much larger footprint of SDSSDR7 (Section2.2.2), and also extend
the white dwarf sample to photometric objects without follow-up spectroscopy. We
restricted our ambitions to DA white dwarfs for a number of reasons. Firstly, the
vast majority of all known white dwarfs belong to the DA class [McCook & Sion,
1999]. Secondly, determining the atmospheric parameters of DA white dwarfs, Teg
and log(g), from fitting atmosphere models to either spectroscopy [Bergeron et al.,
1992] or photometry [Koester et al., 1979] is a well-established and robust proce-
dure. This is essential for the purpose of identifying white dwarfs with infrared
excess, as we need to accurately extrapolate the white dwarf flux to the J, H, and
K bands (performed in Chapter5). Thirdly, optical spectra of DA white dwarfs
are characterised by strong Balmer absorption lines on a blue continuum, and the
strong dependence on the Balmer line equivalent widths results in DA white dwarfs
occupying a distinct region in colour space.

We have developed a two-pronged approach to identify as many DA white
dwarfs with spectroscopy within DR7, and subsequently to select white dwarf can-

didates which have ugriz photometry but were not spectroscopically followed-up by
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SDSS.

As a start, we retrieved the DR7 spectra and ugriz photometry for all white
dwarfs with g < 19 and classified by Eisenstein et al. [2006] as DA or DA _auto, cor-
responding to visually confirmed and automatically classified hydrogen-dominated
white dwarfs, respectively. This totals 2889 unique objects, 938 being classified as
DA and 1951 DA_auto. All spectra were visually inspected to corroborate their
DA classification, and we found 99.4% agreement with the classification for white
dwarfs by Eisenstein et al. [2006]. The 0.6% disagreement primarily comes about
from non-DA white dwarfs that were classified as DA_auto by Eisenstein et al.’s
classification routine. The sample of spectroscopically confirmed DA white dwarfs
was then used to trace the locus of DA white dwarfs in the (u—g,g9—7), (g—r,r—1),
and (r —1i,7— z) colour-colour planes (see Section 3.2). The population of DA white
dwarfs follow a boomerang-shape in (u— g, g — ) colours, which is clearly separated

from the main sequence, but intersects the quasar population (Fig.4.1).
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Table 4.1: Colour selection for finding DA white dwarfs in ugriz space. Objects were
selected to be primary objects and point sources. Flags are shown in Hexagesimal
notation. These are the standard SDSS “good photometry” flags, as documented
on SDSS CASJOBS [Li & Thakar, 2008], and were chosen so that the object was
detected in BINNEDI1, and did not have any of the following: EDGE, NOPRO-
FILE, PEAKCENTER, NOTCHECKED, PSF_FLUX_INTERP, SATURATED, or
BAD_COUNTS_ERROR.

Constraints

(u—g) > —20.653 x (g —1)° +10.816 x (g — r)* + 15.718 x (g — 1)3
—1.294 x (g — )% — 0.084 x (g — ) + 0.300

(u—g) < —24.384 x (g —1)% —19.000 x (g —r)* +3.497 x (g — )3
+1.193 x (g —7)? 4+ 0.083 x (g — 7) + 0.610

(g—7) < —0.693 x (r — )% 4 0.947 x (r — i) + 0.192

(g—7) > —1.320 x (r —i)3 +2.173 x (r — )% + 2.452 x (r —4) — 0.070

(r —1) > —0.560

(r —1i) <0176 x (i — 2) +0.127

(r —1) < —0.754 x (i — 2) +0.110

g < 19

0 = flags & 0x10000000

0 = flags & 0x8100000c00ac

This relatively complex shape was approximated by the intersection of two
5th-order polynomials (Table4.1). In (¢ — 7,4 — r) the DA white dwarfs lie along
a relatively narrow band, overlapping with the blue end of the main sequence and,
to some extent with quasars, which we approximated by the combination of a 2nd
and 3rd order polynomial. Finally, in (r — 4,7 — z) , the DA white dwarfs are again
located at the blue end of the main sequence, but display a relatively large spread
in ¢ — z. Visual inspection of the SDSS spectra of the outliers confirms them as DA
white dwarfs, though the majority of them are near the faint end of the Eisenstein
et al. sample. We decided to include those outliers in our colour-cut, and hence
approximated the DA locus by the intersection of three linear relations in (r—i,i—z).

Finally, we applied a set of recommended data quality flags to the SDSS
photometry to minimise contamination by instrumental artifacts and blended stars.
Applying the constraint set summarised in Table 4.1 to DR7 resulted in the selection
of 7444 unique spectroscopic objects, which were then visually classified as DA white
dwarfs, other (non-DA) white dwarfs, quasars, narrow line hot stars (see below), and
other objects (Table 4.2).
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4.1.1 Narrow line hot stars

The optical spectra of ultra-low mass white dwarfs [e.g Kilic et al., 2007b] and very
cool DAs, particularly those at low signal-to-noise ratio, can look rather similar
to early type main sequence stars, subdwarfs, extreme horizontal branch stars or
very metal-poor halo stars, which we all lump together as contaminants with the
designation “narrow line hot stars” (NLHS). These are particularly dominant at
the blue end of the white dwarf “banana” (g < 16, see Table4.2). While there is
noticeable interest in ultra-low mass white dwarfs [e.g. Liebert et al., 2004; Kilic
et al., 2007a; Marsh et al., 2011], they represent a tiny fraction of all DAs. Given
that our aim is to study the bulk population of DA white dwarfs, we make no
attempt to accurately classify ultra-low mass white dwarfs. In addition, our colour
selection is only complete to effective temperatures above ~ 8000K. Attempting to

include much cooler white dwarfs would result in significant contamination from

NLHS.

4.1.2 Overall completeness and efficiency

Completeness and efficiency were the key parameters in designing our selection al-
gorithm (Table4.1), where completeness and efficiency are defined in Section 3.3.
Completeness is set as the fraction of Eisenstein et al.’s DA white dwarfs recovered
by our constraints, and efficiency as the ratio of spectroscopically confirmed DA
white dwarfs to all objects in our colour-magnitude selection. In the case of the
spectroscopic DA sample, one may argue that completeness is more important than
efficiency because contaminants can be removed through visual spectral classifica-
tion of all candidate objects. On the other hand, the photometric-only DA sample
requires a high level of efficiency to minimise the number of contaminants. We opti-
mised the colour boundaries to maximise both completeness and efficiency, and the
constraint set in Table4.1 results in a completeness of 95.4% and an efficiency of
62.3% (Table4.2). From SDSS DR7, a total 4636 unique spectroscopic DA white
dwarfs are contained within the colour-magnitude cuts. This represents a 70 per cent
increase in spectroscopic DA white dwarfs with ¢ < 19 over the Eisenstein et al.
[2006] sample. Similarly, the photometric-only DA white dwarf candidates sample
contains 9341 objects. Assuming 62.3% efficiency of the selection, ~ 6000 additional
photometric white dwarfs are contained within the sample and therefore the total
increase over Eisenstein et al. [2006] is approximately a factor of three. The effi-
ciency is, however, only a lower limit for the photometric sample because the SDSS

spectroscopic was designed to focus on QSOs. Therefore, QSOs are only a minor
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contaminant in the photometric-only sample.

The spectral classification and completeness are given as a function of g-
magnitude in Table4.2. The completeness drops slightly towards larger apparent
magnitude because of the larger scatter in the colour-colour diagrams. The frac-
tion of NLHS contaminants is largest at the bright end of our sample, which is a
natural consequence of the much larger intrinsic brightness of subdwarfs and early-
type main-sequence stars, and the fraction of quasar contaminants increases towards
larger apparent magnitudes. It is possible to eliminate a fair fraction of the con-
taminants in the photometric-only sample by using additional information such as

proper motions and infrared colours (see Sect.5.2.3.4).
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4.1.3 Completeness of SDSS spectroscopy for DA white dwarfs

The sample produced here provides an excellent opportunity to investigate the spec-
troscopic completeness of SDSS for DA white dwarfs. We used the cuts in Ta-
ble 4.1 to select both the spectroscopic and photometric objects within DR7. From
these two sets of data, we then calculate the spectroscopic completeness within the
(u — g,g9 — r) colour-colour plane (Fig.4.2). The upper middle and right panels
display the density of spectroscopically confirmed DA white dwarfs (middle) and
contaminants (such as NLHS and quasars, right hand side panel). For comparison,
the upper left hand panel shows the DA white dwarf cooling tracks from Holberg &
Bergeron [2006]'. The efficiency of our colour cuts is obtained for each bin within
the (u — g,g — r) plane as the ratio of the number of the DA white dwarfs to the
total number of objects in the bin (lower centre panel). This clearly displays a
reduced efficiency of selecting both the hottest and coldest white dwarf because of
the increased numbers of contaminants. Our selection method, however, has an
extremely high efficiency when selecting white dwarfs with temperatures between
~ 10,000 — 20, 000K. The number of DA white dwarfs without SDSS spectroscopy
is predicted by scaling the number of photometric-only objects with the efficiency
(resulting in the lower left panel). Finally, the DA white dwarf spectroscopic com-
pleteness was calculated as the ratio of spectroscopically confirmed DA white dwarfs
to the total number of DA white dwarfs, with and without spectroscopy (lower right
panel). The overall spectroscopic completeness is 44.3% down to g = 19. As men-
tioned in Sect.4.1.1, this analysis is limited to white dwarfs with T.g 2> 8000K.
The preference of SDSS spectroscopy to target quasars is clearly seen in the lower
right corner of the spectroscopic completeness colour-colour diagram, where the vast
majority of quasars lie. This corresponds to a very high spectroscopic completeness
for cooler DA white dwarfs. In contrast, the spectroscopic completeness for white
dwarfs with Tg>12000K is significantly lower.

4.2 Modelling SDSS data

4.2.1 Fitting the SDSS spectroscopy

We fitted the SDSS spectra of all DA white dwarfs found within our colour cuts
(Table4.1) using the models described in Section3.4.1 and following the method
described in Section3.4.5.1 and Rebassa-Mansergas et al. [2007]. For each white

dwarf, we fitted the effective temperature, surface gravity and distance to the white

!See http://www.astro.umontreal.ca/~bergeron/CoolingModels for an updated grid.
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Figure 4.2: The spectroscopic completeness of DA white dwarfs in SDSS DR7 within
the (u— g, g—r) colour-colour plane. In the top left panel, the colour selection from
Table 4.1 is shown as a red dashed line, overlaid with the DA white dwarf cooling
tracks of Holberg & Bergeron [2006]. From the bottom up, these curves represent
log(g) = 7.0 — 9.5 in steps of 0.5. The number of spectroscopically confirmed DA
white dwarfs and contaminants within our colour selection are shown in the upper
middle and right panels, respectively. Two distinct regions of high contamination
are visible, with NLHS and quasars being concentrated at the bluest and reddest
colours of the DA “banana”, respectively. The number of DA white dwarfs without
SDSS spectroscopy is shown in the bottom-left panel, calculated as the number of
photometric-only objects weighted by the colour-dependent efficiency of our selection
algorithm (lower middle panel). Finally, the spectroscopic completeness of SDSS for
DA white dwarfs, i.e. the ratio of spectroscopic DAs to the total number of DAs, is
shown in the bottom right panel. White dwarfs with Teg<12000K have a very high
completeness thanks to their colour-proximity to ultraviolet-excess quasars, which
were intensively targeted by SDSS.

47



dwarf, and then calculated the white dwarf mass and radius. An example of such a
fit is shown in Figure 3.5.

If an object has an excess in the z-band or later, such as those discussed in
Chapter 5, it does not significantly affect the spectroscopic fitting method because
we fit line profiles, and do not use the continuum flux. This method is most sensitive

at shorter wavelengths, where any companion does not significant contribute.

4.2.2 Fitting the SDSS photometry

We also fitted (according to the method described in Section 3.4.5.2) all photometric
objects found with our colour cuts, including all objects that do have SDSS spec-
troscopy. We intentionally included objects known not to be DA white dwarfs, to
allow us to investigate the properties of the contaminants among the photometric-
only DA candidates.

Photometric objects were fitted by comparing the SDSS wu, g, » and ¢ mag-
nitudes to the white dwarf model grid (Section3.4.1). Magnitudes redder than ¢
were not included because we chose to allow for composite systems. This ensures
we can recognise objects with an excess already showing in z, such as white dwarf
plus M-dwarf binaries. The fitting returns an effective temperature, surface gravity
and distance to the white dwarf, however, as discussed in Section 3.4.5.2, the surface
gravity (and therefore distance) are barely constrained by the fitting. This, fortu-
nately, does not significantly effect the extrapolation into the infrared. An example
of a photometrically fitted white dwarf is shown in Figure4.3.

The temperatures measured from the SDSS photometry were found to be
systematically lower than those from the fitting of line profiles (e.g. Table A.3; ob-
jects with SDSS spectroscopy, but fitted with the photometric method). Our sample
of SDSS white dwarfs overlaps with the Palomar Green (PG) sample, and Fig. 4.4
shows a comparison between our spectroscopic and photometric temperatures with
those of Liebert et al. [2005a], which were determined from independent data, spec-
tral models, and fitting routines. We find good agreement between the results of
Liebert et al. [2005a] and our spectroscopic method. However, our photometric tem-
peratures are systematically too low, a trend that is strongly correlated with either
white dwarf temperature or distance. At 200pc (500pc), the photometric tempera-
tures are on average 5% (10%) below our and Liebert’s spectroscopic values. This
could suggest that interstellar reddening is, at least in part, the culprit for reduced
temperatures. While reddening would not significantly effect the shape of the line
profiles, it could noticeably change the slope of the continuum (see also Holberg

et al. 2008). No clear correlation is, however, seen when comparing the mismatch
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Figure 4.3: An example of a fit to the SDSS spectrum and ugri photometry of a DA
white dwarf (SDSS J1314+0057). The lower SED shows the SDSS spectrum (gray),
photometry (red) and the best fitting white dwarf model based upon fitting of the
line profiles (black). The fit is a Teg = 17707 £ 163K, log(g) = 7.80 & 0.04 model at
a distance of 312 + 8 pc. The upper SED (offset by 0.35 flux units) shows the best
fit to the photometry with a white dwarf of Teg = 17000+1%°K, log(g) = 8.25+421.
The model white dwarf photometry is plotted as open black circles.
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in temperatures to the Schlegel et al. [1998] values of E(B — V') at the positions of
the white dwarfs. The Schlegel et al. maps probe interstellar reddening through
the entire Galaxy, whereas the white dwarfs in our sample lie at a few hundred par-
secs at most. Typical (total Schlegel) reddening along the lines-of-sight towards our
white dwarfs is E(B — V') ~ 0.05. De-reddening the SDSS photometry with that
total E(B — V), and re-fitting the photometric white dwarf sample indeed leads,
as expected, to a large over-correction of the white dwarf temperatures. Analysing
the sample of spectroscopic DAs, we estimate that the typical reddening in front of
the white dwarfs is E(B — V) ~ 0.01 — 0.02. However, we can not systematically
correct for the effect of reddening for the sample of photometric-only DA candi-
dates. We note that for hot white dwarfs, T.g=>45000K, non-LTE effects become
important, which may also lead to some systematic differences in the fit parameter
for the hottest stars in our sample. Therefore, the temperatures calculated from the
photometry alone have an additional systematic uncertainty, on top of the statistical
uncertainty from the fit, and the true temperatures are likely to be a few thousand
Kelvin higher. In the context of our search for infrared flux excess (Sect.5.2.1 be-
low), changing the white dwarf temperature by a few thousand Kelvin does not have

a significant impact on the level of excess detected (see Sect. 5.3 for examples).
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The full catalogue of spectroscopic and photometric-only (candidate) white

dwarfs is available via VizieR2.

4.3 Summary

We have developed dedicated colour-colour cuts to select DA white dwarfs only
from their optical photometry (Table4.1, Fig.4.1). This method can easily be op-
timised to prioritise for completeness, efficiency or a compromise of both. We have
demonstrated that a high completeness (95.4%) can be obtained with a reasonable
efficiency (62.3%) based on the ugriz data from SDSS DR7. The strengths of this ap-
proach, is that it provides substantially larger and statistically better characterised
white dwarf samples (Sect.5.2.3) when compared to spectroscopic catalogues such
as McCook & Sion [1999] and Eisenstein et al. [2006]. We have also investigated
methods to account for the contamination of the DA white dwarf candidate sample
by quasars and NLHS. This method can be adapted to obtain large uniform sam-
ples of white dwarfs from other multicolour optical photometric surveys, such as e.g.
SkyMapper [Keller et al., 2007].

*http://cdsarc.u-strasbg.fr/viz-bin/Cat?J /MNRAS/417/1210
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Chapter 5

White dwarf stars with infrared
excess in UKIDSS
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