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Abstract
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Research Advisor: Terry Oswalt, Ph.D.

So far, the most promising theory for the existence of subdwarf B (sdB) stars is that they
were formed during binary star evolution. This research was conducted to test this theory
by searching for companions around six sdB pulsators (V391 Peg, HS 0702+6043, EC
20117-4014, PG 1219+534, PG 0911+456, and PG 1613+426) using the Observed-minusCalculated (O-C) method. A star’s position in space will wobble due to the gravitational
forces of any companion. If the star is emitting a periodic signal, the orbital motion of the
star around the system’s center of mass causes periodic changes in the light pulse arrival
times.

After obtaining the O-C diagrams for these stars, useful limits on suspected

companions’ minimum masses and semimajor axes were calculated. In addition, “period vs.
amplitude” and “mass vs. semimajor axis” modeling were conducted to investigate the
ranges and combinations of possible companion masses and semimajor axes that are
consistent with the observational data.

iii

For V391 Peg and HS0702+6043, companions noted in previous publications validated
the method used in this research and confirmed their existence. The results of this study of
both these targets yield the same masses and semimajor axes as the published ones, within
the uncertainties. For EC20117-4014, current data show that there is a companion and the
signal of a companion candidate was detected with higher than 90% of confidence level.
However, there is still several possible mass and semimajor axis combinations of the
companion star. For PG1219+534, current data suggest that there may be a companion,
however, the no-companion possibility still cannot be eliminated.
The results of this project discovered two new possible companion candidates to
EC20117-4014 and PG1219+534, confirmed companions previously detected in V391 Peg
and HS0702+6043, as well as provided preliminary evidence for companions to EC201174014 and PG1219+534 at the will require further observation. Though still a small sample,
these results suggest that planets might survive the post-main-sequence evolution of their
parent stars.

.

iv

Table of Contents
Abstract ................................................................................................................... iii
Table of Contents .....................................................................................................v
List of Figures ....................................................................................................... viii
List of Tables ......................................................................................................... xii
Acknowledgement ................................................................................................ xiv
Dedication ............................................................................................................ xvii
1.

Introduction and Background ........................................................................1
1.1
Subdwarf B Stars ............................................................................................... 2
1.1.1 Stellar Evolution and HR Diagram .................................................................. 2
1.1.2 Subdwarf B Star Evolution .............................................................................. 5
1.1.3 Subdwarf B Star Characteristics .................................................................... 11
1.2
Pulsation Mechanism ....................................................................................... 13
1.2.1 Subdwarf B Star Characteristics .................................................................... 13
1.2.2 p-mode Pulsations .......................................................................................... 16
1.2.3 g-mode Pulsations .......................................................................................... 19
1.2.4 Hybrid Pulsations ........................................................................................... 20
1.3
O-C Method ...................................................................................................... 21
1.3.1 History ........................................................................................................... 21
1.3.2 O-C Theory applied to Searching for Companion Stars and Planets ............. 22
1.3.3 Detection of Planets and Brown Dwarfs Using the Pulsation O-C
Method……… ............................................................................................................ 29
1.4
Extrasolar Planets ............................................................................................ 32
1.4.1 Definitions...................................................................................................... 32
1.4.2 Current Information about Extrasolar Planets Search .................................... 33
1.5
Motivation for this Research ........................................................................... 37

2.

Methodology ...................................................................................................39
2.1
Instrumentation ................................................................................................ 39
2.1.1 SARA-KP Telescope ..................................................................................... 40
2.1.2 SARA-CT Telescope ..................................................................................... 40
2.1.3 Ortega Telescope ........................................................................................... 41
2.2
Data Reduction ................................................................................................. 41
2.3
Star Background .............................................................................................. 45
2.4
Light Curve ....................................................................................................... 46
2.5
Discrete Fourier Transforms ........................................................................... 48
2.6
Timing Accuracy .............................................................................................. 52

3.

Companions’ Features Derivation and O-C Method Sensitivity ...............57
3.1

Mass and Semimajor Axis Deviation .............................................................. 57

v

3.1.1 Orbital Configuration and Mass Derivation................................................... 58
3.1.2 Companion Semimajor Axis Derivation ........................................................ 61
3.1.3 Example and Error Propagation ..................................................................... 64
3.2
Sensitivity of the O-C Method ......................................................................... 66
3.2.1 Detectable O-C Amplitude and Period Ranges from our Method ................. 66
3.2.2 Case of sdB Star System ................................................................................ 68

4.

Artificial Data Experiment ............................................................................71
4.1
Artificial Light Curves ..................................................................................... 71
4.1.1 Artificial Light Curves without Phase Information ....................................... 72
4.1.2 Obtaining Phase Parameters Using the Ideal Planetary Orbital Motion ........ 73
4.1.3 Artificial Light Curve with Noise .................................................................. 75
4.2
O-C Analysis Evaluation Using V391 Peg Data ............................................ 76
4.3
“Period & Amplitude” and “Mass & Semimajor Axis” Modeling .............. 80
4.3.1 Modeling Background and Examples ............................................................ 80
4.3.2 Modeling Results using obvious O-C signal.................................................. 82
4.3.3 Modeling Results using artificial data ........................................................... 85

5.

Observation Targets ......................................................................................88
5.1
5.2
5.3
5.4
5.5
5.6

6.

Results ...........................................................................................................100
6.1
6.2
6.3
6.4
6.5
6.6
6.7

7.

V391 Peg .......................................................................................................... 100
HS 0702+6043 ................................................................................................. 110
PG 0911+456 ................................................................................................... 125
PG 1613+426 ................................................................................................... 138
PG 1219+534 ................................................................................................... 148
EC 20117-4014 ................................................................................................ 158
Summary ......................................................................................................... 169

Discussion ......................................................................................................171
7.1
7.2
7.3
7.4
7.5

8.

V391 Peg ............................................................................................................ 89
HS 0702+6043 ................................................................................................... 91
PG 0911+456 ..................................................................................................... 93
PG 1613+426 ..................................................................................................... 95
PG 1219+534 ..................................................................................................... 96
EC 20117-4014 .................................................................................................. 98

Overview of Companion Candidates ............................................................ 171
Constraints on Companion Masses............................................................... 173
Common Envelope Evolution ........................................................................ 176
Predicted Radial Velocity Signals ................................................................. 182
Future Observation Possibilities ................................................................... 184

Conclusions ...................................................................................................187
8.1
8.2

Summary of this research .............................................................................. 187
Outlook ............................................................................................................ 190

References .............................................................................................................192
Appendix A IDL code for “Mass vs. Semimajor Axis” Modeling ...................208
vi

Appendix B Light curves of all targets observed ..............................................212
Appendix C Discrete Fourier Transform spectra for all Observation Nights..
................................................................................................................................253
Appendix D Finding Chart of Each Star ...........................................................276

vii

List of Figures
Figure 1.1. H-R Diagram. ..........................................................................................4
Figure 1.2. HR Diagram with sdB Phase (Heber 2009) .............................................7
Figure 1.3. CE Channels (top), Stable RLOF Channel (bottom left) for Binary
Evolution Scenario (from Podsiadlowski 2008). ...............................................8
Figure 1.4. Single Star Evolution Scenario, Podsiadlowski (2008) .........................10
Figure 1.5. 𝐥𝐨𝐠𝒈 − 𝑻𝒆𝒇𝒇Diagram of Extreme Horizontal Branch Stars (from
Østensen, 2009). ...............................................................................................15
Figure 1.6. Discrete Fourier Transform of the Full Light Curve of HS 0702+6043
(Schuh 2006, modified).. ..................................................................................21
Figure 1.7. O-C Diagram When the Observed “O” Light Curve (green) is the Same
as the Calculated “C” Light Curve (red). .......................................................24
Figure 1.8. O-C Diagram When the Period of Observed “O” Light Curve (green) is
Constant but Incorrect from the Period Used in the Calculated “C” Light
Curve (red) .......................................................................................................24
Figure 1.9. O-C Diagram When the Period of the Observed “O” Light Curve
(green) is Constantly Changing over Time.. ....................................................25
Figure 1.10. O-C Curve When There is a Companion around the sdB Star. ...........27
Figure 1.11. O-C Diagram of V391 Peg of the largest pulsation mode (Silvotti et al.
2007). ...............................................................................................................31
Figure 2.1. Radial Profile for HS 0702+6043. .........................................................44
Figure 2.2. Star Radius and Sky Background ..........................................................45
Figure 2.3. Example of Normalized V/C of HS 0702+6043 on 10/13/2014 for 5000
seconds. ..........................................................................................................47
Figure 2.4. DFT Plot of HS 0702+6043 on 2/20/2010.. ..........................................50
Figure 3.1. Orbital Configuration of sdB Star System .............................................59
Figure 3.2. Mass-Semimajor Map of the Detectable Limitations.. ..........................69
Figure 4.1. Example of a Light Curve of V391 Peg.. ..............................................73
Figure 4.2. “Reference” O-C Curve. . .....................................................................74
Figure 4.3. Example of a Simulated Light Curve of V391 with Noise. ...................76
Figure 4.4. O-C Diagram Obtained from the “noise free” Artificial Data and Its
Residual. ...........................................................................................................78
Figure 4.5. O-C diagram of the Artificial Data with the Same S/N Ratios Seen in
the Real Observations. .....................................................................................79
Figure 4.6. O-C diagram of the Artificial Data with a “fake” sinusoidal curve
fitting. s. ...........................................................................................................79
Figure 4.7. O-C Diagram and Monte Carlo Simulation Map by Mullary et al.
(2008).. .............................................................................................................81
viii

Figure 4.8. Artificial O-C Curve with Period 659.73 days and Amplitude 6.47±1.62
s ........................................................................................................................83
Figure 4.9. Same as Figure 4.8 but Using Only 100 days of Data per Year. ...........83
Figure 4.10. Results of “period & amplitude” modeling with 100 days of Simulated
Observation Data in Figure 4.9. .....................................................................84
Figure 4.11. Results of “mass & semimajor axis” modeling with 100 days of
Simulated Observation Data in Figure 4.9.. .....................................................84
Figure 4.12. Results of “period & amplitude” modeling of artificial O-C data points
of V391 Peg in Figures 4.5 and 4.6.. ................................................................86
Figure 4.13. Results of “mass & semimajor-axis” modeling of artificial O-C data
points of V391 Peg in Figures 4.5 and 4.6. ......................................................86
Figure 6.1. DFT Plot of V391 Peg from the data of this research – The top panel
shows two significant pulsation peaks. . .......................................................102
Figure 6.2. Pulsation Amplitude Shift (2.86111 mHz Mode) of V391 Peg using
data obtained during this research.. ................................................................104
Figure 6.3. O-C Diagram of V391 Peg using the data of this project. ...................105
Figure 6.4. “period vs. amplitude”(Top) and “mass vs. semimajor axis”(Bottom)
fitting plots of V391 Peg. ...............................................................................109
Figure 6.5. DFT Plot of HS 0702+6043.................................................................112
Figure 6.6. Pulsation Amplitude of the F1 (Top) and F2 (Bottom) of HS 0702+6043
as a Function of Date......................................................................................114
Figure 6.7. O-C Diagram of HS 0702+6043 with a S1 Sinusoidal Curve Fits. .....115
Figure 6.8. The S1 Residuals of the HS 0702+6043 O-C Diagram.. .....................116
Figure 6.9. The S1 and S2 Residuals of the HS 0702+6043 O-C Diagram.. .........117
Figure 6.10. Graphical Comparison of modified Lutz’ (2011) result (top two plots)
for HS 0702+6043 and our work (bottom two plots).....................................119
Figure 6.11. “period vs. amplitude”(Top) and “mass vs. semimajor axis”(Bottom)
fitting plots of HS 0702+6043for F1L frequency. ........................................123
Figure 6.12. “period vs. amplitude”(Top) and “mass vs. semimajor axis”(Bottom)
fitting plots of HS 0702+6043 for the F2L frequency. ...................................124
Figure 6.13. DFT Plot for PG 0911+456 with all pulsation frequencies ...............127
Figure 6.14. DFT Plot for PG 0911+456 (after removing the three largest pulsation
frequencies). ...................................................................................................128
Figure 6.15. PG 0911+456 Pulsation Amplitude Shift caused by beating of two
closely spaced frequencies. ............................................................................130
Figure 6.16. PG 0911+456 O-C curves for F1 (top) and F2 (bottom) including the
sinusoidal variation due to the beating of closely spaced frequencies (red line).
........................................................................................................................131
Figure 6.17. PG 0911+456 O-C results for F1 (top) and F2 (bottom) after removal
of the sinusoidal variation due to the beating of two closely spaced
frequencies.. ...................................................................................................132
Figure 6.18. The residuals of PG 0911+456 O-C diagrams...................................133
ix

Figure 6.19. “period vs. amplitude”(Top) and “mass vs. semimajor axis”(Bottom)
fitting plots of PG 0911+456. ........................................................................137
Figure 6.20. DFT plot of PG 1613+426.. ...............................................................139
Figure 6.21. PG 1613+426 Pulsation amplitude shift caused by beating of two
closely spaced frequencies.. ...........................................................................141
Figure 6.22. PG 1613+426 O-C results for F1 (top) and F2 (bottom) included the
sinusoidal variation due to the beating of the two intrisnic Frequencies (red
line). ...............................................................................................................142
Figure 6.23. PG 1613+426 O-C results for F1 (top) and F2 (bottom) after removing
the sinusoidal variation due to the beating of the two closely-spaced
frequencies.. ...................................................................................................143
Figure 6.24. The residuals of the observed O-C curve for PG 1613+426. ............144
Figure 6.25. “Period vs. Amplitude”(Top) and “Mass vs. Semimajor Axis”(Bottom)
Fitting Plots of PG 1613+426. .......................................................................147
Figure 6.26. DFT plot for PG 1219+534. ..............................................................150
Figure 6.27. PG 1219+534 Pulsation amplitude shift caused by beating of two
closely spaced frequencies .............................................................................151
Figure 6.28. PG 1219+534 O-C results for F1 (top) and F2 (bottom) included the
sinusoidal variation due to the beating of the two intrisnic frequencies (red
lines). ..............................................................................................................152
Figure 6.29. PG 1219+534 O-C results for F1 (top) and F2 (bottom) after removal
of the sinusoidal variations due to beating fundamental frequencies.. ..........153
Figure 6.30. The Residuals of the O-C Curve of PG 1219+534 compared to an O-C
= 0 s (straight line). ........................................................................................154
Figure 6.31. “Period vs. Amplitude”(Top) and “Mass vs. Semimajor Axis”(Bottom)
Fitting Plots of PG 1219+534. .......................................................................157
Figure 6.32. DFT plot of EC 20117-4014. .............................................................159
Figure 6.33. EC 20117-4014 Pulsation Amplitude Shift Caused by Beating of Two
Closely Spaced Frequencies.. .........................................................................162
Figure 6.34. EC 20117-4014 O-C results for F1 included the sinusoidal variation
due to the beating of the two intrisnic Frequencies (red line).. ......................163
Figure 6.35. EC 20117-4014 O-C results for F1 (top) and F2 (bottom) after
removing the sinusoidal variation due to the beating of the two closely-spaced
frequencies. . .................................................................................................164
Figure 6.36. The residuals of the EC 20117-4014 O-C curve . ............................165
Figure 6.37. “Period vs. Amplitude”(Top) and “Mass vs. Semimajor Axis”(Bottom)
fitting plots of EC 20117-4014. .....................................................................168
Figure 7.1. Diagram of the largest inclination limit for which eclipses would not be
seen.................................................................................................................174
Figure 7.2. The relationship between masses and inclinations i of the hypothetical
companion to each star. ................................................................................176
x

Figure 7.3. Combinations of the red giant radius and the sdB progenitor envelope
mass for each target, assuming orbital inclination i is 90º. ..........................180
Figure 7.4. Minimum Masses and Orbital Separations among this project’s detected
planet candidates.. ..........................................................................................185

xi

List of Tables
Table 2.1. Camera Specifications (From
http://www.saraobservatory.org/ccdspecs.html, and http://flicamera.com/) ...40
Table 2.2. Frequency (Freq.), Period (P), Amplitude (A) and Their Uncertainties (σ)
..........................................................................................................................44
Table 3.1. Minimum and Maximum Detectable O-C Period for Each sdB Target…
..........................................................................................................................67
Table 3.2. Detectable Range Of Mass and Semimajor Axis for Each sdB Target…
..........................................................................................................................70
Table 4.1. Adopted Frequency and Amplitude of the Artificial Light Curve for
V391 Peg (from Silvotti et al. 2007). ...............................................................72
Table 4.2. Frequency, Amplitude and Phase Used to Construct Ideal O-C Curve...
..........................................................................................................................74
Table 4.3. S/N ratios of Light Curve of Each Observation Night of V391 Peg .......75
Table 5.1. Oscillations Detected in the Light Curve of V391 Peg (Silvotti et al.
2002; Lutz et al. 2008) .....................................................................................89
Table 5.2. Observation Log for V391 Peg ...............................................................90
Table 5.3. Coordinates of the Target and Comparison Stars (epoch 2000)
(http://simbad.u-strasbg.fr)...............................................................................90
Table 5.4. Oscillations Detected in the Light Curve of HS 0702+6043 (Lutz et al.
2008 a)..............................................................................................................91
Table 5.5. Observation Log for HS 0702+6043.......................................................92
Table 5.6. Coordinates of the Target and Comparison Stars (epoch 2000)
(http://simbad.u-strasbg.fr)...............................................................................92
Table 5.7. Oscillations Detected from the Light Curves of PG 0911+456 (Randall
et al. 2007)........................................................................................................94
Table 5.8. Observation Log for PG 0911+456.........................................................94
Table 5.9. Coordinates of the Target and All Comparison Stars (epoch 2000)
(http://simbad.u-strasbg.fr)...............................................................................95
Table 5.10. Frequencies Detected in the Light Curve of PG 1613+426 (Oreiro et al.
2007) ................................................................................................................95
Table 5.11. The Observation Log for PG 1613+426 ...............................................96
Table 5.12. Coordinates of the Target and All Used Comparison Stars (epoch 2000)
(http://simbad.u-strasbg.fr)...............................................................................96
Table 5.13. Oscillations Detected in the Light Curve of PG 1219+534 (Charpinet et
al. 2005)............................................................................................................97
Table 5.14. Observation Log for PG 1219+534 .......................................................98
Table 5.15. Coordinates of the Target and All Used Comparison Stars (epoch 2000)
(http://simbad.u-strasbg.fr)...............................................................................98
xii

Table 5.16. Oscillations Detected from the Light Curve of EC 20117-4014 (Randall
et al. 2006)........................................................................................................99
Table 5.17. Observation Log for EC 20117-4014....................................................99
Table 5.18. Coordinates of the Target and Comparison Stars (epoch 2000)
(http://simbad.u-strasbg.fr). ..............................................................................99
Table 6.1. Pulsation Peak Frequencies of V391 Peg. ............................................103
Table 6.2. Sinusoidal Curve Fits to V391 Peg O-C Diagrams of This Research
(2.8609 mHz Pulsation Mode) and Silvotti et al. (2007). ..............................105
Table 6.3. Possible Companions to V391 Peg Obtained from This Research and
Silvotti et al. (2007) Research .......................................................................107
Table 6.4. Pulsation Frequencies in HS 0702+6043. .............................................113
Table 6.5. Sinusoidal Curve fits for the HS 0702+6043 O-C Curve Data Points
Using F1L and F2L Pulsations. .......................................................................118
Table 6.6. Possible Companions to HS 0702+6043 Obtained from This Research
and Lutz’ (2011) Research .............................................................................122
Table 6.7. Pulsation Peak Frequencies of PG 0911+456 .......................................129
Table 6.8. Sinusoidal Curve Fits for the PG 0911+456 O-C Diagram Using F1 and
F2. ..................................................................................................................134
Table 6.9. Possible Companions to PG 0911+456.................................................135
Table 6.10. Frequencies of PG 1613+426..............................................................140
Table 6.11. Sinusoidal Curve Fits for the O-C Diagram Made from F1 and F2 of
PG 1613+426 .................................................................................................145
Table 6.12. Possible Companions to PG 1613+426...............................................146
Table 6.13. Pulsation Frequencies of PG 1219+534 ..............................................151
Table 6.14. Possible Companions to PG 1219+534...............................................155
Table 6.15. Pulsation Peak Frequencies of EC 20117-4014 ..................................160
Table 6.16. Possible Companions to EC 20117-4014 ...........................................167
Table 6.17. The Result for All of the Program Objects (F1 result) .......................169
Table 7.1. The highest inclination limit without detecting the eclipse for each target
........................................................................................................................175
Table 7.2. Probabilities of the each companion being a planet, brown dwarf, or low
mass star.. .......................................................................................................175
Table 7.3: The obtained mass in MJ and semimajor axis in AU and R⨀ for each
target. ..............................................................................................................178
Table 7.4: Calculated critical separation for a substellar companion evaporation
(aEVA) and RLOF (aRLOF). ..........................................................................178
Table 7.5. Predicted RV Semi Amplitude..............................................................183

xiii

Acknowledgement
I would never have been able to finish my dissertation without the guidance, help,
encouragement, and support of my advisors, committee members, fellow astronomy
students, supervisors, co-workers, friends, and family.
I would like to express my deepest gratitude to my main research advisor, Dr. Terry Oswalt,
for his never-ending guidance, caring, and patience for these eight years. I am very happy
that I met such a wonderful and dedicated professor and researcher.
I would also like to thank my academic advisor, astronaut, Dr. Samuel Durrance, for his
excellent guidance and the kind support he provided me to continue my research. I would
like to thank Dr. Véronique Petit for guiding my research in a positive direction and letting
me join her research group meetings. Thank you kindly Dr. Ming Zhang and Dr. Mary
Sohn for participating in my Ph.D research and always encouraging me.
I would like to express my gratitude to the professors in Physics and Space Sciences. I would
like to thank Dr. Daniel Batcheldor, Head of the Department, for attending my exams and
giving me guidance. Thank you to Dr. Eric Perlman for helping me to be able to continue
my Ph.D research. Also, I would like to thank Dr. Darin Ragozzine for helping me to study
the subject.
Through my Ph.D program, I also met wonderful people who supported me and encouraged
me to keep doing my research. I would like to thank Ms. Leslie Smith and Ms. Kathryn
Alger, administrative assistants in the Physics and Space Science office, for all of their
thoughtful support and positive words. Because of both of you, I felt the atmosphere of the
department office was always bright and comfortable.

Also, I would like to thank

Ms. Jackie Linger in the International Student and Scholar Service and Dr. Rosemary
Layne, Ms. Monica DeFelice, and Ms. Susan Allison in the Office of Graduate Programs
for kindly supporting me for continuing my Ph.D program.

xiv

I would like to thank the previous and current students in the astrophysics lab for their
support. I would like to thank Dr. Peter Nemeth for giving me great advice on researching,
which led in a good direction. I also would like to thank Ms. Trisha Doyle, Ms. Corinne
Fletcher, Ms. Rebecca MacInnis, and Ms. Danielle Hastings for helping me and giving
me excellent advice for my defense.
I cannot thank enough my supervisors and co-workers in Wakayama University and
UNIFORM satellite project in Japan. I gained excellent experience through their help and
support, which enabled me to continue with my Ph.D course. Particularly, I would like to
thank Dr. Hiroaki Akiyama, my supervisor and Director of the Institute for Education on
Space and UNIFORM satellite project, for his great guidance and support. Thank you to
Mr. Katsumi Morita for giving me much advice, which helped me conduct my research, as
well as supporting me even after I left Wakayama University. Also I would like to thank
Dr. Masami Okyudo, Dr. Takashi Nakakushi, Dr. Naoko Sato, Ms. Chiaki Yoshizumi,
Mr. Souichi Sakamoto, and Ms. Miyuki Hayashi for all of their suggestions, help, and
encouragement. I would also like to thank Dr. Akihiko Tomita for giving me advice and
letting me obtain data from the Wakayama University 60cm telescope. At last, I would like
to thank Dr. Takashi Hiramatsu, my co-worker in UNIFORM satellite project and
Assistant Professor in Keio University for giving me a lot of suggestions to finish my Ph.D
research.
I am so happy to have such smart and loyal best friends, Ms. Sarah Bogenreif and
Ms. Ioana Policeanu. Thank you Sarah for being such a superb editor, teaching me thesis
writing, and giving me insightful questions about my research. Also, thank you Ioana for
giving me such good advice about mathematics and computer science, and constantly
encouraging me through my research.
Finally, I would like to thank my wonderful family. Particularly, I would like to thank my
relatives, Mr. Yoshikazu Yoshida, Ms. Taeko Yoshida, and Ms. Takae Yoshida, who
always kindly supported me and encouraged my studies. I would also like to acknowledge
my uncle, Mr. Kazuo Yoshida (deceased), for his constant encouragement. I cannot thank
enough my wonderful boyfriend, Mr. Jonathan Anson, and his mother, my awesome

xv

American “Mom”, Ms. Monica Anson. They always kindly encouraged me, gave me
suggestions, and supported me in my goals. I would like to give my deepest thanks and
appreciation to my exceptional parents, Mr. Hiroshi Otani and Ms. Toyoko Otani, for
always believing in me, encouraging me, and supporting me the same way, during good
times and difficult times.

xvi

Dedication
I dedicate this thesis to Toyoko, Hiroshi, Jonathan and Monica.

xvii

1. Introduction and Background
Many of the extrasolar planets were detected in the past few decades with the
introduction of new scientific methodology and telescope instrumentation. It is already
known that our Sun is not the only star in the universe that hosts planets. Several Earth-like
planets have also been detected around the other host stars. Most of the current detected
extrasolar planets are around stars similar to our sun. Not many evolved solar systems, have
been studied thus far. Also, how the existence of planets or brown dwarfs affects an evolved
star’s evolution has not been investigated. This dissertation focuses on the search for
substellar companions like extrasolar planets and brown dwarfs around one type of evolved
stars; subdwarf B (sdB) stars. Since pulsations of sdB stars serve as accurate clocks, the
stars’ “wobble” due to the gravitational force of substellar companions can be detected from
the pulsation timing differences. There are two motivations for this research: (1) to
contribute constraints on sdB star evolutionary hypotheses and (2) to search the frequency
with which planets and other substellar companions survive the post main sequence (postMS) evolution of their host stars.
In Chapter 1.1, typical low mass star evolution is briefly reviewed and the difference
between sdB stars and typical low mass star evolution is discussed. Following that, the
pulsation mechanism of variable sdB stars (sdBVs) is explained in Chapter 1.2. Using the
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background information on sdBV stars and their pulsations, the Observed – Calculated (OC) diagram and its application to the search for companion stars is discussed in Chapter 1.3.
Furthermore, extrasolar planets and evolved planetary systems are explained in Chapter 1.4.
Finally, the motivation for this research is stated in the last section, Chapter 1.5.

1.1 Subdwarf B Stars
Subdwarf B (sdB) stars are one type of low mass post-main-sequence star. Before
discussing sdB star evolution in particular, a typical low mass star’s evolution is outlined in
this section. Then the sdB stars’ evolutionary differences from the typical low mass stars is
outlined in the next section.

1.1.1 Stellar Evolution and HR Diagram
The evolution of low mass stars with initial masses between 0.3 𝑀⨀ < M < 1.2𝑀⨀ is
described below. First, interstellar matter is condensed because of gravitational instability
and heats up as a result of Virial equilibrium. According to the Virial theorem, potential
energy is released as heat when interstellar matter is contracted (Collins 1978). It keeps
condensing until its core reaches quasi-hydrostatic equilibrium and the effective temperature
of this proto star reaches about 3000 - 4000 K. At this time the proto star is following what
is known as a Hayashi track in the H-R diagram (Hayashi 1961). When the temperature of
its core becomes high enough to start hydrogen burning (about 106 K), its location in the HR diagram is called “zero-age main sequence (ZAMS).” This marks the beginning of the
main sequence stage (see Figure 1.1). The star stays on the main sequence during most of
its life and burns hydrogen into helium. Our sun is in this stage now. When hydrogen in the

2

core is exhausted and the core turns into helium, a hydrogen shell around this helium core
starts burning to helium and the star goes on the red giant branch. Since the core no longer
has a heat source, it contracts due to the gravity and releases potential energy. This potential
energy heats up the hydrogen envelope and increases the nuclear fusion rate there. The
envelope expands due to the heat from this shell-based nuclear fusion and the surface
temperature decreases. The helium core eventually reaches the electron degenerate stage but
keeps heating up. When this electron degenerate stage happens, temperature goes up without
expansion. Since there is no cooling due to the expansion, the temperature keeps increasing.
When the temperature and the density reaches high enough to ignite helium nuclear fusion,
the energy is suddenly released explosively. This phenomenon is called the “helium flash.”
The energy is absorbed by the outer layers so this phenomenon cannot be seen from the
outside of the star. In the HR diagram, the helium flash is the turning point from the red
giant branch to the horizontal branch (“HB” in Figure 1.1). In this branch, the helium core
and hydrogen surface are burning at the same time. The luminosity of the star is stable but
the effective temperature increases rapidly after the helium core exhaustion and the inert core
contracts. Once the core helium turns into carbon and is exhausted, the temperature of the
low mass star’s core is not high enough to ignite carbon burning. In this asymptotic giant
branch, only the helium and hydrogen shell is burning. The star again expands and the radius
of the star reaches about 1 AU. Then the hydrogen and helium shell become explosively
active, cycling through a series of thermal pulses. During this thermal pulse phase, the star
ejects 50 – 70 % of its mass.

3

Figure 1.1. H-R Diagram. Top: H-R diagram and sdB star position. Bottom: H-R diagram
with Hayashi Track (These plot is modified version from http://outreach.atnf.csiro.au)
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After material is ejected from the star, the remaining core contracts due to the
gravitational force and becomes a white dwarf. It emits ultraviolet light and ionizes the
previously ejected materials. These materials light up and the result is called the planetary
nebula phase. This phase lasts only a few tens of thousands of years. Then the white dwarf
goes into the white dwarf cooling phase. White dwarfs are the end stage for stars with initial
main-sequence masses less than about 8-10 𝑀⨀ . More than 98 % of all stars will be white
dwarf stars eventually (Winget & Kepler 2008).

1.1.2 Subdwarf B Star Evolution
The evolution of an sdB star is slightly different from a “typical” low-mass star’s
evolution. The sdB phase in the HR diagram is shown in Figure 1.1 and 1.2. The difference
between a “typical” low mass star and an sdB star starts when they are on the red giant branch.
While an sdB progenitor is in the red giant evolution stage, it undergoes loss of the hydrogen
burning envelope after the helium flash, leaving a very thin inert hydrogen-rich envelope at
the surface (D’Cruz et al. 1996; Mengel, Norris & Gross 1976). The reason for this is still
under debate, which is discussed below. They cannot remain in the asymptotic giant branch
after helium core exhaustion because the hydrogen-rich layer is too thin to sustain nuclear
burning (Heber 1986). Therefore, it does not go toward the asymptotic giant branch and
produce planetary nebula like a “typical” low-mass star after the horizontal branch. Instead,
it settles along the extreme horizontal branch, which is the continuation of the horizontal
branch towards higher temperature (see Figure 1.1 and 1.2). It continues burning helium
shell for about 108 years as an sdB star and eventually, it becomes a low-mass helium white
dwarf as it cools further (Bergeron et al. 1994).
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During sdB star evolution, the biggest difference from the “typical” low mass star
evolution is the loss of the hydrogen burning envelope in the red giant branch. What causes
this mass loss is not understood very well but two hypotheses, the binary scenario and the
single star scenario, have been proposed so far.

Han et al. (2002, 2003) considered the possible formation of an sdB star by binary
evolution. In the red giant branch, a proto-sdB star exceeds its “Roche Lobe”, in which
material gravitationally belongs to the star. This occurs either in a common-envelope (CE)
channel or in a stable Roche-lobe overflow (RLOF) (Paczyński 1976), which are explained
below.

In the CE channel (see Figure 1.3), the sdB progenitor fills its Roche lobe and
experiences large mass transfer. Eventually the secondary star overfills its own Roche lobe.
Then the overfilled matter forms a common envelope surrounding both stars. Due to the
friction with the envelope, these companions spiral and pull each other until the envelope is
ejected due to the released potential energy (Paczyński 1976). At the end, a close binary
system remains.
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Figure 1.2. HR Diagram with sdB Phase (Heber 2009)
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Figure 1.3. CE Channels (top), Stable RLOF Channel (bottom left) for Binary Evolution
Scenario (from Podsiadlowski 2008).
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On the other hand, in the stable RLOF channel, the mass transfer is stable so the
transferred material does not create a common-envelope. As a result, the two companions
do not spiral toward each other so the distance between two companions is still large.

The second hypothesis is the single star scenario. The pulsation driving mechanism
proposed by Charpinet et al. (1996, 1997) does not require the influence of a hypothetical
companion star. In this scenario, mass loss in the red giant branch occurs due to strong stellar
winds or internal rotation (see Figure 1.4). However, little is currently known about these
effects.

Another version of the single star scenario is a merger channel (Webbink 1984; Iben &
Tutukov 1986). This scenario involves two white dwarfs in a binary system with a very
short initial orbital period (≲ 8hr). The lower mass white dwarf is disrupted when it fills its
Roche lobe. The disrupted material is absorbed by the more massive white dwarf and they
become one star. If sufficient mass is obtained, helium fusion starts and an sdB star is formed.
The merger product is believed to be enriched in CNO (Saio & Jeffery, 2000). However,
the spectra of sdB stars show heavier products, which are more abundant than CNO (Heber,
2009). Therefore, observations conflict with this merger theory. Gourgouliatos & Jeffery
(2006) argue that the merger product would rotate faster than the breakup velocity if they
assume conservation of angular momentum.
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Figure 1.4. Single Star Evolution Scenario, Podsiadlowski (2008)

The formation of sdB stars is therefore a matter of much current debate. Many of the
sdB stars are now known to be in short period binary systems, which supports the notion that
they are formed through binary evolution (Maxted et al. 2001). Schuh et al. (2006a) insisted
that close binary evolution must be the formation mechanism of all sdB stars. In contrast,
Heber (2009) called attention to the fraction of sdB stars that are not known to be in binaries,
suggesting that not all can be explained by binary evolution models.
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Soker (1998) suggested that substellar objects like brown dwarfs and planets may
influence mass loss during the red giant branch, but many of these substellar objects have
not been detected yet. Thus, a study of the frequency with which sdB stars have stellar or
planetary companions as performed in this thesis, provides an important constraint on these
hypotheses.

1.1.3 Subdwarf B Star Characteristics
The first sdB star was discovered in a faint blue star survey by Humason & Zwicky
(1947). The position of sdB stars in the HR diagram was determined by Greenstein &
Sargent (1974). Later, Heber (2009) connected the sdB spectroscopic class to the extreme
horizontal branch stage. Effective temperatures of sdB stars range from 22,000K < Teff <
40,000K and their surface gravity ranges from 5.0 < log g < 6.2 (in cgs units). According to
Heber (2009), their masses are approximately 0.5M. Fontaine et al. (2012) performed a
survey of mass distributions using 15 pulsating sdB stars. The mean value of the sdB stars
mass is 0.470 M and a narrow range from 0.441 M to 0.499 M contains 68.3 % of the
stars in the sample.

According to the subdwarf database at http://catserver.ing.iac.es/sddb/ (Østensen 2004),
at least 1587 sdB stars and 30 sdB variable (sdBV) stars have been detected so far. For
example, several eclipsing sdB systems have been found, e.g., HW Vir, PG1336-018,
HS0705+6700, HS2331+2441, BUL-SC16 335, and NSVS 14256825 (Menzies & Marang
1986; Kilkenny et al. 1998; Drechsel et al. 2001; Ostensen et al. 2007; Polubek et al. 2007;
Wils et al. 2007). A companion star of HS0705+6700 was detected using the Observed
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minus Calculated (O-C) method that we use in this thesis (Qian et al. 2009). Second and
third companion stars in HV Vir were found using the O-C method by Qian et al. (2008) and
Lee et al. (2009). Silvotti et al. (2011) mentions that at least 50 % of all known sdB stars are
known to be members of binary systems. The question naturally arises: are all sdB stars in
binary systems?

The issue of binaries among evolved stars also raises the question: How often do postmain-sequence stars like sdB stars have planets? Put another way, how often do planets
survive the demise of their host stars? The first discovery of a planet around an sdB star,
V391 Peg b, was found by the O-C method (Silvotti et al. 2007). Since then, 14 sdB stars
with 18 planet or brown dwarf candidates have been detected (Silvotti et al. 2014). Among
these candidates, eight are in wide orbits with an orbital period of 3.2 years < P < 16 years
and masses of 2 𝑀𝐽 < M < 40 𝑀𝐽 (Silvotti et al. 2007; Lee et al. 2009; Beuermann et al.
2012a; Quan et al. 2009 and Beuermann et al. 2012b; Lutz 2011). Five Earth-size planet
candidates in close orbits (orbital period of 5 .3 hours < P < 19.5 hours) were detected by
the Kepler spacecraft (Charpinet et al. 2011; Silvotti et al. 2013). Also, at least five brown
dwarf candidates with very short orbital periods of 1.8 hours < P < 7 hours have been
detected (Geier et al. 2012). In this study we also have conducted one of the early studies of
the frequency with which planets or brown dwarfs survive the post main sequence evolution
of their host sdB stars.
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1.2 Pulsation Mechanism
To detect companions using an O-C analysis, which is described in the next section, the
target must be providing a periodic signal, such as pulsations. In this section, the detail of
pulsation mechanism is described.

1.2.1 Subdwarf B Star Characteristics
Only a small part of all sdB stars are actually variable and they seem to fall into short
period and long period groups. According to Kilkenny et al. (2010), the short period sdBV
usually have periods approximately two to five minutes and up to nine minute periods were
detected. On the other hand, the long period sdBV typically have periods of one to two hours.
The most recent survey for sdBV stars was provided by Østensen et al. (2010); about 50 new
short period sdBV stars and 20 new long period sdB stars were detected in that survey. Due
to the observational constraints imposed by the atmosphere and diurnal cadence, it is hard
for ground based telescopes to detect low amplitude sdBV stars. A space-based telescope
like the Kepler mission can detect such stars more easily. So far, 18 sdBV have been detected
by the Kepler mission (Østensen et al. 2014).

The existence of sdBVs was predicted by Charpinet et al. (1996). Soon after that, it was
observationally confirmed by Kilkenny et al. (1997). The first discovered sdBV star,
EC14026-2647, is a short period sdBV star. This class is called “pressure driven” p-mode
pulsators since these pulsations are driven by internal pressure fluctuations in an sdB star.
The first long period sdBV star PG1716+426, now called a “gravity driven” g-mode pulsator,
was discovered by Green et al. (2003). For the g-mode pulsations, “gravity” provides the
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restoring force. Some sdB stars have been discovered to exhibit both p-mode pulsations and
g-mode pulsations. These objects are called hybrid pulsators (Schuh et al. 2006; Oreiro et
al. 2004).

The p-mode pulsation periods are typically two to five minutes, but the longest known
period is nine minutes. The pulsation amplitudes are usually a few tens of mmag (~0.01
mag.). On the other hand, g-mode pulsation periods range from 30 to 90 min with amplitudes
of a few mmag (~0.001 mag.). Most sdB pulsators have stable pulsation periods (Østensen
et al. 2001; Kilkenny et al. 2007; Silvotti et al. 2007), so it is easy to detect companions or
planets around such stars using the

O-C diagram method if enough observing time is

available. That of course, is the major challenge to a project like this.

Figure 1.5 is the log 𝑔 − 𝑇𝑒𝑓𝑓 diagram for the extreme horizontal branch. In this
diagram, it is obvious that the p-mode sdBV stars are found at higher effective temperature
and surface gravities than the g-mode sdBV stars. The hybrid sdBV stars are located
between p-mode sdBV star and g-mode sdBV star areas, but the regions overlap.

14

Figure 1.5. 𝐥𝐨𝐠 𝒈 − 𝑻𝒆𝒇𝒇 Diagram of Extreme Horizontal Branch Stars (from Østensen,
2009). The colors shows short period pulsators with (green) and without (red) published
asteroseismic solution, long period pulsators (magenta) and hybrid pulsators (blue core).
For both mode types, the driving mechanism is a variable opacity (κ) mechanism
(Charpinet et al., 1997; Fontaine et al., 2003). The expected opacity source is due to iron
accumulated by diffusion (Charpinet et al., 1996; Charpinet et al., 1997). In some internal
zones of a star, gases are partially ionized. Part of the work done on the gases as they are
compressed produces further ionization rather than raising the temperature of the gas. When
the temperature rises a little bit, the density increase makes the opacity increase due to
Kramer’s opacity (κ) law (Charpinet et al., 1996; Charpinet et al., 1997):
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𝟕

𝛋 = 𝛒𝑻−𝟐

(1-1)

where κ is the average opacity, ρ is the density and T is the temperature of the medium. This
law states that the opacity of a medium depends on density and temperature when the opacity
is dominated by the absorption of light during ionization of a bound electron or during
scattering a free ion. Also, during expansion, the temperature does not decrease as much as
the ideal gas law would prescribe because the ions recombine with electrons and release
latent energy.

The opacity eventually decreases with decreasing density due to the

expansion. Thus, the partial ionization zones can absorb heat during compression and release
heat during expansion.

Radial pulsations in stars arise from standing sound waves in the stellar interior. In
nonradial oscillations, the sound waves can propagate horizontally as well as radially. Pmode shows both radial and nonradial oscillations. However, g-mode shows only nonradial
oscillations. The back and forth movement of the stellar gases due to internal gravity waves
cannot cause purely radial motion. Both p-mode and g-mode pulsation shows nonradial
oscillations.

1.2.2 p-mode Pulsations
This pulsation is called p-modes because “pressure” provides the restoring force for
sound waves. They are described by the real parts of the spherical harmonic function
𝑌𝑙𝑚 (𝜃, 𝜑). Spherical harmonic functions are solutions of the angular components of the
Laplace equation in spherical polar coordinates:
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𝛁𝟐𝝋 = 𝟎

(1-2)

that is:
𝝏𝟐
𝝏𝒙𝟐

𝝋 (𝒙, 𝒚, 𝒛) +

𝝏𝟐
𝝏𝒚𝟐

𝝋 (𝒙, 𝒚, 𝒛) +

𝝏𝟐
𝝏𝒛𝟐

𝝋 (𝒙, 𝒚, 𝒛) = 𝟎

(1-3)

Spherical harmonic functions are described by the equation:
𝒀𝒎
𝒍 (𝜽, 𝝋) = −𝟏

(𝒎+ |𝒎|)
𝟐

𝟐𝒍+𝟏 (𝒍− |𝒎|)! 𝟏

|𝒎|
( 𝟒 𝝅 (𝒍+ |𝒎|)! )𝟐 𝑷𝒍 (𝐜𝐨𝐬 𝜽)𝒆𝒊𝒎𝜽

(1-4)

Where, l is a non-negative integer, m is an integer 2l + 1 (where l is between –l and +l) and
|𝑚|

𝑃𝑙

are Legendre Polynomials. Legendre Polynomials are described by the following

equation.
|𝒎|

|𝒎|
𝑷𝒍 (𝜻) = (𝟏 − 𝜻𝟐 ) 𝟐

𝒅|𝒎|
𝒅𝜻|𝒎|

𝑷𝒍 (𝜻)

(1-5)

These harmonic functions imply that there are l nodal circles in the star. High-order,
(𝑙 ≥ 3) gravity modes are not stable for p-mode pulsations (Fontaine et al. 2003). Among
these circles, |m| passes through the poles of the star and l - |m| are parallel to the star’s
equator. If l = m =0, the pulsations are only in the radial direction (Dziembowski 1976).
The solutions for nonzero m involve traveling waves that move across the star parallel to its
equator. The time that waves travel around the star is |m| P, where P is the pulsation period.

Many p-mode sdB stars’ pulsation modes also exhibit amplitude variations.

For

example, Kilkenny et al. (2007) show that the amplitude of each pulsation mode of
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EC09582-1137 changed often between 2005 and 2006. They observed three nights in a row
and the pulsation amplitude changed each night.

An estimate of the angular frequency of a p-mode is obtained from the time for a sound
wave to travel one horizontal wavelength (from one angular nodal line to the next). The
horizontal wavelength is described by the equation below
𝝀𝒉 =

𝟐𝝅𝒓

(1-6)

√𝒍 (𝒍+𝟏)

where r is the radial distance from the center of the star. The acoustic frequency at this depth
in the star is described by
𝑺𝒍 =

𝟐𝝅
𝒕𝝀𝒉

(1-7)

that is,

𝑺𝒍 = 𝟐𝝅 [

𝒗𝒔
𝟐𝝅𝒓

√𝒍(𝒍+𝟏)

𝜸𝑷 √𝒍 (𝒍+𝟏)
𝒓

]= √𝝆

(1-8)

where 𝑡𝜆ℎ is the time for sound to travel the wavelength λh and 𝑣𝑠 is the adiabatic sound
speed
𝜸𝑷

𝒗𝒔 = √ 𝝆

(1-9)

and γ is the ratio of specific heats,

18

𝜸=

𝑪𝑷
𝑪𝑽

(1-10)

5

For a monatomic gas, 𝑟 = 3. The p-mode frequency is based on the average value of 𝑆𝑙 , that
is, it is dependent upon the region of the star where the oscillations are most energetic. If
the star is not rotating, the pulsation period depends only the integer l and m degenerate.
However, if the star is rotating, the pulsation frequencies for modes with different values of
m split as the traveling waves move either with or against the rotation. In that case, we may
detect multiple frequencies. The amount by which the pulsation frequencies are split is based
on the angular rotation frequency of the star ω.

1.2.3 g-mode Pulsations
These pulsations are called g-modes because “gravity” provides the restoring force.
According to Charpinet et al. (2000), g-modes are deep interior modes oscillating in the
radiative helium-rich core whereas p-modes are envelope modes. These g-mode oscillations
are produced by internal gravity waves. These waves cause back and forth movement of the
stellar gases due to buoyancy. They cannot involve purely radial motion, so it is a form of
nonradial oscillation. The variable κ mechanism also drives g-mode pulsations (Fontaine et
al. 2003). The g-mode period structure of a stellar model is largely specified by the spatial
distribution of the square of the Brunt-Väisälä frequency, which is defined by:
𝑵𝟐 ≡ −𝒈 [

𝟏 𝒅𝒑
𝟏 𝒅𝒑
−
]
𝒑 𝒅𝒓
𝚪𝟏 𝒑 𝒅𝒓

(1-11)
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Where g is the local gravity, r is the radial coordinate ρ is the density, p is the pressure and
Г1 is the first adiabatic exponent (Brassard et al. 1991). The equations described in this
section show the usefulness of pulsations as probes of interior structure. Asteroseismology
has become a powerful observational tool in stellar astronomy. However, this dissertation
focused on searching for substellar companions around sdB stars and does not include an
asteroseismological study of sdB interiors.

1.2.4 Hybrid Pulsations
Some sdB stars show both p and g modes. Two such stars, HS 0702+6043 and Balloon
090100001, have been found at the beginning (Schuh et al. 2006; Oreiro et al. 2004). Several
were found using the Kepler telescope (Østensen et al. 2010). These stars offer the potential
to probe different interior regions of sdBV stars.

Figure 1.6 shows a Discrete Fourier Transform of the light curve of HS 0702+6043
(Schuh et al. 2006). The two largest frequency peaks, 𝑓1 and 𝑓2, stand out slightly below
3000 μHz and third largest frequency peak, 𝑓3, is seen around 300μHz. The frequencies 𝑓1
and 𝑓2 are p-mode pulsations and 𝑓3 is a g-mode pulsation.

In this research, the targets are p-mode and hybrid sdBV stars. However, only p-mode
pulsations were used for our O-C analyses because the amplitudes of the g-mode pulsations
were too small to be detected using 1m-class telescopes.
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Figure 1.6. Discrete Fourier Transform of the Full Light Curve of HS 0702+6043 (Schuh
2006, modified). The upper right corner is the window function. A window function shows
the leakage when Fourier Transform was performed. All peaks except the largest peak are
side lobes, so they are aliases. Applying the window function to data can reduces noises.

1.3 O-C Method

1.3.1 History
In the O-C method the “Observed” times of pulsation maxima are compared to
“Calculated” times of pulsation maxima, providing an excellent and sensitive way to detect
periodical changes of astrophysical phenomena. This method has a long history. In 1676,
the technique was used by Ole Roemer to measure the speed of light using the transits and
eclipses of Jupiter’s moons. A good description of the O-C method has been given by
Paparo, Szeidi & Mahdy (1988) and Sterken (2005).

Kepler et al. (1991) and Provencal (1997) used this method to look for period changes in
pulsating white dwarf stars and it permitted the determination of the cooling rate of the stars.
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The first detection of an exoplanet was accomplished using this timing method; it was the
discovery of a planet around a pulsar by Wolszczan & Frail (1992).

Searching for variations in radial velocity is a popular method for detecting planetary
companions. For example, Geiger et al. (2011) conducted the “MUCHFUSS project” which
searches for hot sub dwarf binaries with massive unseen companions (white dwarfs with
mass M > 1.0 𝑀⊙ , neutron stars or black holes). With the recently concluded Kepler mission,
the transit method has become popular. However, neither of these methods is very efficient
for detection of planets around compact stars with high gravities like white dwarfs and sdB
stars (Silvotti et al. 2011). In these objects spectral lines tend to be broad and fuzzy or even
absent. In addition, they provide very small cross sections for transit events. Since the
pulsations of the host star provide excellent clocks, the O-C timing method works the best
for such stars. Also, the method does not require that i ≃ 90 º, allowing the detection of
smaller objects in larger mass ranges.

1.3.2 O-C Theory applied to Searching for Companion Stars and
Planets
The pulsation cycles of sdB stars and white dwarf stars tend to be fairly stable. However,
a star’s position in space will wobble due to the gravitational forces of companions. Thus,
the light arrival time (and therefore arrival times of pulses) from the star is delayed when the
star is on the far side of its orbit along the line of sight and vice versa. The presence of a
pulsating “clock” such as a pulsar or sdBV star provides a powerful way to detect light-time
variations in the arrival times of any host star with an orbiting but unseen companion. Pulse

22

arrival timing differences are detected using an observed-minus-calculated (O-C) diagram.
The observed pulse arrival times are compared to the expected arrival times calculated from
the equation;
𝑩𝑱𝑫 = 𝑩𝑱𝑫𝟎 + 𝑵𝑷

(1-12)

where BJD is the Barycentric Julian Date of a given maxima. BJD is the Julian Date
corrected for difference in the Earth’s position with respect to the barycenter of the Solar
System. The maximum correction is 8.3 min, which is the light travel time between the Earth
and the barycenter of the Solar System. BJD0 is the Barycentric Julian Date of the first
maxima (a chosen observed epoch), P is the assumed period of pulsation, and N is number
of cycles from the first-epoch maxima to the maxima of a subsequent maximum. From this
ephemeris we can calculate the time when the star is at maximum light. By subtracting the
calculated time from the observed time of maximum, an O-C value is obtained for that
particular date of observation.

The O-C diagram will be constant and flat at O-C=0 if no period delay is occurring and
the assumed period is correct (see Figure 1.7).
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Figure 1.7. O-C Diagram When the Observed “O” Light Curve (green) is the Same as the
Calculated “C” Light Curve (red). Here O-C= 0.
If the calculated pulsation period is constant but incorrect, the O-C diagram will be linear
with a positive or negative slope (see Figure 1.8).

Figure 1.8. O-C Diagram When the Period of Observed “O” Light Curve (green) is Constant but
Incorrect from the Period Used in the Calculated “C” Light Curve (red)

If the observed period is linearly changing over time, the O-C diagram will display a
second order polynomial curve (see Figure 1.9).
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Figure 1.9. O-C Diagram When the Period of the Observed “O” Light Curve (green) is Constantly
Changing over Time. The red curve is the calculated “C” light curve.

If the period is changing linearly with time (e.g. cooling of white dwarf and magnetic
braking), the time of maximum, T max, can be estimated using a Taylor series expansion
(Winget & Kepler 2008).
𝑻𝒎𝒂𝒙 = 𝑻𝒎𝒂𝒙 |𝑬𝒐 +

𝒅𝑻𝒎𝒂𝒙
|
𝒅𝑬 𝑬𝟎

(𝑬 − 𝑬𝟎 ) +

𝒅𝟐 𝑻𝒎𝒂𝒙
|
𝒅𝑬𝟐 𝑬𝟎

(𝑬 − 𝑬𝑶 )𝟐

(1-13)

Where E is the epoch of a time of maximum. If we use P for the period, we can write,
𝒅𝟐 𝑻𝒎𝒂𝒙
𝒅𝑬𝟐

=

𝒅𝑷
𝒅𝑬

=

𝒅𝒕 𝒅𝑷
𝒅𝑬 𝒅𝒕

=𝑷

𝒅𝑷
𝒅𝒕

(1-14)

then we assume 2E(0) << E and get:
𝑻𝒎𝒂𝒙 = 𝑻𝒎𝒂𝒙,𝟎 + 𝑷𝑬 +

𝟏
𝟐

𝑷𝑷̇𝑬𝟐

(1-15)
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In this case, O (“observed” time of maxima) and C (“calculated” time of maxima) is:
𝑂 = 𝑇𝑚𝑎𝑥,0 + 𝑃𝐸 +

1
𝑃𝑃̇𝐸 2
2

and
𝐶 = 𝑇′𝑚𝑎𝑥,1 + 𝑃1 𝐸

Therefore variations in the O-C diagram will behave according to the relation:
(𝑶 − 𝑪) = 𝚫𝑬𝟎 + 𝚫𝑷 ∙ 𝑬 +

𝟏
𝟐

𝑷 ∙ 𝑷̇ ∙ 𝑬𝟐

(1-16)

Where
𝚫𝑬𝟎 = (𝑻𝒎𝒂𝒙,𝟎 − 𝑻𝒎𝒂𝒙,𝟏 )

(1-17)

and
𝚫𝑷 = (𝑷 − 𝑷𝟏 )

(1-18)

Thus, the O-C variation has a second order polynomial shape of “c + bt + at2”. From (1-16),
c = Δ𝐸0 , b =Δ𝑃 ∙ 𝐸 =

∆𝑃
𝑃

1

and a = 2 𝑃 ∙ 𝑃̇ ∙ 𝐸 =

1 𝑃̇
.
2𝑃

Kepler et al. (2005), Mukadam et al.

(2003) and O’Donoghue & Warner (1987) tracked the period changes of pulsating white
dwarfs DAV stars, and found they ranged 10−15 <

𝑃̇
𝑃

< 10−14 . The precision of this

technique, when observations spanning several years are available, have allowed empirical
measurement of the cooling rates of white dwarfs, which are on the order of 10−9 [K/year].
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As another example, Townsend et al. (2010) detected a second order polynomial O-C curve
for  Ori E, which indicates that rotation period increases with a rate of 77 ms per year due
to the magnetic braking.

If there is a companion or a planet in a circular orbit around the sdB star that imposes a
periodic light time delay on the pulses, the O-C diagram will display a sinusoidal curve due
to the star’s changing distance from the observer in space as it orbits the center of mass of
the star + planet system (see Figure 1.10).

Figure 1.10. O-C Curve When There is a Companion around the sdB Star. The green curve
is the observed “O” light curve and the red one is the calculated “C” light curve.
According to Schuh et al. (2010), the O-C method is sensitive to companions with larger
semimajor axes than other techniques. This is primarily because the determination of the
time of an observation is the most accurate measurement that can be obtained for an
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astronomical object. If sinusoidal variations are seen in an O-C diagram, a least-squares fit
to these variations can be made using the equation:
𝑱 = ∑𝒏𝒊=𝟏(𝒚𝒊 − 𝒇(𝒙𝒊 ))𝟐

(1-19)

where yi is each data point and f(x) is the fitted curve. In the least-squares fit, we try to find
the curve with the minimum residual J, such that

𝑑𝐽
𝑑𝑥

= 0.

Intrinsic pulsation period changes in the primary star depend upon both temperature T eff
and radius R (Winget et al. 1983). Such variations are related as follows:
𝒅𝑷
𝒅𝑻

=𝒂

𝒅𝑻
+
𝒅𝒓

𝒃

𝒅𝑹
𝒅𝒕

(1-20)

where a and b are constants and P is pressure. These changes may impose second order
polynomial secular variations in the O-C diagram as shown in Figure 1.9. Thus, when the
pulsation period changes linearly in time, the O-C diagram shows a parabolic shape. The
values of 𝑃̇ for sdB stars are order of 1012 ~1013 (Silvotti et al. (2007); Lutz (2011)).

For our observations, after a light curve and pulsation peak was obtained, we measured
the observed “O” and calculated “C” times. We obtained the “O” and “C” using the same
method as used by Silvotti et al. (2007) for detection of the planet in V391 Peg (personal
communication with Dr. Silvotti). After we obtained an accurate pulsation frequency and
amplitude of all of the dataset using the DFT, a sinusoidal curve was constructed using that
frequency and the amplitude. Then we fit the sinusoidal curve to the combined data of all
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nights using the least squares method. The time of the fitted curve’s maximum is “C”. We
then performed a least squares fit to each night’s data and defined the time of maximum as
“O”. The result was then used to compute the O-C value for each night. These were used
to construct an O-C diagram.

In the case of variable star observations, a secular variation in time dP/dT, which is the
pulsation period change over time, can be significant. If we observe an object for more than
a few years this correction must be made to the O-C diagram. For example, an sdB star,
V391 Peg’s secular variation rate is -10-13 < dP/dT < -10-11 (Silvotti et al. 2002). Kepler et
al. (2000) showed that a DAV white dwarf has dP/dT = (2.3 ± 1.4) ×10-15 and Mukadam et
al. (2002) showed another DAV white dwarf has dP/dT = (4.7 ± 2.0) × 10-15. These represent
real changes in the stars’ pulsation frequencies and they must be removed in order to look
for O-C change caused by other effects such as light time delays imposed by planets.

When the O-C diagram showed a sinusoidal variation (after any long-term curvature had
been removed), we calculated the mass and semimajor axis of the hypothetical companion
from the diagram. The calculation detail is discussed in Chapter 2.

1.3.3 Detection of Planets and Brown Dwarfs Using the
Pulsation O-C Method
Silvotti et al. (2007) detected the first planet around an sdB star, V391 Peg, using the OC method. After that, Mullally et al. (2008) used the same method to detect a possible planet

29

around a DAV white dwarf. Lutz et al. (2011) used the same method to detect a planet
around the sdB star HS 0702+6043.

As an example, the O-C analysis of V391 Peg is shown in Figure 1.11. From the figure,
they detected that the pulsation period is increasing at a rate of

𝑃̇
𝑃

= (1.46 ± 0.07) × 10−12 ,

which is about one second in about 22,000 years. After removing the second order
polynomial, which indicates the pulsation period increasing, the remaining O-C diagram
shows the signal of existence of a planet, V391 Peg b. The period of the planet in V391 Peg
b is about 3.2 years; its semimajor axis is 1.7 AU and mass M2sini = 3.2 MJ (Silvotti et al.
2007).

The two largest amplitude pulsations in V391 Peg (2.86094±0.00001 and

2.82410±0.00001 mHz) exhibit almost identical sinusoidal variations in the O-C diagram
after the secular variation due to the cooling of the sdB primary is removed. This variation
is caused by the light travel time imposed on the arriving pulsations of a star hosting a planet
(see Figure 1.11). The periods of these sinusoidal waves obtained from the two maximum
amplitude pulsations in V391 Peg are 1174±94 days and 1194 ±106 days, respectively. In
these O-C diagrams, the amplitude of the first half of the sinusoidal wave seems larger than
the amplitude of the second half of the sinusoidal wave. This may be caused by other
planet(s) whose periods would impose harmonics on the O-C residuals (bottom panel in
Figure 1.11), or due to an eccentric orbit. In addition to verifying the ephemeris of the
currently known planet in V391 Peg into its fourth epoch, another goal of this dissertation
will be to search for an additional planet in the system.
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Figure 1.11. O-C Diagram of V391 Peg of the largest pulsation mode (Silvotti et al. 2007).
Top panel shows the secular (parabolic) change in period caused by the cooling of the star.
Bottom panel shows the timing residuals after the secular change has been removed.
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1.4 Extrasolar Planets

1.4.1 Definitions
The definitions of planets and stars are still controversial nowadays. One criterion is
based on the formation mechanism. Gravitational collapse of a gas cloud makes a star. It is
believed that planets form through the bottom-up accretion of planetesimals (Lissauer 1993).
Another criterion is based on the mass of the object. According to the International
Astronomical Union (IAU), any object smaller than 13 MJ is by definition a planet; any
object which has a mass between 13 MJ to 75 MJ is a brown dwarf. If the mass is greater
than 13 MJ, deuterium can burn as the object contracts and it is called a brown dwarf. For
masses greater than 75 MJ, nuclear fusion (proton-proton chain) provides enough energy to
place the star at the low-mass end of the main sequence. However, the deuterium burning
phase for a brown dwarf is very short time compared to its lifetime and most brown dwarfs
already finished this deuterium burning stage long before their discovery (Basri 2000).
Burrows et al. (2001) insists that the extrasolar giant planets, brown dwarfs are intrinsically
the same even though their formation processes are different. On the other hand, planet-size
objects (< 13 MJ) without any host stars were found by Zapatero-Osorio et al. (2000). These
objects might be ejected planets from planetary systems. However, there is a possibility that
the formation mechanism of these objects is the same as the star’s formation mechanism.
The planet formation definition is still under debate. Therefore, as a matter of convenience,
the IAU criterion was used to distinguish planets from stars in this dissertation.
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1.4.2 Current Information about Extrasolar Planets Search
It is difficult to declare the number of existing extrasolar planets since the definition of
a planet is controversial. Also some of the extrasolar planets are not firmly confirmed yet.
There are several Exoplanet Databases1 2 3 4. According to the NASA Exoplanet Archive of
Jet Propulsion Laboratory5, 1773 extra solar planets have been detected so far. In addition to
these

confirmed

planet,

there

are

3217

extra

solar

planets

candidates

(planetquest.jpl.nasa.gov). Among these, the Kepler Science Team has found 995 planet
candidates6. Table 1.1 shows the number of planets detected by each method. Since the
Kepler project was using transit method to search extra solar planets, the number of planets
which were detected by this technique is the largest. The O-C Method is not the most popular
method, probably because of the large amount of observational effort required. However,
many of planets around the sdB stars and pulsars were detected by this method.

Almost all of the exoplanets detected to date orbit main sequence (MS) stars. Exoplanets
around post MS stars have not been studied well compared with the exoplanets around MS
stars. Therefore, a search for planetary systems around evolved stars like sdB stars can

1

exoplanetarchive.ipac.caltech.edu

2

planetquest.jpl.nasa.gov

3

exoplanets.org (Wright et al. 2011)

4

exoplanet.eu (Schneider et al. 2011)

5

exoplanetarchive.ipac.caltech.edu

6

http://kepler.nasa.gov
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provide valuable information on planetary system evolution in the context of stellar
evolution theory.
Table 1. 1. Number of Planets and Planetary Systems Detected by Each Method
Component
Radial Velocity
Transit
Microlensing
Direct Imaging
Transit/Eclipse Timing O-C
Astrometry
Orbital Brightness Modulation
Pulsar/Pulsation Timing O-C

Number of Planets
517
1174
27
35
22
1
6
7

Number of Planetary Systems
191
934
4
4
19
0
5
3

Of planetary systems known to have post MS host stars, most orbit white dwarfs or
pulsars, and most are in binary star systems. Extrasolar planets around post MS host stars
are listed in Table 1.2. Four planetary systems are known to be in Cataclysmic Variables
(CV) so far (Qien et al. 2009c; Beuermann et al. 2010; Hessman et al. 2011; Qian et al.
2010a; Beuermann et al. 2011; Parsons et al. 2010; Qian et al. 2010b; Guinan & Ribas 2001).
Three planetary systems around non-interacting MS and white dwarf binary pairs have been
detected (Mugrauer, Neuhauser & Mazah 2007; Lagrange 2006). Also, two planetary
systems have been found around red horizontal branch (HB) host stars (Schwarz et al. 2009;
Qian et al. 2011; Setiawan et al. 2010). One planetary system in a binary consisting of a
pulsar and white dwarf PSR B1620-26, has been detected (Backer, Foster & Sallmen 1993;
Thorsett 1999; Sigurdsson 2003). So far only two planetary systems with single white dwarf
host stars have been found (Mulally et al. 2008; Wickramasinghe et al. 2010). Only one
single pulsar planetary system has been found (Wolszczan & Frail 1992; Konacki &
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Wolszczan 2003); the planet orbiting PSR B 1257 was found in 1992 and it was the very
first planetary system found in history. PSR B 1829-10 was considered to be a planet-hosting
pulsar by Balies, Lyne & Shemar one year before the PSR B 1257 planetary system (1991),
however it was rejected by Lyne & Bailes (1992).
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Table 1. 2. Extrasolar Planets with Post Main Sequence Host Stars

CV
DP Leo c
NN Ser c
NN Ser d
QS Vir c
V471 Tau
sdB
HS 0705 c
HW Vir c
HW Vir d
V391 Peg
HD149382
NY Vir
Single WD
GD 66
GD 356
Pulsar
PSR B 1257+12 b
PSR B 1257+12 c
PSR B 1257+12 d
Pulsar & WD
PSR B 1620-26
Red HB
HU Aqr c
HU Aqr d
HIP 13044 b
MS & Wide WD
HD 27442 c
RR Cae
GI 86

P (yrs)

a (AU)

Method

Reference

28.0
15.5
7.7
7.9
30.5

8.2
5.7
3.1
4.2

Timing(Transit)
Timing(Transit)
Timing(Transit)
Timing(Transit)
Timing(Transit)

1, 2
3, 4
3, 4, 5
6
7

7.2
15.8
9.1

3.6
5.3
3.6

7.9

3.3

Timing(Transit)
Timing(Transit)
Timing(Transit)
Timing(Pulsation)
Timing(Transit)
Timing(Transit)

8
9
9, 10
11
12, 13
14

Timing(Pulsation)
Spectroscopy

15
16

4.5

0.07
0.18
0.27

0.2
0.4
0.5

Timing(Pulsation)
Timing(Pulsation)
Timing(Pulsation)

17, 18
17, 18
17, 18

>100
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Timing(Pulsation)

19, 20

6.5
12.0
0.04

3.6
5.4
0.1

Timing(Transit)
Timing(Transit)
RV

21
21
22

11.9

5.3

Spectroscopy
Timing(Transit)
RV

23
25
24

References-(1) Beuermann 2011; (2) Qian2010a; (3) Beuermann 2010; (4) Hessman 2011
; (5) Qian 2009b; (6) Qian et al. 2010b; (7) Guinan and Ribas 2001; (8) Qian et al. 2009; (9) Lee et al. 2009; (10)
Qian et al. 2012; (11) Silvotti 2007; (12) Geier et al. 2009; (13) Jacobs et al. 2011; (14) Qian et al. 2012;
(15)Mullally et al. 2008; (16) Wickramasinghe et al. 2010; (17) Woltzczan and Frail 1992; (18) Konacki and
Woltzczan 2003 (19) Thorsett et al. 1999; (20) Sigurdsson et al. 2003; (21) Qian et al. 2011; (22) Seitawan et al.
2010; (23) Mugrauer, Neuhauser and Mazah 2007; (24) Lagrange, et al. 2006; (25) Qian et al. 2012
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1.5 Motivation for this Research
The aim of this research is to search for substellar companions like extrasolar planets and
brown dwarfs around sdBV stars. We have adopted an O-C method to this search so as not
to be limited by inclination or other basic orbital parameters as much as other methods
relying on eclipses or transits.

In the O-C method the “Observed” times of pulsation maxima are compared to
“Calculated” times of pulsation maxima. It provides an excellent and sensitive way to detect
periodical changes of astrophysical phenomena. Since the pulsations of sdBV stars serve as
accurate clocks, this method is suitable for detecting sensitive effects like the stars’ “wobble”
due to the gravitational force of substellar companions. There are two motivations for this
search: (1) to provide constraints on sdB star evolutionary hypotheses and (2) to examine
the frequency with which planets and other substellar companions survive the post-MS
evolution of their host stars.

The reason why sdB stars have lost their envelopes during the red giant branch stage is
still hotly debated. There are two competing hypotheses: binary scenario and single star
scenario. The fact that a high percentage of sdB stars are already known to have stellar
companions supports the binary scenario. However, some sdB stars appear to be single and
that conflicts with the binary scenario. Therefore, searching for low mass companions to
apparently single sdB stars provides an important constraint on sdB star evolution
mechanisms.
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Even though the number of detected extrasolar planets around post main sequence stars
has been increasing in recent years, it is still far lower than the number of detected extrasolar
planets around main sequence stars. In a theoretical study of post main sequence planetary
systems, Villaver & Livio (2009) discussed the evolution of planetary systems during and
after the red giant stage. More examples of planetary survivors to post main sequence
evolution need to be found in order to test theories such as these. sdB stars have stable
oscillations with large amplitude periods that are ideal for such an investigation.

In our study, we chose one sdBV star with a previously detected planet

(V391 Peg)

as a control and five sdBV stars with no prior known. While this project was underway a
planet was detected orbiting one of our five target stars by another group, which we confirm
here. In addition, we present the first results of a search for companions about four other
sdBV stars.

In the following chapters, the details of the instruments used and methods are explained.
Then we present an analysis of the sensitivity of our methodology using artificial data. Next,
the physical information on each target and our observation schedule are described. Finally
the results of our research result are presented and discussed.
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2. Methodology
To detect the small differences (typically a few seconds) in the arrival times of pulses,
an accurate time base and careful analysis are essential. In this chapter, the methods used to
achieve the necessary O-C accuracy are explained.

2.1 Instrumentation
We used the 0.9 m SARA-KP telescope7 at the Kitt Peak National Observatory (KPNO),
the 0.6m SARA-CT telescope8 at the Cerro Tololo Inter-American Observatory in Chile and
the 0.8 m Ortega telescope 9 at Florida Institute of Technology, Melbourne, FL for all
observations for this project. The specifications of the cameras used at each telescope are
given in Table 2.1.

7

Based on observations obtained with the SARA Observatory 0.9 m telescope at Kitt Peak,
which is owned and operated by the Southeastern Association for Research in Astronomy
(saraobservatory.org).
8

Based on observations obtained with the SARA Observatory 0.6 m telescope at Cerro Tololo,
which is owned and operated by the Southeastern Association for Research in Astronomy
(saraobservatory.org).
9

Based on observations obtained with the Ortega observatory 0.8 m telescope at Melbourne, FL,
which is owned and operated by the Florida Institute of Technology for Research in Astronomy
(http://cos.fit.edu/pss/telescope.php)
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Table 2.1. Camera Specifications (From http://www.saraobservatory.org/ccdspecs.html, and
http://flicamera.com/)

U42(SARA-KP)

Ap7p (SARA-KP)

U55 (SARA-CT)

FLI-PL (Ortega)

Gain (e-/ADU)
Read Noise (e-)
Full Well Depth (K e-)
Dark Count (e/pixel/s)
array size (pixels)

1.2
6.3
75
0.01 ( at -41 C)
2048x2048

6.1
12.2
368
2.7 (at -27 C)
512x512

3
15.9
192
10.73 at (-20 C)
770x1152

1.4
9
400
0.01 at( -40 C)
4008x2672

pixel size (microns)

13.5x13.5

24x24

22.5x22.5

9x9

2.1.1 SARA-KP Telescope
The Southeastern Association for Research in Astronomy (SARA) was originally formed
by Florida Institute of Technology, East Tennessee State University, the University of
Georgia and Valdosta State University. Thirteen institutions are now members of the
consortium. SARA-KP began operations at Kitt Peak in 1994. It is located atop Mercedes
Point, at latitude is +31.6º, longitude 111.0º and altitude 2073 m.

2.1.2 SARA-CT Telescope
The SARA-CT telescope is located atop Cerro Tololo in Chile. The telescope was
originally built by Lowell Observatory in Arizona. SARA acquired the telescope and
recommissioned it in spring 2010. Because of the southern location, this telescope is good
for the stars which have declinations less than -25º. The site is at latitude -30.2º,
longitude -70.8º and altitude 2200 m.
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2.1.3 Ortega Telescope
The Ortega telescope is located on the roof of the F.W. Olin Physical Sciences Center at
Florida Institute of Technology in Melbourne, Florida. The National Science Foundation
(NSF), FIT, and a private donor funded the telescope, which was commissioned in 2008.
The location of the telescope is latitude +28.1º, longitude -80.6º and altitude ≈ 35 m. The
latitude of the Ortega telescope is almost the same as the latitude of the SARA-KP telescope
so the same stars can be observed at both sites for several more hours per night than a single
site would allow. In this research, only the night which the data could be obtained from both
SARA-KP and Ortega telescopes successfully is PG1219+534 data on 2011/3/1. If one
observation site was used, only up to a few hours of data could be obtained in this season.
Since two observation sites were used, more than 6 hours of data was obtained the night.

2.2 Data Reduction
We used the Image Reduction and Analysis Facility (IRAF)10 for all data reductions.
Using IRAF, we calibrated each image and extracted photon counts for targets, comparison
stars and sky backgrounds.

Bias images, dark images, and flat images were taken for calibration purposes during
each observation night. Bias frames were taken with shutter closed and the zero length
exposure time. These allowed removal of the read noise imposed by the camera and the
image readout process.

10

IRAF is written and supported by the National Optical Astronomy Observations in
Tucson, Arizona http://iraf.noao.edu
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The charge level in each CCD pixel is measured by an output amplifier; the noise
associated with this process is called the read noise (Gilliland 1992). Bias images measure
scatter around a mean pixel value. Dark noise arises from the thermal characteristics of the
camera.

According to Gilland (1992), there are two types of dark noise: a general

background level resulting from thermally created electrons that are quite low (a few
electrons per hour) and locally “hot” pixels that display higher amounts of random thermal
electrons. The dark noise is proportional to the exposure time but decreases as the CCD
temperature decreases.

Flat field frames allow the removal of the effects of dust on the optical surfaces and pixelto-pixel gain variations in sensitivity as well as image shadowing. Five to fifteen twilight
sky images were used on each night to obtain flat field images. Sky flat was used for both
SARA KP and CT telescopes and dome flat was used for the Ortega telescope.

Using IRAF, each night’s bias images were median-combined into one image
(zero.fits) which was then subtracted from each target image. Median values were used
instead of average values because incidentally detected extremely large noises would affect
the average results. The same thing was done to all dark images and all flat images. The
zero.fits image is subtracted from each dark image before median-combining the dark
images into one image (dark.fits). Also, the zero.fits image and dark.fits
image are subtracted from each flat image before they are combined to form a master flat
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field image (flat.fits). Calibrated target star images were formed using these bias, dark
and flat forms using the following:

< 𝒄𝒂𝒍𝒊𝒃𝒓𝒂𝒕𝒆𝒅 𝒕𝒂𝒓𝒈𝒆𝒕 𝒊𝒎𝒂𝒈𝒆 > =

<𝒓𝒂𝒘 𝒊𝒎𝒂𝒈𝒆> −(𝒃𝒊𝒂𝒔.𝒇𝒊𝒕𝒔+𝒅𝒂𝒓𝒌.𝒇𝒊𝒕𝒔)
𝒇𝒍𝒂𝒕.𝒇𝒊𝒕𝒔

(2-1)

After application of the bias, dark and flat field calibrations, the photon counts of the
target stars, comparison stars and sky levels were extracted. The best aperture size for the
extractions was determined by fitting the radius of the target star to a Gaussian function.
Figure 2.1 is a radial profile plot of HS 0702+6043 obtained with the Ap7p camera at SARAKP. It can be seen that the radius of the star image is about 4 pixels. Therefore, light curves
were created using the radius. Then Discrete Fourier Transform (DFT) analysis were
performed on the light curves (see Chapter 2.5 for DFT definition). To obtain the optimum
extraction radius, radii values of 3, 4, 5, 6 and 7 pixels were then used to empirically
determine, and light curves were made for each radius. For the light curve using the each
radius, a Discrete Fourier Transform (DFT) was performed and the uncertainty was
compared. The light curve which has the smallest DFT peak uncertainty level was used in
this research. Typical results of radius and DFT uncertainty are shown in Table 2.2. From
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this, we concluded that a 6-pixel aperture was the best for PG 0702+6043 at the night on the
SARA-KP telescope. The best aperture were determined for each night.

Figure 2.1. Radial Profile for HS 0702+6043. The horizontal line is the background level.
Table 2.2. Frequency (Freq.), Period (P), Amplitude (A) and Their Uncertainties (σ)
Radius
3
4
5
6
7

Freq.(uHz)
2737.6
2739.6
2746.1
2749.0
2748.5

P(s)
365.3
365.0
364.2
363.8
363.8

P sigma(s)
1.2
0.8
0.7
0.6
0.6
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A (mmi)
22.0
22.9
19.2
20.2
18.0

A sigma(mmi)
5.3
3.5
2.6
2.5
2.9

2.3 Star Background
The photon counts in the target star include the sky background (Figure 2.2). The sky
background brightness changes due to twilight, moonlight, airmass, and weather. In this
figure, star radius was decided from the previous procedure. Star aperture pixels is star radius
plus five pixcels. Then, sky annulus is five pixels. Only the regional sky background around
the star should be counted as the sky background. Since any neighbor stars should not be
included in the sky background, no more than five pixels of sky annulus is needed.

Figure 2.2. Star Radius and Sky Background
The ratio of the variable target and several non-variable comparison stars in the same
field provides a “flux ratio”, which is a measure of the target’s brightness variations.
Comparison stars were chosen based on two criteria. First, they must be nonvariable stars.
A separate differential light curve was made for each pair of possible comparison stars to
check for variability. Second, comparison stars that have same color as target stars minimize
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the effect of differential atmospheric extinction in the flux ratio. We checked g (Sloan green)
magnitudes and r (Sloan red) magnitudes for both target and comparison stars and used the
comparison stars which had g-r values similar to that of the target (Fukugita et al. 1996).
Whenever possible, we used the same comparison stars as used in any prior published paper
on that star.

2.4 Light Curve
Light curves show whether the flux ratios of the target variable (V) star change with
respect to a given comparison star (C) over time. After removal of the second order
polynomial curvature imposed by differential extinction using the least squares fitting
method, a normalized flux ratio V/C for each target observation was obtained by dividing
the target variable star’s flux by the comparison star’s flux in each image and dividing each
by the mean V/C value <V/C> for each observation run.
Normalized V/C = {(V/C) / <V/C>} -1

(2-2)

Each light curve was normalized because different sites, instrument sensitivities and
telescope apertures may result in different mean light curve levels. Used filter for each star
is described in Chapter 6. Subtracting 1 from (V/C)/<V/C>, the average of normalized V/C
becomes zero. Kilkenny et al (1999), used the term ‘fractional intensity units’ for the
normalized intensity unit. However, Winget et al. (1994) called this unit the ‘modulation
intensity’ or mi. One thousandth of an mi is mmi. Thus 10 mmi implies that the star has
changed by 1 % with respect to its mean brightness level. This is different from “millimagnitude (mmag)”, which is described in the equation (2-3).

46

∆𝑚2 = −2.5 log10 (𝑉⁄𝐶 )

(2-3)

Equation (2-2) show the ratio of average and the current flux. On the other hand, equation
(2-3) indicates the magnitude difference from the comparison stars. Since mmi is commonly
used for the sdB star pulsation researches, this unit was also used for this research.
An example is given in Figure 2.3. It is a plot of the normalized V/C values of HS
0702+6043 on 10/13/2014 (BJD2456943) in both mmi scale and mmag scales.

Figure 2.3. Top: Example of Normalized V/C of HS 0702+6043 on 10/13/2014 for 5000
seconds. Amplitude is indicated using mmi. Small amplitude pulsations on the order of a
few percent (~10 mmi) are clearly visible. Bottom: Magnitude differense of the same data.
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To make light curves, we used the Wqed program (Thompson & Mullally 2009). Wqed
(pronounced “Wicked”) is a program to clean light curves so they can be more easily
analyzed by Discrete Fourier Transforms (DFTs). Basically, this program displays a raw
light curve of a target, comparison stars, and sky. Any part of the data, in which quality is
bad due to the bad weather, can be deleted using simple commands. After that, atmospheric
effects which impose slight curvature on the light curve can be removed. Since the sdB star
is bluer star, comparison stars for sdB stars are usually redder than the target star. When the
photons go through the atmosphere of the Earth, these may be absorbed or scattered into a
different direction and does not reach the observer. This phenomenon is called differential
atmospheric extinction. Because differential atmospheric extinctions happen to bluer light
more than redder light, false curvatures are usually seen in normalized light curves. This
program removes such curvature using low order polynomial fits. Also Wqed calculates
Barycentric Julian Date (BJD), which is defined in Chapter 1.3.2, from UTC in the header.
This implementation has been tested against the JPL DE405 ephemeris11 and agrees to better
than 0.05 s.

2.5 Discrete Fourier Transforms
The Discrete Fourier Transform (DFT) algorithm transforms a time domain function into
a frequency domain function without requiring an infinite even number of evenly spaced
data points. The DFT is defined by the relation (Deeming 1975):

11

Jet Propulsion Laboratory http://ssd.jpl.nasa.gov/
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𝒊𝟐𝝅𝒗𝒋𝒕𝒌
𝑭𝑵 (𝒗𝒋 ) = ∑𝑵
𝒌=𝟏 𝒇(𝒕𝒌 )𝒆

(2-4)

where f (tk) is the flux ratio (here the normalized V/C) of the light curve at the observation
times tk. The largest amplitude of FN(νj) indicates the fundamental frequency of the light
curve. We used the Period04 (Lenz 2004) program to calculate each DFT spectrum. Since
our data set is not equally spaced all the time, this classical DFT was used instead of a Fast
Fourier Transform (FFT) for the detection of sinusoidal signals in a time series. Period04 is
specifically designed for variable star light curve analysis, so it also has the feature of
sinusoidal curve least-square fitting, which is used for sinusoidal curve fitting for O-C
diagram.

Figure 2.4 shows the DFT of HS 0702+6043 on 2/20/2010 UT. The frequencies of 2.75
mHz and 2.60 mHz, corresponding to periods of 363 s and 384 s respectively, are indicated.
The highest detectable frequency is set by the Nyquist frequency. Nyquist frequency is the
half of the sampling rate. The frequencies higher than the Nyquist frequency has aliasing
error. The lowest detectable frequency is set by the period that is half of one night’s
observation time (i.e. two cycles could have been detected). However, the pulsation
frequencies of all the targets in our research is 1-10 mHz. Therefore, only the frequency range
of between one to ten mHz is shown in Figure 2.4.
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Figure 2.4. DFT Plot of HS 0702+6043 on 2/20/2010. The maximum amplitudes marked 1
& 2 correspond to frequencies of 2.75 mHz and 2.60 mHz. Amplitude and mmi units are
defined in the text.
After obtaining the DFT spectrum, we used a ‘pre-whitening’ method to improve
detection of all pulsation periods. The technique was first introduced by Blackman & Tukey
(1958). After one or more frequencies are identified in the DFT spectrum, they are removed
from each light curve by subtracting the corresponding least-squares fitted sine curve
(Sullivan et al. 2008). After each subtraction of a frequency, a new DFT spectrum is
computed from the ‘pre-whitened’ light curve. To obtain the highest possible signal-to-noise
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(S/N), we used the pre-whitening method of Kilkenny et al. (1999, 2002), which is described
below.

Kilkenny et al. (1999, 2002) divided one long run data (14 days) into two data sets and
compared each to find the pulsation periods. In our case, due to limitations on telescope
scheduling, we could not obtain very long data sets. Typical runs were limited to two to four
days, so we compared the two closest data sets. The DFT spectra were calculated for each
data set only for frequencies above 1 mHz because below this frequency sky variations
dominate. Furthermore, in sdB stars no frequencies below this level are expected.

The most significant amplitudes (see next paragraph) from each data set were
determined as follows (see Kilkenny et al. 1999). First, the largest amplitude peak
was removed by a least-squares procedure (Deeming 1968) which calculated the
best-fitting amplitude and phase for that frequency. Then the next largest amplitude
was identified. After this, the two frequencies were removed simultaneously from
the original data using a Taylor series expansion non-linear least-squares technique.
Then the third highest frequency was identified. This procedure was repeated until
all significant amplitudes were identified.

As a final step, the resulting most

significant frequencies were compared to identify false frequencies, aliases,
harmonics, and beat frequencies. Harmonic frequencies are an integer multiple of
the fundamental frequencies. A beat frequency (fbeat) occurs when two different
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frequencies (f1 and f2) are slightly different. The frequency seen is the difference of
the two frequencies, fbeat = |f1 – f2|. Alias frequencies arise from the spacing in time
between individual observations.

The signal-to-noise (S/N) ratio is one way to express how significant a peak is. Here S/N
is defined by the relation:

𝑺
𝑵

=

𝑨𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 (𝒔𝒊𝒈𝒏𝒂𝒍)
𝑨𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 (𝒏𝒐𝒊𝒔𝒆)

=

𝒑𝒆𝒂𝒌 𝒊𝒏 𝒇𝒓𝒆𝒒𝒖𝒆𝒏𝒄𝒚 (𝒊𝒏 𝒎𝒎𝒊)
𝒂𝒗𝒆𝒓𝒂𝒈𝒆 𝒏𝒐𝒊𝒔𝒆 𝒍𝒆𝒗𝒆𝒍 (𝒊𝒏 𝒎𝒎𝒊)

(2-5)

Signal amplitude is a peak amplitude of signal above the background (in mmi); noise
amplitude is average amplitude of all noise not identified with a peak. Breger et al. (1993)
introduced the criterion of S/N ratio ≥ 4 as the limit for reliable detection, which now is
widely used.

2.6 Timing Accuracy
The O-C method depends crucially on accurate timing. Eastman et al. (2010) suggested
ways to attain the most accurate time. We followed their recommendations, as discussed
below. The first condition is the precision of the target’s coordinate on the sky. An error of
1 arc minute in the position of the target amounts to a timing error as much as 0.28 s in the
BJD. This type of error occurs when one uses the coordinates of the field center instead of
the specific object’s coordinates. We used the latter.
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The second factor is the accuracy of the computer clock. This clock depends on its
intrinsic stability, the computer workload, its operating system, and the reliability of the
network connection. Some old computers, which have a parallel port CCD interface, have
unreliable timing. In many cases the clock may slow or stop during CCD readout. However,
we compare the computers and the actual clock during the readout, and confirmed that our
computers do not have this problem.

Modern Windows® computers with a network connection, which we used for
observations, are typically accurate to ±2 s. In the Ortega telescope, we used the Tardis
2000® software to obtain accurate time. We couldn’t install Tardis 2000® on the SARA
telescopes so we always compared the telescope time with the official U.S. time
(nist.time.gov). The accuracy of that website is ± 0.2 s. The time accuracy also
depends on the software packages which record and read-out the image. The time recorded
in image headers should not be trusted to better than 0.25s (Eastman et al. 2010).

A third point concerns use of the Barycentric Julian Date (BJD) with Barycentric
Dynamical Time (TDB). TDB applies to the Solar System Barycentric reference frame.
According to Eastman et al. (2010), BJD(TDB) can be calculated using the equation:
BJD(TDB) = JD(UTC) + △ 𝑹⨀+ ΔC + △ 𝑺⨀ + △ 𝑬⨀
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(2-6)

Where JD(UTC) is the Julian Date in Coordinated Universal Time, △ 𝑅⨀ is the Rømer
light travel time delay from the Sun to the Earth, ΔC is the clock correction if any, △ 𝑆⨀ is
the Shapiro delay and △ 𝐸⨀ is the Einstein delay. These details are explained below. The
timing precision required by current exoplanet studies is around ±1 s. This level requires
only the terms up to ΔC.

The Rømer Delay ΔR(sun) results from the Earth’s orbit around the Sun. Light from a
celestial object may arrive early or be delayed as much as 8.3 min depending upon where the
Earth is in its orbit. To calculate the time when a photon would have arrived at an inertial
reference frame, this delay (or advance) can be corrected by the equation:
△ 𝑹⨀ =

𝒓∙𝒏
𝒄

(2-7)

Where c is the speed of light, n is the unit vector from the observer to the object, and r is the
vector from the origin of the new reference frame to the observer. We can also express n in
terms of the right ascension (α) and declination (δ) of the object.
𝐜𝐨𝐬 𝜹 𝐜𝐨𝐬 𝜶
𝒏 = ( 𝐜𝐨𝐬 𝜹 𝐬𝐢𝐧 𝜶 )
𝐬𝐢𝐧 𝜹

(2-8)

This equation assumes the object is infinitely far away, i.e., the incoming wavefronts are
plane waves. However, the real wavefronts are spherical and this causes a distancedependent systematic error. The error from it can be as much as 1000 s for the Moon and
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1ms at the distance of Proxima Centauri. However, all our objects are much farther away
than Proxima Centauri, so we didn’t have to worry about this point.

The clock correction, ΔC in equation (2-6) is calculated as:
ΔC = N + 32.184 s +(TDB-TT)

(2-9)

Here, N is the clock correction from UTC to International Atomic Time (TAI) and the 32.184
s is the clock correction from TAI to Terrestrial Time (TT). These are explained below.

Both UTC and TDB are based on International Atomic Time (TAI). TAI is based on an
average of atomic clocks, all corrected to run at the surface of the Earth at 0 K. According
to Bureau International des Poids et Measures, one second is equal to “9,192,631,770 cycles
of the radiation corresponding to the transition between the two hyperfine levels of the
ground state of the Cesium 133 atom” (www.bipm.org).

Coordinated Universal Time (UTC) is same as TAI, but it is not allowed to differ from
Universal time (UT1), which is the mean solar day, by more than 0.9 s. Every 6 months, at
the end of 31 December and 30 June, the International Earth Rotation and Reference Systems
Service (IERS) adds or subtracts a leap second to UTC to maintain the time within 0.9 s of
UT1. If a network-connected computer clock is synchronized to a Network Time Protocol
(NTP) server, it will keep UTC. This is the basic time kept by all three observatory
computers used in this project.
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Terrestrial Time (TT) is an offset from TAI of 32.184 s released in real time from atomic
clocks. Barycentric Dynamical Time (TDB) is the same as TT but it corrects the Einstein
delay to the geocenter, ∆𝐸⨀ . This delay occurs because of the time dilation and gravitational
redshift from the motions of the Sun and other bodies in the Solar System. The conversion
from TT to TDB is expressed as a high-order series approximation (Irwin & Fukushima
1999). The difference between TT and TDB has a peak-to-peak amplitude of 3.4 ms over a
period of 1 year. For this project such a level of precision was not necessary.

Going back to the equation (2.6), the Shapiro time delay ( △ 𝑆⨀ ) is also called
gravitational time delay, and this delay is caused by the slowing of light speed as it goes
through a gravitational potential (Shapiro 1964). The Einstein delay (△ 𝐸⨀ ) is time dilation
due to the annual variation of a terrestrial atomic clock as the Earth moves around the Sun
on its eccentric orbit and to the presence of other masses in the solar system.

To consider these three factors discussed, the timing accuracy that can be obtained in this
research goes down to ~0.5 s.
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3. Companions’ Features Derivation and
O-C Method Sensitivity
Mathematical description to derive an orbital mass and a semimajor axis of a planet (or
a companion star) from an O-C diagram is presented in this chapter. As shown in section
3.1, the companion orbital mass and semimajor axis information can be derived from the
period and amplitude of a sinusoidal fit of the obtained O-C diagram. Afterward, in section
3.2 the sensitivity of the timing method is discussed using the relationship obtained in section
3.1.

3.1 Mass and Semimajor Axis Deviation
The detail to derive a planet (or a companion) mass and semimajor axis from the
amplitude and period of an O-C diagram sinusoidal curve fit is described here. First, orbital
configuration of a planet (or a companion star) is displayed and a mass of the planet (or the
companion) is calculated from the amplitude of the O-C sinusoidal fit in 3.1.1. Using the
derived mass and Kepler’s third law, the semimajor axis of the planet (or the companion) is
obtained in 3.1.2. Then, an example of O-C sinusoidal fit and its mass and semimajor axis
calculation is presented with error propagation.
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3.1.1 Orbital Configuration and Mass Derivation

Both mass and semimajor axis are obtaining from the sine curve fit of the O-C diagram. To
obtain the period and amplitude of the O-C diagram, the sinusoidal curve least-square fitting
is performed to the data points. To calculate the uncertainty of frequency (f), amplitude (T)
and phase () of the sinusoidal curve fit, the uncertainties of Breger et al. (1999) was used.
These equations are shown below.
6 1 𝜎(𝑚)
σ(𝑓) = √
𝑁 𝜋𝑡 𝑎
2
σ(𝑇) = √ 𝜎(𝑚)
𝑁

σ(φ) =

1 2 𝜎(𝑚)
√
2𝜋 𝑁 𝑇

Here, N is the number of time points, t is the time length of the data set, (m) is the residuals
from the fit, and T shows the amplitude of the frequency.

The minimum mass of a companion is calculated from the amplitude (T) of O-C
sinusoidal curve fit. Here, amplitude (T) indicates half of the peak-to-peak amplitude.
Figure 3.1 shows an orbital configuration of sdB star system. In this diagram, M1 and a1 are
the mass and the semimajor-axis of the sdB star. M2 and a2 are the mass and the semimajoraxis of a companion (or planet). r indicates the radial distance of the barycenter to the sdB
target and i is the inclination. 𝑖 = 90° means that the orbital plane is perpendicular to the
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observer line of sight and 𝑖 = 0° means that the orbital plane is parallel to the observer line
of sight. In Figure 3.1, the radial distance r1 is described using the semimajor axis a1 as in
equation (3-1).

Figure 3.1. Orbital Configuration of sdB Star System

𝒓𝟏 = 𝒂𝟏 𝐬𝐢𝐧 𝒊

(3-1)
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r1 can be also derived from the amplitude T of the O-C sinusoidal curve fit. The largest
pulsation arrival time delay 𝑇occurs when the sdB star reached at the distance r from the
barycenter. Thus, the relationship between T and 𝑟1 is described as;
𝒓𝟏 = 𝑻 × 𝒄

(3-2)

where c is the speed of light. Therefore, the relationship between the semimajor axis of the
sdB star, a1, and the amplitude of the O-C sinusoidal fit, T, is derived as:
𝑎1 sin 𝑖 = 𝑇 × 𝑐

(3-3)

The mass of the companion, M2, is given by the equation (3-4).
M2 a2 = M1 a1

(3-4)

where, a1 and a2 are the semimajor axes of the host sdB star and the companion, respectively.
Using (5-3) and (5-4), the mass of the companion is calculated:
𝑴𝟐 𝐬𝐢𝐧 𝒊 =

𝑻 𝑴𝟏 𝒄
𝒂𝟐

(3-5)

If we assume the unit of M2 is MJ, the unit of M1 is M, the unit of T is s and the unit of a2 is
AU, we can derive the relationship from (5-5):
𝑀2 sin 𝑖 [𝑀𝐽 ] =

𝑇[𝑠]×𝑀1 [𝑀⨀ ]
𝑎2 [𝐴𝑈]

× 2.099

(3-6)

According to Fontaine et al. (2012), the average sdB star mass is 0.470 𝑀⨀ and 68.3% of the
all sdB stars have mass range between 0.441𝑀⨀ and 0.499𝑀⨀. If this mass M = 0.470 𝑀⨀
is considered, (5-6) becomes:
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𝑀2 sin 𝑖 [𝑀𝐽 ] =

𝑇[𝑠]
𝑎2 [𝐴𝑈]

× 0.987

(3-7)

Therefore, the minimum companion mass M2 sin i is calculated from the sdB star mass
M1, the O-C sinusoidal curve amplitude T and the semimajor axis of the companion 𝑎2 . The
semimajor axis of the companion 𝑎2 can be derived using Kepler’s third law, which will be
explained in section 3.1.2. Since the inclination of the system i is unknown, the companion
mass information which we can obtain from this O-C method is only the minimum mass M2
sin i. The real companion mass M2 varies depending on the inclination i.

3.1.2 Companion Semimajor Axis Derivation
To obtain the companion minimum mass using the equation (3-6), the companion
semimajor axis 𝑎2 needs to be calculated from Kepler’s third law. The equation of Kepler’s
third law is;
𝑷𝟐 =

𝟒 𝝅𝟐 (𝒂𝟏 +𝒂𝟐 )𝟑
𝑮(𝑴𝟏 +𝑴𝟐 )

(3-8)

where P is the orbital period of the companion star, which is the same as the period of the
O-C sinusoidal curve, M1 and M2 are the masses of the sdB host star and companion
respectively, a2 is the semimajor axis of a companion and G is the gravitational constant.
We first assume that there is no third body.
There are two procedures to obtain 𝑎2 from the equation (3-8) based on the mass of the
companion stars: when companion mass is negligible, and when companion mass is not
negligible. The average sdB star mass is 0.470𝑀⊙ ≈ 492.4 𝑀𝐽 . If the companion stars are
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planets or light brown dwarfs, which is less than 50𝑀𝐽 , the companion mass is less than
about 1/10 of the mass of the host sdB star. Therefore, it is negligible compared with the
mass of the host star. In that case, the calculation of 𝑎2 is relatively simple. On the other
hand, for the heavier brown dwarfs and low mass stars, the companion mass is not negligible
and the mass of the companion should be considered in the calculation. Here, the case when
the companion mass is negligible is described first; afterwards, the case when the companion
mass is not negligible is discussed.

<Procedure Used When Companion Mass is Negligible>
When the companion mass M2 is negligible compared to the sdB star mass M1 (i.e. M2 <<
M1), the relationship of semimajor axes of the sdB star, a1, and the companion, 𝑎2 , is a2 >>
a1. Therefore, using Kepler’s third law equation (3-8) we can write the approximation:
𝑷𝟐 ≈

(𝟒 𝝅𝟐 𝒂𝟐 𝟑 )
𝑮𝑴𝟏

(3-9)

From this equation, we can calculate the semimajor axis of the star:
𝟑

𝟐 𝑮𝑴

𝑷
𝒂𝟐 = √

𝟏

(3-10)

𝟒𝝅𝟐

If the unit of the sdB star mass M1 is M, the unit of the companion semimajor axis 𝑎2 is AU
and the unit of orbital period P is days, the equation (3-10) becomes:
𝒂𝟐 [𝑨𝑼] ≅ 𝟑√𝑷 [𝒅𝒂𝒚𝒔]𝟐 × 𝑴𝟏 [𝑴⊙ ] × 𝟎. 𝟎𝟏𝟗𝟔
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(3-11)

If we assume the mass of the sdB star M1 is 0.470 M, average sdB stars mass according to
the survey of Fontaine et al. (2012), the semimajor axis of the companion a2 is:
𝟑

𝒂𝟐 [𝑨𝑼] ≅ √𝑷 [𝒅𝒂𝒚𝒔]𝟐 × 𝟎. 𝟎𝟏𝟓𝟐

(3-12)

<Cases When the Companion Mass is Not Negligible>
When the companion mass M2 is not negligible compared with the star’s mass M1, we
can obtain the semimajor axis of the companion a2 using the following method. In this case,
a2 depends on the inclination i, which in general is unknown.

We begin again with Kepler’s third law, which is equation (3-8). This time, M2 is not
negligible compared with M1 and a1 is not negligible compared with a2.

From the

relationship of the masses and semimajor axes, which is the equation (3-4), we get:
𝑴𝟐
𝑴𝟏

𝒂𝟏 + 𝒂𝟐 = (

+ 𝟏) 𝒂𝟐

(3-13)

Inserting this into (3-8) yields:
𝟑

𝒂𝟐 = √

𝑷𝟐 𝑮 𝑴𝟏 𝟑
𝟒 𝝅𝟐 (𝑴𝟏 + 𝑴𝟐 )𝟐

(3-14)

From the equations (3-5) and (3-14) we can get a cubic function in terms of a2;
𝒂𝟐 𝟑 + 𝟐𝑨𝒂𝟐 𝟐 + 𝑨𝟐 𝒂𝟐 − 𝑩 = 𝟎

(3-15)
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where, 𝐴 =

𝑇𝐶
sin 𝑖

, 𝐵=

𝑃2 𝐺𝑀1
.
4𝜋2

Solving the cubic function yields a2. Therefore, not only

mass but also semimajor axis is depend on the inclination i and we can obtain only the
minimum a2. Therefore, the semimajor axis of the companion star is calculated from the
relationship of Kepler’s third law, whether the companion mass M2 is negligible to the star’s
mass M1 or not. In this research, obtained mass M2 sin i was small. If a random value of
inclination i is assumed, the probability that the actual companion mass is higher than 1/10
of solar mass was low. Therefore, only the case when M2 << M1 was considered.

3.1.3 Example and Error Propagation
How to derive the mass and semimajor axis of a companion from the O-C diagram was
discussed in 3.1.1 and 3.1.2. Here, using an example O-C sinusoidal curve, mass and
semimajor axis was calculated and the error propagation was discussed. As explained above,
only the case when companion masses are negligible compared with their host sdB stars
masses was discussed in this research. Therefore, the case when companion mass is
negligible was used as an example in this section.

As an example, we assume the O-C graph of an sdB star fits a sinusoidal curve with the
period and amplitude below:
P = 189.8 ±7.3 days
T = 6.1 ± 0.9 s.
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Using this period and amplitude, we calculated a semimajor axis (a2) and a mass (M2 sin i )
and their uncertainties. If we assume the sdB host star has the mass M1 = 0.47 M, then, the
semimajor axis of the companion is calculated using the equation (3-16):
3

𝑎2 [𝐴𝑈] ≅ √𝑃 [𝑑𝑎𝑦𝑠]2 × 0.0152 = 0.502 [AU]

(3-16)

Using the equations (3.7) and (3.16), the mass of the companion is calculated as below.
𝑀2 sin 𝑖 [𝑀𝐽 ] =

𝑇[𝑠]]
𝑎2 [𝐴𝑈]

× 0.987 = 11.99[𝑀𝐽 ]

(3-17)

The uncertainty of a2 and M2 sin i are shown below. From the error propagation, the
uncertainty of x and y is σx and σy, the uncertainty of G = 𝑎 × 𝑥 𝑛 , G = 𝑎 × 𝑥, and
𝑥
𝑦

G=

are listed from the equations (3-18) to (3-20).

When G = 𝑎 × 𝑥 𝑛 :
𝝈

𝝈𝑮 = 𝑮𝒏 ( 𝒙𝒙 )

(3-18)

When G = 𝑎 × 𝑥:
𝝈

𝝈𝑮 = 𝑮 ( 𝒙𝒙 )

(3-19)

𝑥

When G = 𝑦:
𝝈

𝝈

𝝈𝑮 = 𝑮√( 𝒙𝒙 )𝟐 + ( 𝒚𝒚)𝟐

(3-20)

The errors of (3-16) and (3-17) are not cumulated since all the components which have
uncertainties in these equations are not related each other. In the above example, σ a = 0.01
AU and 𝜎𝑀2 sin 𝑖 = 1.79 MJ. Thus, 𝑎2 ≈ 0.50±0.01 AU and 𝑀2 sin 𝑖 ≈ 12.0±1.79 MJ.
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Hence, using the amplitude and period information of the sinusoidal fitting curve of the
O-C diagram, the mass and the semimajor axis of the companion can be estimated. The mass
of the companion 𝑀2 sin 𝑖 is calculated using the equation (3-6). The semimajor axis of the
companion 𝑎2 is calculated using the equation (3-11) when 𝑀2 is negligible compared with
𝑀1 . The semimajor axis of the companion 𝑎2 is calculated from solving the cubic function
(3-15) when 𝑀2 is not negligible compared with 𝑀1 .

3.2 Sensitivity of the O-C Method
Since the amplitude T and period P of the O-C sinusoidal curve determine the minimum
mass 𝑀2 sin 𝑖 and the semimajor axis 𝑎2 of the companion stars, we can restrict the range
of 𝑀2 sin 𝑖 and 𝑎2 that is detectable using this O-C method. Assuming that 𝑀2 is negligible
compared with 𝑀1 , the restriction of the range of 𝑀2 sin 𝑖 and 𝑎2 is discussed in this
section. Since the detectable ranges of T and P of an O-C sinusoidal curve affect the value
of 𝑀2 sin 𝑖 and 𝑎2 , this detectable range of T and P is first determined in section 3.2.1.
Using the limitation of T and P, the limitations of the detectable mass and semimajor axis in
an sdB star system are calculated in section 3.2.2.

3.2.1 Detectable O-C Amplitude and Period Ranges from our
Method
To calculate the restriction of the range of 𝑀2 sin 𝑖 and 𝑎2 , first we need to set the
threshold level of which period P and amplitude T ranges are detectable using the O-C
method. At least an entire night of observing data is used in our analysis to obtain a point in
the O-C diagram, which indicates that the minimum time difference of each O-C point is at
least one day. In that case, the period of the O-C sinusoidal curve should be at least two days
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to see the variation. Therefore, the minimum detectable period of O-C diagram is two days
and an O-C sinusoidal curve with a period less than two days is impossible to detect using
our analysis method.

On the other hand, the maximum detectable period depends on the observation time of
the total data. At least two periods should be detected to determine that the O-C diagram fits
with a sinusoidal curve. Therefore, half of the total observation time is the maximum O-C
period limitation for each target. For V391 Peg, there currently exists 13.38 years of data.
For HS 0702+6043, almost 4.91 years of data currently exist. For all other target stars, we
were able to collect as much as one to two years of data. This duration of observing time
constrains the detection of any planet or companion to orbital periods, which is the O-C
periods of 6.69 years for V391 Peg, 2.45 years for HS 0702+6043 and 6~11 months for the
other stars. The minimum and maximum detectable O-C period for each sdB target is listed
in Table 3.1.
Table 3.1. Minimum and Maximum Detectable O-C Period for Each sdB Target

Minimum Period (days)

Maximum Period (years)

2
2
2
2
2
2

6.69
2.45
0.92
0.58
0.52
0.67

V391 Peg
HS0702+6043
PG0911+456
PG1613+426
EC20117-4014
PG1219+534
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To determine the range of the O-C amplitude T, the timing accuracy is important. From
the discussion of the timing accuracy in Chapter 2.6, timing accuracy is about 0.5 sec.
Therefore, the lowest possible amplitude uncertainties of O-C diagrams are 0.5 sec. There
is no limitation for the maximum O-C amplitude. Using these P and T restrictions, the
detectable mass and semimajor axis of a companion to an sdB star is calculated in the next
section.

3.2.2 Case of sdB Star System
Assuming the mass of an sdB star is an average sdB star mass M1 = 0.47 M, the
equations (3-7) and (3-12) are used to calculate the detectable mass and semimajor axis
restrictions. As discussed in 3.1.1, the minimum T = 0.5 s, the minimum P = 2 days and the
maximum P = 6.5 years (for V391 Peg), 2.5 years (for HS 0702+6043) and 1.5 years (for
the other targets) are used to derive the limitations. The result Mass-Semimajor map is in
Figure 3.2.
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Figure 3.2. Mass-Semimajor Map of the Detectable Limitations. The red vertical line
indicates the smallest detectable semimajor axis limit. The blue vertical lines are the largest
detectable semimajor axis limits. The orange line indicates the smallest detectable mass limit
based on each semimajor axis value.
In this figure, the red vertical line indicates the smallest detectable semimajor axis limit.
The period of the O-C sinusoidal curve would be less than 2 days if the semimajor axis of
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the companion is smaller than this value. The blue vertical lines are the largest detectable
semimajor axis limits. These values are based on the total time length we could observe.
According to the figure, up to a=2.76 AU is detectable for V391 Peg, up to a=1.41AU is
detectable for HS 0702+6043 and up to a=0.50~0.75 AU is detectable for other stars. The
orange line indicates the smallest detectable mass limit based on each semimajor axis value.
When the companion semimajor axis is larger, the smaller companion mass is detectable.
The detectable range of companion mass and semimajor axis for each target is listed in Table
3.2.
Table 3.2. Detectable Range Of Mass and Semimajor Axis for Each sdB Target

Target

Mass [MJ]

Semimajor Axis [AU]

V391 Peg
HS0702+6043
PG0911+456
PG1613+426
EC20117-4014
PG1219+534

0.18 ≤ M
0.35 ≤ M
0.67 ≤ M
0.91 ≤ M
0.98 ≤ M
0.83 ≤ M

0.02 ≤a ≤
0.02 ≤ a ≤
0.02 ≤ a ≤
0.02 ≤ a ≤
0.02 ≤ a ≤
0.02 ≤ a ≤
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2.76
1.41
0.74
0.54
0.50
0.60

4. Artificial Data Experiment
To evaluate the analysis method (O-C method and modeling) of this research, which was
discussed in Chapter 2, artificial light curve data were generated and O-C diagrams were
created using the exact same way used in the actual data analysis. The process of generating
the artificial light curves is discussed in Chapter 4.1 and the O-C results obtained from the
generated artificial light curves are displayed in Chapter 4.2. Following that, “period &
amplitude” and “mass & semimajor axis” fitting models from the artificial light curves are
discussed and shown in Chapter 4.3.

4.1 Artificial Light Curves
The artificial light curve data have the same time span, pulsation frequencies, and
pulsation amplitudes as the observational data collected for our target stars. We chose the
program star V391 Peg for these tests because the star already has a detected a planet by
Silvotti et al. (2007) and their parameters can be used for making an artificial data. The
phase information derived from the planetary orbital motion in the published data of V391
Peg was added to the data set. This data set consists of “perfect” light curves having no
uncertainties. After creating a “perfect” light curve, various levels of uncertainties were then
added to the data in order to explore the possible detection thresholds likely in actual data.
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4.1.1 Artificial Light Curves without Phase Information
First, artificial light curve data without assigned phase information was created using
our actual observed times, published frequencies and amplitudes representative of V391 Peg,
as follows:
-

Observed time for each light curve point (ti): We spaced the artificial data to match
the actual observed time steps (BJD) for V391 Peg, where i is the index of single
exposure event.

-

Frequencies (fi): We obtained this for V391 Peg largest pulsation period from Silvotti
et al.(2007).

-

Amplitudes of light curves (Ai): This value was also adopted from Silvotti et al.
(2007).
The period and amplitude adopted are listed in Table 4.1, where intensity, I, is the raw

photon count of a single observation. Figure 4.1 displays a light curve of V391 Peg. For
simplicity, only a single frequency was used for this experiment. Using these values, the
normalized light curve is defined by:
ΔI
<I>

= ∑ 𝐴𝑖 sin(2𝜋(𝑓𝑖 𝑡 + 𝜑𝑖 ))

(4-1)

Table 4.1. Adopted Frequency and Amplitude of the Artificial Light Curve for V391 Peg
(from Silvotti et al. 2007).

Period [s]

Amplitude [mmi]

349.50

6.6
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Figure 4.1. Example of a Light Curve of V391 Peg. Red line represents the artificial light
curve. Squares represent actual observation times (middle of the exposure time) of this
research. Each point represents an entire night of observations.
This generated light curve still does not contain phase 𝜑𝑖 information. This was added
to the artificial dataset using the known planetary orbital motion, which is described in
section 4.1.2.

4.1.2 Obtaining Phase Parameters Using the Ideal Planetary
Orbital Motion
If there is a planet orbiting the target star, the arrival times of the light curve maxima
vary as the target star “wobbles” due to the gravitational force of the planet. That is, the
phase of the light curve varies each night due to the variation in light travel time as the star
orbits the center of mass. Therefore, the phase shift due to the existence of the planet must
be added to the artificial light curve data set generated in 4.1.1. To accomplish this, an ideal
“reference” O-C curve was created using the period, amplitude and phase of the previously
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published O-C diagram (Silvotti et al. 2007); this is listed in Table 4.2. Using the Table 4.2
values, the “reference” O-C curve was plotted, which is shown in Figure 4.2.

Table 4.2. Frequency, Amplitude and Phase Used to Construct Ideal O-C Curve.

Period [days ]

Amplitude [s ]

1169.59

5.3

Phase
0.78

Figure 4.2. “Reference” O-C Curve. Squares indicate the actual dates of a single observation
run of V391 Peg in this project.
Using this “reference” O-C diagram, we can estimate the O-C amplitude of the each
simulated night, which are the squares in Figure 4.2. Phase shifts of light curve data points
were calculated from the O-C amplitudes using the equation (4-2).

Lightcurve phase =

(𝑂−𝐶) 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑛𝑖𝑔ℎ𝑡 [𝑠]
𝑙𝑖𝑔ℎ𝑡 𝑐𝑢𝑟𝑣𝑒 𝑝𝑒𝑟𝑖𝑜𝑑 𝑜𝑓 𝑉391 𝑃𝑒𝑔 [𝑠]
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(4-2)

Since the O-C value does not change substantially during one observation run (1~3 days),
the phases of the artificial light curve data points in the one observation run have the same
value in this simulation.

4.1.3 Artificial Light Curve with Noise
Real data always has noise so random noise was added to our “perfect” artificial
lightcurves which were created as described in the section 4.1.1-4.1.2. The signal-to-noise
(S/N) ratios of the largest pulsation of our actual data are listed in Table 4.3. In Table 4.3,
the minimum S/N ratio is about 4. As described in Chapter 2, only the data above S/N = 4
was used in this research. The average S/N ratio is about 7.5. The maximum S/N ratio is
about 12. This artificial “noisy” dataset with the same S/N ratio seen in the real data was
created. The artificial light curve used is given in Figure 4.3. Using these artificial data, our
O-C method is evaluated in the next section.
Table 4.3. S/N ratios of Light Curve of Each Observation Night of V391 Peg

DATE
May 24, 2001
May 19, 2002
Nov 09-12, 2002
Nov 16, 2002
May 29, 2003
Sep 03, 2005
Sep 12, 2010
Dec 06, 2010
Oct 20, 2011
Oct 11-13, 2014
average
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SN ratio
4.5
4.4
12.1
7.5
6.4
6.0
7.9
7.3
8.6
10.5
7.5

Figure 4.3. Example of a Simulated Light Curve of V391 with Noise. Red line is the original
light curve which is the same as the Figure 4.1.

4.2 O-C Analysis Evaluation Using V391 Peg Data
Using the artificial data, with and without noise, we performed an O-C analysis to
determine whether the known phase, frequency and amplitude for V391 Peg can be
recovered. To calculate O-C, first the pulsation frequency and amplitude were obtained from
the data collected on all observation nights. To calculate the maximum “C” value, a leastsquares fit was applied to the datasets for the entire observation nights using the known
frequency and amplitude. Then, the first maximum (epoch) calculated from this fitted light
curve is designated as an ”C” value. Next, to calculate the observed maximum “O” value, a
least-squares fit was applied to the dataset of each observation night using the same
frequency and amplitude.

The first maximum calculated from the fitted light curve is

designated as an “O” value. From these, O-C was calculated for each observation run.
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Initially, the O-C diagram was constructed using an artificial data set with no
uncertainties added. The O-C diagram with a sinusoidal curve fit is shown in Figure 4.4.
This is performed to just make sure if this O-C diagram construction method does not have
any mistake. Not surprisingly, this yields the same as our original input period and amplitude.
However, it does verify that there are no fundamental errors in our reduction procedures.

Next, we examined the effects of noise on the parameters extracted from our artificial
data. This should yield estimates for the uncertainties in our results for V391 Peg and an
empirical detection limit for periodicity in our data. First, a “noisy” dataset with the same
S/N ratios seen in the real observations was evaluated. The resulting O-C curves are shown
in Figure 4.5. The diagram shows the original sinusoidal curve fits within uncertainty levels.
As expected, the data which has smaller S/N ratio has larger uncertainty level. In Figure 4.5,
reduced chi-square 𝜒𝜈 2 = 0.545 and the O-C points fit the curve with the confidence level
higher than 80%. However, other sinusoidal curves fit this data points. One of the example
is shown in Figure 4.6. Here, the period and amplitude of the fitting curve is P = 884.9 ±
22.1 days and T = 6.57 ± 1.61 s. The reduced chi-square 𝜒𝜈 2 = 0.518 and the O-C points
fit this fake curve with the confidence level of almost 80%. Also, this data points fit with a
flat line (O-C = 0) well too. The reduced chi-square with a flat line (O-C = 0) is 𝜒𝜈 2 =
0.481, so the points fit with the flat line with the confidence level higher than 80 % too.
Therefore, with this uncertainty level, the actual period and amplitude of the O-C is revealed
but other false signals are also detected. To express all possible signals and limit the possible
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values of the parameters, “Period & Amplitude” and “Mass & Semimajor Axis” modeling
was used, which is discussed in section 4.3.

Figure 4.4. O-C Diagram Obtained from the “noise free” Artificial Data and Its Residual.
Top: O-C diagram obtained from the “noise free” artificial data. This diagram is almost
identical to the “reference” O-C diagram, which was shown in Figure 4.2. Bottom: The
comparison with the O-C diagram of top of Figure 4.4 and Figure 4.2 with the O-C = 0 line,
which shows the two diagrams are almost identical.
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Figure 4.5. O-C diagram of the Artificial Data with the Same S/N Ratios Seen in the Real
Observations. The S/N ratio values of each observation is listed in Table 4.3. The solid line
is the original O-C curve which is the same as Figure 4.2. Each O-C data points were
calculated from the light curves with different noise patterns.

Figure 4.6. O-C diagram of the Artificial Data with a “fake” sinusoidal curve fitting. The
S/N ratio values of each observation is listed in Table 4.3. The solid line has period P= 884.9
± 22.1 days and amplitude T= 6.57 ± 1.61 s.
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4.3 “Period & Amplitude” and “Mass & Semimajor
Axis” Modeling
“Period & Amplitude” and “Mass & Semimajor Axis” modeling was performed to
constrain the combinations of “period & amplitude” of O-C diagrams and “mass & orbital
periods” of planets that the data could detect. In this section, modeling background, example
fit, and artificial V391 data fit are displayed.

4.3.1 Modeling Background and Examples

The idea of “Period & Amplitude” and “Mass & Semimajor Axis” modeling was
obtained from the Monte Carlo simulation which Mullary et al. (2008) made. Even though
it is different from the modeling used in this research, his Monte Carlo simulation is
introduced at the beginning. Following that, the modeling method used in this research is
explained.

Mullary et al. (2008) used this Monte Carlo method to limit the range of masses and
semimajor axes of planets around pulsating white dwarf stars which should have been
detected from the same observing pattern and error bars as his actual data. They randomly
chose a planet mass, orbital separation, eccentricity and other orbital parameters, and
calculated the effect it would have on the O-C diagram of a 0.59 M WD. They then sampled
this O-C diagram with the same observing pattern and error bars as their actual data. Then
they fit the resulting O-C diagram with a sine curve and a parabola. If either the amplitude
of the sine curve or the curvature of the parabola were measured with 3σ confidence, the
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hypothetical planet was judged to have been detectable. They repeated this process 106 times
for each star and drew a shaded relief map indicating the percentage of the time a planet with
a given mass and orbital separation could be detected with either technique to a confidence
of 3σ. Figure 4.7 shows the result of Mullary et al. (2008) for the O-C diagram of the white
dwarf R548, and the corresponding Monte Carlo simulation map of the region of parameter
space around R548 that is sensitive to planets or companion stars.

Figure 4.7. O-C Diagram and Monte Carlo Simulation Map by Mullary et al. (2008). Left:
The O-C diagram of a WD, R548. The solid line is a parabolic fit to the data. Right: O-C
diagram of a white dwarf, R548, and corresponding Monte Carlo simulation map of the
region of parameter space around R548 that is sensitive to planets or companion stars. Dark
regions indicate a low probability that a planet would have been detected. The large white
circles indicate the location of Jupiter and Saturn, while the small circles mark the positions
of known extrasolar planets.
On the other hand, the method used in this research is the “period & amplitude” and
“mass & semimajor axis” modeling. In the “period & amplitude” modeling, O-C sinusoidal
data points were fit by sinusoidal curves of various period and amplitude combinations. In
the “mass & semimajor axis” modeling, O-C sinusoidal data points were fit by sinusoidal
curves that could be caused by the existence of companions with various mass and semimajor
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axis combinations. If the data points were fit within three sigma for each cases, this
combination may show a properties of actual companion star which causes the O-C shape.
Standard deviation level were displayed on these combination maps. This modeling were
performed using IDL. The code is given in Appendix A.

First, the modeling was performed to the data points with an obvious O-C signal to verify
the modeling technique, which is shown in section 4.3.2. After that, the artificial data of
V391 Peg which has the same as Figures 4.5 and 4.6 were used to perform the modeling
simulation in section 4.3.3.

4.3.2 Modeling Results using obvious O-C signal

To simulate this modeling, we made an example O-C curve with a period P = 659.73
days and amplitude 6.47 s, which is the same as the published HS 0702+6043 b O-C curve
information (Lutz 2011). These results indicate that mass (M2 sin i) and semi major axis of
a companion are a2 = 1.15 AU and M2 sin i = 5.5 MJ. The error bars of ± 1.62 s was added to
amplitude, which is also the same as the published HS 0702+6043 b O-C curve information
(Lutz 2011). The artificial data set spans 1200 days, which is the same data length as Lutz
2011. It contains 120 points total thus there are data point every 10 days (see Figure 4.8).
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Figure 4.8. Artificial O-C Curve with Period 659.73 days and Amplitude 6.47±1.62 s

Real observations can seldom be obtained continuously over long times. Due to a given
star’s position in the sky, we can observe only 100-120 days per year if observations of every
possible days are assumed. Therefore, artificial O-C data sets were constructed which span
only 100 days per year. These are shown in Figures 4.9. The results of our “period &
amplitude” and “mass & semimajor axis” modeling are shown in Figures 4.10 and 4.11.

Figure 4.9. Same as Figure 4.8 but Using Only 100 days of Data per Year. The period is
659.73days and amplitude is 6.47 s
:
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Figure 4.10. Results of “period & amplitude” modeling with 100 days of Simulated
Observation Data in Figure 4.9. The best fitting period and amplitude as for the fundamental
O-C variation seen in the artificial data is P = 659.73±7.8 days and T = 6.47±0.25 s, which
is marked in the figure with ± 𝟏𝝈 red error bars. The one, two and three  levels were
displayed.

Figure 4.11. Results of “mass & semimajor axis” modeling with 100 days of Simulated
Observation Data in Figure 4.9. The best fitting mass (M2 sin i) and semi major axis as for
the fundamental O-C variation seen in the artificial data is a2 = 1.15±0.01 AU and M2 sin i =
5.5±0.2 MJ, which is marked in the figure with red ± 𝟏𝝈 error bars . The one, two and three
 levels were displayed.
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The modeling experiments of this research was verified using these artificial data. It was
shown that both “period & amplitude” and “mass & semimajor axis” combinations were
constrained under idealized conditions. However, the data which was used in this section is
an “ideal” data under the assumption that the target was observed every ten days with the
same quality of the sky. Actual data time span is much larger than that due to the observatory
availabilities and the weather of each night. Also, the noise level of the data changes each
night due to the quality of sky. The lack of data points and noise may cause aliases in this
plot. Therefore, the analysis using artificial data with the actual observation dates and the
observed noise levels is discussed in section 4.3.3.

4.3.3 Modeling Results using artificial data

Figures 4.12 and 4.13 display the “period & amplitude” and “mass & semimajor axis”
modeling using artificial data points of V391 Peg, which was shown in Figures 4.5 and 4.6.
The “+” mark in the Figure 4.12 shows that the actual period and amplitude combination,
which was used to make the artificial data. Also, the “+” mark in the Figure 4.13 shows that
the actual mass and semimajor axis combination, which was used to make the artificial data.
This “+” marks matched well with one sigma level, but both shows the other “fake candidates”
of combinations. At least, we can eliminate the possibilities of some companion properties
from both figures. In Figure 4.13, above the line between the two points of [60 MJ and 0.5
AU] and [10MJ and 2AU], no companion should be found.
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Figure 4.12. Results of “period & amplitude” modeling of artificial O-C data points of V391

Peg in Figures 4.5 and 4.6. The “+” shows the period and amplitude combination which was
used in the artificial data with uncertainty, that are P = 1169.59±51.33 days and T = 5.3±2.0
s. The one, two and three  levels were displayed.

Figure 4.13. Results of “mass & semimajor-axis” modeling of artificial O-C data points of

V391 Peg in Figures 4.5 and 4.6. The “+” shows the period and amplitude combination
which was used in the artificial data with uncertainty, that are a = 1.69±0.05 AU and M2 =
5.5±0.3 MJ. The one, two and three  levels were displayed.
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Therefore, using the data with this high uncertainty level, not only the right parameters of
the companion star properties but also detect fake parameters are detectable. However, using
the modeling, we can eliminate the area which any companions should not be found.
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5. Observation Targets
Five sdB targets already known to have pulsations but with no proven close companions
were chosen as targets when this project was started. In addition to these targets, V391 Peg
was included as a control sample because it is known to have at least one planet and to search
for additional companions. The summary of all targets is listed in Table 5.1. Stars fainter
than 15th magnitude could not be included due to the size of the available telescopes.
Appendix D contains finding charts for each star. Six of those targets were found to yield a
high S/N ratio and relatively stable amplitudes in the DFT analyses. Those which have an
amplitude as stable as or more stable than V391 Peg were chosen as targets.
Table 5.1 Summary of All Targets

Name

Bmag

Pulsation Period
largest (s )

V391 Peg
HS 0702+6043
PG 0911+456
PG 1613+426
PG 1219+534
EC 20117-4014

13.60
14.70
14.92
14.14
12.41
12.60

349.5
363.1
155.8
144.2
128.1
137.3

Pulsation Period
Total Observed hours (h )
second largest (s )
354.1
383.7
165.7
N/A
143.6
142.1

62.4
60
89.5
43.6
25.9
80.3

Below, the prior information known about each of the selected targets and why they were
selected for this study is discussed. A preliminary summary of this study’s findings is also
presented.
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5.1 V391 Peg
V391 Peg (HS 2201+2610) was first identified as a hot star by the Hamburg Schmidt
survey (Hagen et al. 1995). Østensen et al. (2001) found V391 Peg to be an sdB variables
star. Østensen et al. (2001) also detected a pulsation period of 350 s, and the physical
parameters of Teff = 29300 ± 500 K, log g = 5.4 ± 0.1 and log (N(He)/N(H)) = 3.0 ± 0.3. This
places it near the low gravity boundary of the sdB variable instability strip. Silvotti et al.
(2002) detected five close pulsation periods between 349 – 365 s. Lutz et al. (2008) found
an additional long pulsation period at 3255 s. These periods are listed in Table 5.2. Lutz et
al. (2008; 2009) also found it to be a hybrid pulsator, which exhibits both p-mode and gmode pulsations. The pulsation period of 3255 s is a g-mode pulsation and the others are pmode pulsations. Silvotti et al. (2007) detected a planet around V391 Peg, which was
described in Chapter 1.
Table 5.2. Oscillations Detected in the Light Curve of V391 Peg (Silvotti et al. 2002; Lutz
et al. 2008)
Frequency
(mHz)
2.8609±1E-05
2.8241±1E-05
2.8807±1E-05
2.7380±1E-05
2.9218±1E-05
0.3072±(NA)

Period (s)
349.5
354.1
347.1
365.2
342.3
3255.6

Amplitude (mmi)
6.6
3.3
1.5
0.8
0.4
1.5

Reference
Silvotti et al. (2002)
Silvotti et al. (2002)
Silvotti et al. (2002)
Silvotti et al. (2002)
Silvotti et al. (2002)
Lutz et al. (2008)

V391 Peg was monitored with the 0.9 m SARA-KP telescope at the Kitt Peak
National Observatory (KPNO) and the 0.8 m Ortega telescope at Florida Institute of
Technology in Melbourne, Florida. The observation log is in Table 5.3. The observations
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were made through a Johnson B filter so that this observations can be readily combined with
prior published data. Exposure times of 30 s were used with the SARA-KP telescope site
and 40 s were used with the Ortega telescope. This exposure time was chosen with the
expectation that the star’s pulsation frequency would be less than the Nyquist frequency,
defined by equation (5-1) (Ulf. 1959).
𝑁𝑦𝑞𝑢𝑖𝑠𝑡 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =

1
2 ×(𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑡𝑖𝑚𝑒)

(5-1)

The coordinates of the target and comparison stars are given in Table 5.4.
Table 5.3. Observation Log for V391 Peg

RA

DEC

Observed date (2010)

Observed
time [h]

22 04
12.13

26 25 7.8

(2001) 5/24

62.4

(2002) 11/9, 11/10, 11/12, 11/16
(2005) 9/3
(2010) 9/12,
(2011) 10/20
(2014) 10/11, 10/12, 10/13
Table 5.4. Coordinates of the Target and Comparison Stars (epoch 2000) (http://simbad.ustrasbg.fr)

Target
C1
C2
C3
C4

RA
22: 04: 12.11
22: 04: 09.41
22: 04: 10.61
22: 04: 02.63
22: 04: 19.89

90

DEC
+26: 25: 10.8
+26: 25: 14.0
+26: 23: 44.7
+26: 24: 09.4
+26: 25: 45.0

5.2 HS 0702+6043
Dreizler et al. (2002) identified HS 0702+6043 as an EC14026 star and detected two
pulsation periods, 363 s and 382 s. They estimated Teff = 28400 ± 600 K, log g = 5.35 ± 0.1
and log (N (He) / N (H)) = -2.7 ± 0.1. This places it near the cool end of the EC14026
instability region. Schuh et al. (2006a; 2006b) detected an additional long pulsation period
at 3538 s. Thus, it too is a hybrid pulsator, exhibiting both p-mode and g-mode pulsations
according to Schuh et al. (2006). The period of 3538 s is a g-mode pulsation and the others
are p-mode pulsations. Lutz et al. (2008a) detected two more g-mode pulsations. All known
pulsation periods are listed in Table 5.5. Lutz et al. (2008 b) and Lutz, Schuh & Silvotti
(2010) constructed an O-C diagram of HS 0702+6043 as part of the EXOTIME program.
They estimated that 𝑃̇/𝑃 = 6.81 x 10-12, which indicates the evolutionary timescale of about
1.69 Myr. Lutz (2012) found unconfirmed planet with a period of 659.73 ±59.58 days using
the O-C method. The mass and semimajor axis of the star is 5.58±1.44 MJ and 1.15±0.05
AU.
Table 5.5. Oscillations Detected in the Light Curve of HS 0702+6043 (Lutz et al. 2008 a)
Frequency
[mHz]
2.7539±(NA)
2.6061±(NA)
0.2717±(NA)
0.3181±(NA)
0.2063±(NA)

Period [s]
363.1
383.7
3680.8
3144.2
4847.0
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Amplitude [mmi]
21.7
4.6
1.8
1.3
0.9

HS 0702+6043 was monitored with the 0.9 m SARA-KP telescope at the Kitt Peak
National Observatory (KPNO) and the 0.8 m Ortega telescope at Florida Institute of
Technology in Melbourne, Florida. Table 5.6 presents the observing log. The observations
were made using the Johnson B filter so that they could be tied to those available in the
literature. Exposure times of 30 s were used at the SARA-KP telescope and 40 s were used
at the Ortega telescope. The coordinates of the target and comparison stars are given in
Table 5.7.
Table 5.6. Observation Log for HS 0702+6043

RA

DEC

Observed date (2010)

Observed
time [h]

07 07
09.81

60 38
50.1

(2009) 11/15

60

(2010)2/4, 2/11, 3/25. 4/25,
12/5, 12/6, 12/7
(2011) 1/16, 1/17
2/7, 2/8,2/9, 10/28. 10/29
(2014) 10/11, 10/12, 10/13

Table 5.7. Coordinates of the Target and Comparison Stars (epoch 2000) (http://simbad.ustrasbg.fr)

Target
C1
C2
C3
C4

RA
07:07:09.63
07: 07: 05.61
07: 06: 48.87
07: 06: 36.63
07: 06: 43.43
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DEC
+60: 38: 48.4
+60: 40: 51.4
+60: 42: 00.0
+60: 41: 23.7
+60: 38: 10.8

5.3 PG 0911+456
PG 0911+456 was first identified as a hot star by the Palomar Green survey (Green,
Schmidt & Liebert 1986). The star received the specific classification sdBO, which indicates
that it is an sdB star with the HeI λ4471 absorption line. Koen et al. (1999) found PG
0911+456 to be an EC14026 star that exhibits three pulsation periods: 165.7 s, 161.5 s and
155.8 s. According to Koen et al. (1999), Its physical parameters are Teff = 31,900 ± 200 K,
log g = 5.82 ± 0.02. Randall et al. (2008) found seven independent periodicities in the 140200 s range, which are listed in Table 5.8. The amplitudes of the three dominant peaks were
almost the same as those listed by Koen et al. (1999). In an asteroseismological study
Brassard et al. (2001) calculated its physical parameters, M* = 0.39 M, Teff = 31490 K, log
g = 5.777 and log q(H) = log [M(H)/ M*] = -4.78. Here, M* is the sdB star mass and M(H) is
the mass of hydrogen in the star. The total mass estimated for this star is smaller than most
other sdB stars. They suspected PG 0911+456 is a single star because of its slow rotation,
negligible radial velocity variations, and absence of a stellar companion’s spectroscopic or
near-IR photometric signature. This suggested it might be a good candidate for a planetary
companion search using the O-C method.
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Table 5.8. Oscillations Detected from the Light Curves of PG 0911+456 (Randall et al.
2007)

Frequency [mHz]
6.4199
6.0355
6.1899
5.1934
6.3459
5.9247
6.7102

Period [s]
155.8
165.7
161.6
192.6
157.6
168.8
149.0

Amplitude [mmi]
7.6
2.2
1.0
0.8
0.8
0.5
0.5

PG 0911+456 was monitored with the 0.9 m SARA-KP telescope at the Kitt Peak
National Observatory (KPNO) and 0.8 m Ortega telescope at Florida Institute of Technology
in Melbourne, Florida. The observation log is displayed in Table 5.9. The observations were
made in ‘white light’ to maximize the S/N ratio of the data (i.e. no filters were placed in the
light beam) because pulsations are expected to be panchromatic. Exposure times of 20 s
were used at the SARA-KP telescope and 30 s were used at the Ortega telescope.
Table 5.9. Observation Log for PG 0911+456

RA

DEC

Observed date (2010)

Observed
time [h]

09 14
55.4

45 23 41

(2010) 3/7, 3/10, 4/4, 4/5, 5/6, 12/8

89.5

(2011) 1/12, 1/16, 1/17, 1/18, 2/14,
2/28, 3/1,
3/27, 4/3, 4/4, 4/5, 10/20, 10/28, 10/29
(2012) 1/9

Frequencies larger than the Nyquist frequency involve aliasing so signals higher than
this were not searched. The coordinates of the target and comparison stars are in Table 5.10.
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Table 5.10. Coordinates of the Target and All Comparison Stars (epoch 2000)
(http://simbad.u-strasbg.fr)

Target
C1
C2
C3
C4
C5

RA
09: 14: 55.56
09: 15: 03.40
09: 14: 48.58
09: 15: 05.55
09: 14: 47.44
09: 14: 30.86

DEC
+45: 23: 43.1
+45: 23: 59.0
+45: 24: 18.9
+45: 20: 15.6
+45: 20: 09.6
+45: 21: 56.1

5.4 PG 1613+426
PG 1613+426 is on the list of ultraviolet excess objects in the Palomar Green survey
(Saffer et al. 1994). Bonanno et al. (2003) found PG 1613+426 to be an EC14026 star and
detected three pulsation periods near 144.2s. They determined Teff = 34,400 ± 500 K, log g
= 5.97 ± 0.02 and N(He)/N(H) = 0.022 ± 0.003. These pulsation period was confirmed by
Kuassivi, Bonanno & Ferlet (2005). It is listed in Table 5.11.
Table 5.11. Frequencies Detected in the Light Curve of PG 1613+426 (Oreiro et al. 2007)
Frequency
[mHz]
6.9360

Period [s]
144.2

Amplitude [mmi]
5.0

PG 1613+426 was monitored with the 0.9 m SARA-KP telescope at the Kitt Peak
National Observatory (KPNO) and the 0.8 m Ortega telescope at Florida Institute of
Technology in Melbourne, Florida.

Table 5.12 presents the observation log.

The

observations were made in white light to maximize S/N. Exposure times of 25 s were used
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at the SARA-KP telescope observation site and 35 s were used at the Ortega telescope site.
The coordinates of the target and comparison stars are given in Table 5.13.
Table 5.12. The Observation Log for PG 1613+426

RA

DEC

Observed date (2010)

Observed
time [h]

16 14
46.9

42 27 36

(2010) 4/4, 4/5, 5/6, 5/8, 9/12

43.6

(2011)2/7, 4/4, 5/8, 5/9, 5/21. 5/22. 6/5,
6/6, 6/7

Table 5.13. Coordinates of the Target and All Used Comparison Stars (epoch 2000)
(http://simbad.u-strasbg.fr)

Target
C1
C2
C3

RA
16: 14: 47.07
16: 14: 59.41
16: 14: 24.38
16: 14: 13.39

DEC
+42: 27: 32.8
+42: 28: 16.6
+42: 25: 26.1
+42: 23: 51.0

5.5 PG 1219+534
PG 1219+534 was first identified as a hot star in the Palomar Green survey (Green,
Schmidt & Liebert 1986). The star received a subdwarf classification (sd), which includes
both O and B type subdwarfs. PG 1219+534 has a He-rich atmosphere in contrast to the
other EC14026 pulsators (Koen et al. 1999). Koen et al. (1999) found periods of 148.8 s,
143. 7s, 133.5 s, and 128.1s and estimated Teff = 32800 ± 300 K, log g = 5.76 ± 0.04. Heber,
Reid & Werner (2000) estimated Teff = 33200 K, log g = 5.93 and log (N(He)/N(H)) = -1.60.
This star has one of the highest helium abundances among all EC14026 stars. Charpinet et
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al. (2005) found five more periodicities in 120-175 s range, which are listed in Table 5.14.
They estimated, log Menv (Helium mass)/M* = -4.254 ± 0.147, M* = 0.457 ± 0.012 M, R* =
0.1397 ± 0.0028 R, and L* = 22.01 ± 1.85 M. This is consistent with an absolute magnitude
Mv = 4.62 ± 0.06 and distance d = 531 ± 23 pc.

PG 1219+534 was monitored with the 0.9 m SARA-KP telescope at the Kitt Peak
National Observatory (KPNO) and the 0.8 m Ortega telescope at Florida Institute of
Technology in Melbourne, Florida. Table 5.15 displays the observing log for this object.
The observations were made using a Johnson B filter so they can be tied to the published
data. Exposure times of 30 s were used at the SARA-KP telescope site and 35 s exposure
were used at the Ortega telescope site. The coordinates of the target and comparison are
given in Table 5.16.
Table 5.14. Oscillations Detected in the Light Curve of PG 1219+534 (Charpinet et al. 2005)
Frequency
[mHz]
7.8078
6.9614
7.4897
6.7216
8.1694
7.7460
5.8067
7.3986
6.2977
8.2306

Period [s]
128.1
143.6
133.5
148.8
122.4
129.1
172.2
135.2
158.8
121.5
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Amplitude [mmi]
8.0
7.2
6.9
4.1
1.0
0.5
0.5
0.4
0.3
0.5

Table 5.15. Observation Log for PG 1219+534

RA

DEC

Observed date (2010)

Observed
time [h]

12 21
29.1

53 04 37

(2010) 2/4, 2/11, 3/6, 5/10

25.9

(2011) 3/1, 3/23, 4/10, 4/11, 4/12,
6/5, 6/6

Table 5.16. Coordinates of the Target and All Used Comparison Stars (epoch 2000)
(http://simbad.u-strasbg.fr)

Target
C1
C2
C3
C4
C5

RA
12: 21: 29.31
12: 21: 21.02
12: 21: 08.44
12: 20: 46.83
12: 20: 55.98
12: 20: 54.54

DEC
+53: 04: 40.4
+53: 01: 05.9
+53: 01: 04.9
+53: 04: 40.7
+53: 05: 33.2
+53: 06: 54.7

5.6 EC 20117-4014
EC 20117-4014 was found in the Edinburgh-Cape (EC) Blue Object Survey (Stobie et
al. 1997; Kilkenny et al. 1997). Donoghe et al. (1997) and Randall et al. (2006) detected
three pulsation frequencies: 7.29 mHz (137.3 s), 7.04 mHz (142.0 s) and 6.35 mHz (157.5 s),
which are listed in Table 5.17. The temperature Teff is estimated to be between 32,800 –
36,800 K and the estimated gravity is 5.848 < log g < 5.864. O’Donoghue (1997) mentioned
that the spectra taken indicate that the star may have a companion. However, it has not been
confirmed yet.
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Table 5.17. Oscillations Detected from the Light Curve of EC 20117-4014 (Randall et al.
2006)

Frequency [mHz]
7.2848
7.0352
6.3514

Period [s]
137.3
142.1
157.4

Amplitude [mmi]
3.13
0.92
0.73

EC 20117-4014 was monitored with the 0.6 m SARA-CT telescope at the Cerro Tololo
Inter-American Observatory (CTIO) in Chile. The observation log is presented in Table
5.18. Johnson B filter was used with an exposure time of 40 s in order to provide a means
of tying this observations to data found in the literature. The coordinates of the target and
comparison stars are given in Table 5.19.
Table 5.18. Observation Log for EC 20117-4014

RA

DEC

20 15 4.9 -40 05 44

Observed date (2010)
(2010) 8/30, 10/14, 10/15, 10/16, 11/22,
11/23, 11/24, 12/9, 12/10
(2011) 6/10, 6/11, 6/12, 7/20, 7/21,8/20,
9/19, 9/20, 9/21

Observed
time [h]
80.3

Table 5.19. Coordinates of the Target and Comparison Stars (epoch 2000) (http://simbad.ustrasbg.fr).

Target
C1
C2
C3
C4
C5

RA
20: 15: 04.82
20: 15: 03.33
20: 15: 22.20
20: 15: 26.74
20: 15: 25.93
20: 14: 45.86

99

DEC
-40: 05: 45.2
-40: 05: 28.5
-40: 07: 24.6
-40: 06: 11.9
-40: 08: 22.6
-40: 09: 21.0

6. Results
In this chapter, the timing method results obtained for each star are presented and
discussed. The targets were: V391 Peg, HS 0702+6043, PG 0911+456, EC 20117-4014,
PG 1613+426, and PG 1219+534. Discrete Fourier Transform (DFT) analyses were
performed on the normalized light curves to look for periodic light-time effect changes
in the arrival time of pulsations caused by companions to the target stars. Next, the OC diagrams were created and the methods used to investigate the possibility of
companions to each of the targets are discussed. Finally, a “period vs. amplitude” and
“mass vs. semimajor axis” modeling analysis was performed to restrict companion mass
and semimajor axis combinations which are best in agreement with the observational
data.

6.1 V391 Peg
V391 Peg was chosen as a control target. The results obtained in this research were
compared with the published results of Silvotti et al. (2007) to confirm the timing
methods and analysis used here. It also provides an additional epoch of observations for
this system that may yield evidence for additional companion(s). In this section, O-C
analysis is performed on the data obtained during this research. From the result,
companion candidate physical properties are calculated.
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A DFT plot of the 9/3/2005 (UTC) data for V391 Peg is displayed in Figure 6.1. The
highest and lowest detectable frequencies calculated from for the exposure time and
observing length spanned by the data are 16.7 mHz and 0.07 mHz, respectively. All
peaks detected were between 1 mHz and 10 mHz. Therefore, the DFT is plotted only
over this range in the following figures. Since the data quality of each observation night
is different, weights (1⁄ 2 ) were applied on the light curve data points on each night
𝜎
when the Discrete Fourier Transform analysis was performed for entire observing night.
Using the pre-whitening method described previously, two pulsation peaks where the
amplitude was larger than 4σ were identified. These are listed in Table 6.1. For
comparison, the Silvotti et al. (2002) results are also listed in Table 6.1. The largest
frequencies from both studies agree within the uncertainties of 1E-05. The light curves
and DFT plots of V391 Peg for all observing nights are displayed in Appendices B-3
and C-3.

Because the second pulsation peak could not be detected during some

observation nights due to the poor sky conditions, only the dominant pulsation mode of
V391 Peg (2.86094 mHz) was used to make the O-C diagram.
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Figure 6.1. DFT Plot of V391 Peg from the data of this research – The top panel shows two
significant pulsation peaks. The middle panel shows the effect of pre-whitening by removal
of the largest pulsation peak. The bottom panel shows the result of removing both pulsation
peaks. The horizontal lines denote 1σ and 4σ noise levels.
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Table 6.1. Pulsation Peak Frequencies of V391 Peg. The left panel displays the results from
our study and the right panel shows Silvotti et al. (2002) results.

Otani
Freq (mHz)
Freq  (mHz)
Period (s)
Amp (mmi)
Amp  (mmi)

Silvotti et al. (2002)

F1

F2

F1

F2

2.86094
4.74E-06
349.5
6.02
0.25

2.82449
7.16E-06
354
3.99
0.25

2.86094
1E-05
349.5
-

2.82409
1E-05
354.1
-

Before obtaining the O-C results, pulsation amplitude changes are discussed. In Figure
6.2, the amplitude changes in the 2.86094 mHz mode are plotted as a function of time, along
with a fitted least squares line. The amplitude of V391 Peg varies from 5 to 15 mmi and it
changes every day, apparently with a random component that may depend on the quality of
the night. Since the amplitudes of the pulsations are not constant from day to day and it
typically takes a full night of data to determine them, it was not possible to detect potential
periodic changes in the amplitude shorter than 24 hours. However, Figure 6.2 shows a
gradual decline in amplitude over ~5000 days (-0.004 sec/day). The least squares linear fit
to the data is A(t) = -0.004 × t + 10.9. Because the error bars in amplitude are much smaller
than the scatter in this diagram (the 𝜒 2 for the straight line fit of A(t) = -0.004 × t + 10.9 is
112.5, which shows the probability for the data points to fit the straight line is less than
0.1%), it is suspected that day-to-day variability in the amplitude may be the dominant
influence on this plot. The beating of two closely spaced frequencies, not resolved in the
Fourier spectrum, could cause sinusoidal variability in amplitude. Also, such beat periods
would cause an apparent phase shift, which would directly affect the O-C amplitude
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measurements. However, the period of this day-to-day variability is much shorter than the
detectable periods that could be detected in the O-C curve. Therefore, variability due to the
beating of two closely spaced frequencies was not considered and removed in constructing
the O-C diagram for V391 Peg.

Figure 6.2. Pulsation Amplitude Shift (2.86111 mHz Mode) of V391 Peg using data obtained
during this research. The line is a least squares linear fit to the data:
A(t) = -0.004 × t + 10.9.
The O-C diagram made using the 2.86094 mHz pulsation mode is shown in Figure 6.3.
By fitting sine curves to the O-C diagram after the parabolic fit was removed, a sine curve
with a period of 1369.8 ± 168.9 days and amplitude of 7.7 ± 1.2 s was detected. Table 6.2
lists the results of the sinusoidal curve fits for both results obtained in this research and the
published result of Silvotti et al. (2007). The obtained sinusoidal curve period and amplitude
results of this research matched the Silvotti et al. (2007) results within the error bars.
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Figure 6.3. O-C Diagram of V391 Peg using the data of this project. This O-C diagram was
created using the Arrival Times of the 2.8609 mHz Pulsation Mode. The main sinusoidal
curve was removed by the pre-whitening technique and the residuals are shown in the lower
panel. No additional periodicities are evident. Each point represents a full nigh (or observing
run) of observations.
Table 6.2. Sinusoidal Curve Fits to V391 Peg O-C Diagrams of This Research (2.8609 mHz
Pulsation Mode) and Silvotti et al. (2007).

Period (d)
Amp (s)

Otani

Silvotti et al. (2007)

1369.8±168.9
8.3±0.9

1174±94
5.9±1.6
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The 𝜒 2 of the fitted sine curve and the straight line at O-C = 0 s were calculated and the
results are shown in Figure 6.3. In Figure 6.3, the 𝜒 2 values of the fitted sine curve and
straight line are 1.36 and 20.2, respectively. The probability that the O-C data points fit the
sinusoidal curve and the straight line are higher than 95% and 10%, respectively. Therefore
sine curve fits to the O-C diagram better than the straight line, even though the possibility
that there is no companion around V391 Peg is still remaining with this data quality. It is
suggested that V391 Peg is likely to have a companion.

Using these sinusoidal fits, the physical properties of the companion to V391 Peg were
calculated. According to Silvotti et al. (2007), the mass of V391 Peg is M1 = 0.47 M. Using
this value with the period and amplitude obtained from our data shown in Table 6.2, the
semimajor axis a = 1.9 ± 0.2 AU and the mass of the companion is M2 sin i = 4.3 ± 0.6 MJ.
The results are summarized in Table 6.3. For comparison, the results of Silvotti et al. (2007)
are shown in the same table. Our computed orbital period, M2 sin i, and semimajor axis
matched the Silvotti et al. (2007) results within the error bars.

Therefore, the result of this research verified the analysis method used in our research. If
Silvotti et al. (2007) O-C data points is used, 2 for the sinusoidal curve fit is 2.2 and 2 for
the straight line is 31.6, that shows the probability higher than 95%, which is the same as
this research, for sine curve fit and less than 0.1 % for straight line fit. Since the uncertainty
of the data points for Silvotti et al. (2007) are smaller than the data used in this research,
their data can reject the flat line fit with a better significance. The Silvotti et al. (2007) data
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covered the years 2000 to 2006. On the other hand, the data in this research covered the
years 2001 to 2014 and the same signal caused by an orbital motion was detected. So, the
current data confirmed Silvotti et al. (2007) results and showed that the same orbital period
is still seen after the year 2006.

Table 6.3. Possible Companions to V391 Peg Obtained from This Research and Silvotti et
al. (2007) Research

Otani

Silvotti et al. (2007)

7.7 ± 1.2

5.9 ± 1.6

1369.8 ±168.9

1170 ±44

Semimajor Axis a [AU]

1.9 ± 0.2

1.7 ± 0.1

Mass M sin i [MJ]

4.3 ± 0.6

3.2 ± 0.7

O-C Amplitude A [s]
Orbital Period Porb [d]

Figure 6.4 displays the results of the “period vs. amplitude” and “mass vs. semimajor
axis” modeling experiment to map the range of masses and semimajor axes of the planet that
best fit the O-C diagram. Details about this simulation and creation of the probability plot
are described in Chapter 4. To calculate the most probable semimajor axis consistent with
the span of observations, Equation (3-11) was used. The observations covered about 4892
days. Therefore, using Equation (3-11) and assuming the mass of the sdB primary is M1 =
0.50 M and orbital period P = 4892/2 = 2446 days, the largest detectable semimajor axis of
the companion is a2 = 2.82 AU. To calculate the lowest detectable mass from the observation
span of this research, Equation (3-6) was used. In this case, the lowest detectable mass for
the O-C sinusoidal curve with the amplitude T2 = 4.2 s is M2 sin i = 1.56 MJ.
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The “period vs. amplitude” and “mass vs. semimajor axis” fitting plots in Figure 6.4
show best-fitting O-C sinusoidal curve “period and amplitude” and companion “mass and
semimajor axis” combinations. The best combinations are identified by the 1- contours in
this figure. It shows a few combinations are less than 1- in both fitting plots, and the 1-
contour regions of the “period vs. amplitude” map corresponds with the 1- contour regions
of the “mass vs. semimajor axis” map. One of the region matched with the result of Table
6.3. In the “period vs. amplitude” map, the regions above the rough line above amplitude (T
= 30 s) shows the darker blue in this map. In the “mass vs. semimajor axis” map, the regions
above the rough line of the point of (M2 sin i = 90 MJ & a = 0.5 AU) and the point of (M2 sin
i = 10 MJ & a = 3 AU) shows the darker blue in this map. A companion with these parameters
are not agreement with the data since the sinusoidal curve does not fit within 3-.
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Figure 6.4. “period vs. amplitude”(Top) and “mass vs. semimajor axis”(Bottom) fitting plots
of V391 Peg showing the most likely combinations of O-C sinusoidal curve“period vs.
amplitude” and companion “mass vs. semimajor axis”. That are consistent with the
observations plotted in figure 6.2. The contours shows one, two and three standard
deviations. Companions in the darkly shaded regions are essentially ruled out. Error bars
show the results from our analysis of the O-C curve.
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Additional observations will be needed to more strongly constrain M2 sin i and a2 and to
search for other possible components of the system. Figure 6.4 shows more than one 1-
combinations at P ≈ 500, 720 and 950 days. To determine whether this region is an alias or
not, more frequent observations will be needed. Ideally, at least six data points is needed for
one period. For evaluating P = 500 days sinusoidal curve fits O-C data points well or not,
observation will be needed every 83 days. Figure 6.4 also shows the region where the
confidence interval is higher than 90% near a = 2.4 AU and M2 sin i = 4.8 MJ. If there was
a companion corresponding to this region, the implied period is about 2000 days and the
amplitude in the O-C diagram is about 12 sec. To determine whether this is an alias or not,
at least 4000 days = 11 years of data will be needed. The total time spanned by our
observations is more than 11 years but the coverage is too sparse to provide much constraint
on this issue. At least another decade of regular observations will be needed to rule out this
solution, which is beyond the scope of this project.

The results of our research on V391 Peg indicate the existence of a companion candidate
to higher than a 95% of confidence level. The physical properties of the companion we
derived from our new observations compare favorably with those previously published by
Silvotti et al. (2007). Our results confirm their results and they also demonstrate that our
reduction and analysis procedure is working properly.

6.2 HS 0702+6043
This was originally not planned to be a control star, but Lutz (2011) detected a planetary
candidate around HS 0702+6043 using the O-C method with photometry data from 2007 to
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2010 while we were independently conducting observations of it. Since the time span of the
current data is from 2010 to 2014, we sought to confirm Lutz’ result and to search for
additional companions. This section is constructed similar to section 7.1, i.e., we present
and discuss the O-C diagram, the Mass vs. Semimajor Axis probability plot, and the
probability of the companion candidate being a planet, brown dwarf and low mass star.

A DFT plot for the 9/19/2011-9/21/2011(UTC) observing run is displayed in Figure 6.5.
The highest and lowest detectable frequencies for the HS 0702+6043 data set are 14.7 mHz
and 0.43 mHz. All peaks that were confidently detected were between 1 mHz and 10 mHz,
so the DFT plot includes only this range. Using the same method described in section 7.1,
two pulsation periods (F1 = 2.75 mHz and F2 = 2.60 mHz) were identified; these are listed
in Table 6.4. For comparison, the Lutz (2011) pulsation periods (F1L and F2L) are also shown
in Table 6.4. The light curve and DFT plots for HS 0702+6043 from all nights are displayed
in Appendix B-5 and C-5, respectively. Since both of the pulsation periods were detected in
most of the observation nights (F1=2.75395135 mHz and F2=2.60600112 mHz), both were
used to construct the O-C diagram.
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Figure 6.5. DFT Plot of HS 0702+6043 – The top panel shows both detected pulsation peaks.
The middle panel shows the effect of pre-whitening by removing the largest pulsation peak.
The bottom panel shows the pre-whitening residual after both peaks have been removed.
The horizontal lines mark the 4-σ noise level.
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Table 6.4. Pulsation Frequencies in HS 0702+6043.
The left panel shows the result of the current observations and the right panel shows Lutz’
(2011) result.
Otani
Lutz (2011)
F1
F2
F1L
F2L
Freq (mHz)
Freq σ (mHz)
Period (s)
Amp (mmi)
Amp σ (mmi)

2.75395135
7.30E-08
363.1
18.1
0.4

2.60600112
2.60E-07
383.7
5.1
0.4

2.75394751 2.60600485
1E-07
1E-07
363.1
383.7
-

In Figure 6.6, the amplitude of the 2.7595135 mHz (F1) and 2.60600112 mHz (F2)
pulsation modes are plotted as functions of time and fitted with sinusoidal curves. The
beating of these two closely spaced frequencies, which could not be resolved in the DFT
spectrum, causes sinusoidal variability in amplitude. These beat frequencies cause an
apparent phase shift, which directly affects the O-C amplitude measurements. Lutz (2011)
detected this sinusoidal amplitude variation in both F1L and F2L. The beat periods are 911
days and 76 days (uncertainty is not shown in the paper), respectively and these values are
consistent with the observation results. Our results fit sinusoidal curves with periods of 749
± 30.5 days (F1) and 78 ± 0.27 days (F2), respectively. F1 did not match with Lutz’s result
well but F2 matched well. The 𝜒 2 of these signals are 21.62 and 6.50, so the probability is
about 20% and 80%. However, they did not seem to impose detectable O-C amplitude
variations, which should have the same period as pulsation amplitude variations, so there
was no need to remove them during the process of constructing the O-C diagram for HS
0702+6043.
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Figure 6.6. Pulsation Amplitude of the F1 (Top) and F2 (Bottom) of HS 0702+6043 as a
Function of Date. The lines are a sinusoidal least squares fit to the data of F1 and F2.
Lutz (2010) collected a larger data set (949 hours) for the star than we were able to obtain.
Also, they had access to larger aperture telescopes, yielding better quality data for each night.
Thus, we chose to adopt Lutz’ two pulsation modes for HS 0702+6043 (F1L = 2.75395751
mHz and F2L = 2.60600485 mHz) to construct O-C diagrams. To obtain better precision in
both amplitude and time, data for two to three consecutive nights were combined into each
O-C point. Figures 6.7 – 6.9 show the O-C diagram results after removing the second order
polynomial (𝑃̇ ~ 10−12 ) most likely caused by the cooling of the star.
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Two sinusoidal curves (S1 and S2) were fit to the O-C diagrams for each pulsation mode
(Figure 6.7 and Figure 6.8). The periods computed for S1 and S2 matched the O-C periods
of Lutz within their uncertainties. Table 6.5 lists the results of the sinusoidal curve fits for
each pulsation mode we detected.

F1L pulsation mode with S1 sinusoidal curve fits

F2L pulsation mode with S2 sinusoidal curve fits

Figure 6.7. O-C Diagram of HS 0702+6043 with a S1 Sinusoidal Curve Fits. Top: O-C
Diagram of HS 0702+6043 for the F1L (2.75395751 mHz) Pulsation Modes with a S1
Sinusoidal Curve Fits. Bottom: O-C Diagram of HS 0702+6043 for the F2L (2.60600485
mHz) Pulsation Modes with a S1 Sinusoidal Curve Fits.
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Figure 6.8. The S1 Residuals of the HS 0702+6043 O-C Diagram. Top: O-C Residual for
F1L (2.75395751 mHz) Pulsation Modes with a S2 Sinusoidal Curve Fits. Bottom: O-C
Residual for F2L (2.60600485 mHz) Pulsation Modes with a S2 Sinusoidal Curve Fits.
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Figure 6.9. The S1 and S2 Residuals of the HS 0702+6043 O-C Diagram. After S1 and S2
were removed from the original O-C diagram in Figure 6.7, the residuals are consistent with
a straight line at O-C = 0 s, within the computed uncertainties. Top: O-C Residual for F1L
(2.75395751 mHz) Pulsation Mode. Bottom: O-C Residual for F2L (2.60600485 mHz)
Pulsation Modes.
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Table 6.5. Sinusoidal Curve fits for the HS 0702+6043 O-C Curve Data Points Using F1L
and F2L Pulsations. For comparison, the results obtained in this research and those of Lutz
(2011) are shown. As displayed in Figure 6.7-6.8, both expected sinusoidal curves were
detected in the O-C diagram of this research.

Otani
F1

F2

Lutz (2011)
F1
F2

First
Sinusoidal
Curve Fit
S1=
“HS0702-sin”

Period (d)
Period σ (d)
Amp (s)
Amp σ (s)
Phase
Phase σ

288.9
2.9
8.2
0.9
0.32
0.02
F1

293.1
5.9
12.7
2.6
0.37
0.03
F2

285.9
5.1
3.4
0.5
F1

285.1
11.8
4.5
0.9
F2

Second
Sinusoidal
Curve Fit
S2 =
“HS0702-b”

Period (d)
Period σ (d)
Amp (s)
Amp σ (s)
Phase
Phase σ

584.7
18
5.5
0.9
0.03
0.03

634.3
48.7
7.2
2.6
0
0.06

659.7
59.6
6.5
1.6
-

612.6
57.2
5.7
1.8
-

Figure 6.10 graphically compares our results to those of Lutz. The phases of both his data
and ours are similar. To clarify, our S1 curve corresponds to Lutz’s “HS 0702+6043-sin”
and our S2 curve corresponds to Lutz’s “HS 0702+6043-b” curves.
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Figure 6.10. Graphical Comparison of modified Lutz’ (2011) result (top two plots) for HS
0702+6043 and our work (bottom two plots). Upper left: Lutz’ (2011) fits for his “HS
0702+6043 sin” sinusoidal curve. Upper right: Lutz’ (2011) fits for his “HS 0702+6043 b”
sinusoidal curve. Bottom left: the fitted curve of our data compared to the S1 sinusoidal
curve. Bottom right: the fitted curve of our data compared to the S2 sinusoidal curve. Blue
curves are F1L data. Red curves are F2L data. BJD in this figure is the same modified BJD
as Lutz (2011), which is BJD-24500000. The frequency and phase of “HS 0702+6043 b”
(upper left) matched that of S1 (bottom left). The frequency and phase of “HS0702+6043
sin” (top right) in F1L matched that of S2 (bottom right). Therefore, we conclude that we
have detected the same signals as reported by Lutz (2011).

In the first sinusoidal curve fit shown in Figure 6.7 (S1), both F1L and F2L in our data
have the same period and phase, within the uncertainties listed. However, the sinusoidal
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curve fit indicated that F2L was slightly larger than that of F1L. In the second sinusoidal
curve fit shown in Figure 6.8 (S2), both F1L and F2L have the same period, amplitude and
phase within the uncertainties given. If a sinusoidal curve is caused by orbital motion of a
planet, the same curves should fit all pulsation frequencies. Therefore S2 may indicate an
orbital motion has been detected. However, S1 does not strongly support this conclusion.
Furthermore, the period of S1 is half that of S2, within an uncertainty of both the F1 L and
F2L analyses. Therefore, we conclude S1 is probably a harmonic of S2.

The 𝜒 2 values of the fitted sine curves and the straight line O-C = 0s in the F1L result of
Figure 6.7 are 2.25 s2 and 2.91 s2, respectively. Here, even though the both the sine curve
S1 and the straight line fit well the same way, the sine curve fits slightly better than the
straight line (90% and 80%, respectively). In the F1L result of Figure 6.8, the 𝜒 2 of the fitted
S2 sine curve and the straight line are 1.17 s2 and 2.84 s2. Both the S2 sine curve and the
straight line fit well but here the S2 sine curve fits better than the straight line (80% and 50%,
respectively). Therefore, the sine curve S2 is little more likely to have a physical cause than
the S1 sine curve. The probability that the S2 O-C data points fit with the S2 sinusoidal
curve is higher than 80%, strengthening the probability of that a companion has been
detected.

Using the sinusoidal curves of S1 and S2 for each pulsation mode, the physical properties
of the companion candidate to HS 0702+6043 were calculated. Since there is no published
mass information about HS 0702+6043, the average sdB mass 0.47 M was used for the
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calculation. Using the periods and amplitudes shown in Table 6.4, most likely semimajor
axes and masses of potential companions were calculated. These results are shown in Table
6.6.

We detected Lutz’ (2011) “HS 0702+6043 b” signal in our O-C diagram from the 2011–
2014 observing seasons even though the observation time base of our research was shorter
than his.

Lutz considered this a planetary candidate and our research supports that

conclusion. However, Lutz was skeptical that his “HS 0702+6043 sin” signal corresponded
to a planet candidate because the phase of the O-C diagrams obtained using his F1L and F2L
did not perfectly match. However, his “HS 0702+6043 sin” frequency did match the S1
frequencies of our research for both F1L and F2L within the uncertainty ranges. Also, the
phases of the current S1 data using F1L and F2L were the same, within the uncertainty level.
This also supports the notion that the signature of another planet candidate might be present.
In contrast, in our data for S1 is almost half of the frequency of “HS 0702+6043 b”. We
conclude this is probably a harmonic of “HS 0702+6043 b”.

Figures 6.11 and 6.12 display the results of the “period vs. amplitude” and “mass vs.
semimajor axis” fitting plots for the HS 0702+6043 O-C plot data using the F1L and F2L
pulsation period. Assuming the star’s mass M1 = 0.47 M and known planetary orbital period
P = 1792 d, the largest detectable semimajor axis of a companion is a2 = 2.24 AU. The
smallest detectable mass that could be detected from our O-C sinusoidal curve with the
amplitude T2 = 5.48 s is M2 sin i = 3.82 MJ.
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Table 6.6. Possible Companions to HS 0702+6043 Obtained from This Research and Lutz’
(2011) Research

Otani

Lutz (2011)
S1 = HS 0702+6043 b

F1L

F2L

F1L

F2L

5.48 ± 0.94

7.17 ± 2.62

6.47 ± 1.62

5.68 ± 1.83

orbital period Porb [d]

584.74 ± 17.96

634.27 ± 48.74

659.73 ± 59.58

612.59 ± 57.19

semimajor axis a [AU]

1.064 + 0.022

1.123 + 0.058

1.177 + 0.070

1.120 + 0.069

1.064 - 0.022

1.123 - 0.058

1.177 - 0.072

1.120 - 0.070

5.08 +0.87

6.30 + 2.32

5.770 + 1.912

5.317 + 2.189

5.08 -0.87

6.30 - 2.32

5.770 - 1.684

5.317 - 1.922

O-C amplitude A [s]

Mass M sin I [MJ]

S2 = HS 0702+6043 sin
F1L

F2L

F1L

F2L

8.23 ± 0.94

12.75 ± 2.62

3.35 ± 0.49

4.46 ± 0.85

orbital period Porb [d]

288.93 ± 2.92

293.06 ± 5.85

285.92 ± 5.10

285.07 ± 11.80

semimajor axis a [AU]

0.665 + 0.004

0.671 + 0.009

0.674 + 0.008

0.673 + 0.018

0.665 - 0.004

0.671 - 0.009

0.674 - 0.008

0.673 - 0.019

12.21 + 1.39

18.73 + 3.86

5.220 + 0.833

6.960 + 1.568

12.21 - 1.39

18.73 - 3.86

5.220 - 0.814

6.960 - 1.482

O-C amplitude A [s]

Mass M sin I [MJ]

Figures 6.11 and 6.12 show best-fitting O-C “period and amplitude” and companion “mass
and semimajor axis” combinations for F1L and F2L O-C results. In both figures, the “HS
0702+6043 b” results of our research matched the “period vs. amplitude” and “mass vs.
semimajor axis” fitting plots to the 1-σ level. In the “period vs. amplitude” map of Figure
11, the regions above the rough line above amplitude (T = 20 s) shows the darker blue, which
shows higher than 3- in this map. In the “mass vs. semimajor axis” map, the regions above
the rough line of the point of (M2 sin i = 20 MJ & a = 0.5 AU) and the point of (M2 sin i = 4
MJ & a = 3 AU) shows the darker blue in this map. Therefore, companions with mass M and
a2 are mainly constrained to the lower half of this diagram, where is less than 3-.
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Figure 6.11. “period vs. amplitude”(Top) and “mass vs. semimajor axis”(Bottom) fitting
plots of HS 0702+6043 showing the most likely combination of O-C sinusoidal curve“period
vs. amplitude” and companion “mass vs. semimajor axis” for the F1L frequency. That are
consistent with the observations plotted in Figure 6.7 and 6.8. The contours shows one, two
and three standard deviations. Companions in the darkly shaded regions are essentially ruled
out. Error bars show the results from our analysis of the O-C curve. The “+” mark shows
the combinations of HS0702+6043 b.
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Figure 6.12. “period vs. amplitude”(Top) and “mass vs. semimajor axis”(Bottom) fitting
plots of HS 0702+6043 showing the most likely combination of O-C sinusoidal curve“period
vs. amplitude” and companion “mass vs. semimajor axis” for the F2L frequency. That are
consistent with the observations plotted in Figure 6.7 and 6.8. The contours shows one, two
and three standard deviations. Companions in the darkly shaded regions are essentially ruled
out. Error bars show the results from our analysis of the O-C curve. The “+” mark shows
the combinations of HS0702+6043 b.
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Additional observations will be needed to more strongly constrain M2 sin i and a2 and to
explore the possibility of other components in the system. Since this target is fainter than
other targets (B=14.7 mag), the S/N ratio of pulsations tended to be lower. This causes larger
error bars in the O-C diagram. Because of this, the M2 sin i and a2 of potential companion(s)
are not tightly constrained. Future work on this object should be done using a larger aperture
telescope and longer time span of observations. Unfortunately this will be difficult to
achieve because the oversubscription rates on large telescopes usually preclude long-term
continuous projects.

We conclude that HS 0702+6043 has some type of companion candidate (HS 0702+6043
b) to at least a 80% of confidence level. The features of the companion we identified
confirmed the previously published result of Lutz (2011), and continued to validate the O-C
method used in our research.

6.3 PG 0911+456
Beginning with this section, our targets do not have previously published O-C diagrams.
This section is constructed similar to section 7.1; first, the O-C diagram, then the Mass vs.
Semimajor Axis probability plot, and finally the probability of the companion candidates
being a planet, brown dwarf and low mass star are discussed.

To create the O-C diagram, the pulsation period and amplitude of PG 0911+456 was first
calculated. The DFT plot of the 2/28/2011 - 3/1/2011 (UTC) observing run is displayed in
Figures 6.13 and 6.14.

In Figures 6.13 and 6.14, the highest and lowest detectable
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frequencies are 25 mHz and 0.17 mHz. However, to be consistent with previous sections,
frequencies between 1 mHz and 10 mHz are shown in these figures. Using the same method
described in section 7.1, six pulsation peaks were detected. These are listed in Table 6.7. The
light curves and DFT plots of PG 0911+456 for all nights are given in Appendix B-1 and C1. Out of the six pulsations, two with the largest amplitudes (F1 and F2) were detectable all
night and one was just below our 4-threshold for acceptance. Therefore, these two
strongest pulsation peaks were used for O-C analysis.
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Figure 6.13. DFT Plot for PG 0911+456 with all pulsation frequencies – The top panel shows
all significant pulsation peaks (indicated by number 1-5). The second panel shows the
successive steps of pre-whitening by removing the largest pulsation peak. The third panel
shows the successive steps of pre-whitening by removing the second largest pulsation peaks.
The horizontal lines show 1- σ and 4-σ limits.

127

Figure 6.14. DFT Plot for PG 0911+456 (after removing the three largest pulsation
frequencies) – The top panel shows the successive steps of pre-whitening by removing the
three largest pulsation peaks. The second panel shows the successive steps of pre-whitening
by removing the four largest pulsation peaks. The third panel shows the pre-whitening
residuals after removal of all five pulsation peaks. The horizontal lines show 1-σ and 4-σ
noise levels.
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Table 6.7. Pulsation Peak Frequencies of PG 0911+456

F1
F2
F3
F4
F5

Freq(mHz)
6.41982
6.03550
6.19206
5.91585
5.19399

Freq σ (mHz)
4.7E-07
6.5E-07
1.4E-06
1.5E-06
2.2E-06

Period (s)
155.8
165.7
161.5
169.0
192.5

Amp(mmi)
4.2
3.0
1.4
1.3
0.9

Amp σ (mmi)
0.2
0.2
0.2
0.2
0.2

In Figure 6.15, the amplitude of the 6.41982 mHz (F1) and 6.03550 mHz (F2) pulsation
modes are plotted as functions of time with fitted test sinusoidal curves. The left diagrams
of Figure 6.15 show two close pulsation frequencies of each F1 (top left) and F2 (bottom
left). The black curves show the original DFT results for F1 and F2. The blue curves indicate
the DFT results after the main pulsation peaks of F1 and F2 (the highest peaks in the black
line) were removed. The peaks of both black and blue DFT plots are also indicated on the
graph. The beating of these two close pulsations causes the amplitude changes, which are
shown in the right diagrams of Figure 6.15. The periods of the amplitude variation of each
pulsation mode (F1 and F2) are 178.9 ± 7.4 days and 587.0 ± 40.5 days, respectively. These
values match the expected beat frequencies of F1 ( 6.41982 – 6.41976 [mHz]) and F2
(6.03548 – 6.03550 [mHz] ) shown in the left diagram. As explained in section 7.2, these
beating frequencies not only cause amplitude variations but also phase variations, which
directly affect the O-C curve. Also, according to Breger & Pamyatnykh (2006), the shape of
the phase variation is shifted by π/2 from the shape of the amplitude variation. The O-C
results for both F1 and F2 are shown in Figure 6.19-6.21. In Figure 6.16, the O-C results for
F1 and F2 including the sinusoidal variation due to the beating (red line) are shown. The
period of these sine curves due to the beatings match with the periods of the amplitude
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variations shown in Figure 6.15. The phase is shifted by π/2 with respect to each other. In
Figure 6.17, the O-C result after removing the variations due to the beating is shown. In the
O-C result made from F1, a period of 56.9 ± 0.9 days with amplitude of 2.8 ± 0.8 sec were
detected. In the O-C curve made from F2, a period of 57.0 ± 0.9 days and amplitude of 3.5
± 1.1 sec were detected. Table 6.8 lists the results of the sinusoidal curve fits for both F1
and F2 from our observational data. Figure 6.18 displays the residuals of Figure 6.16 and
7.17 from these fits. The frequencies, amplitudes and phases of the sinusoidal fits in the
Figure 6.17 agree within the uncertainty level, as would be expected if the O-C variations
are caused by the orbital motion of a planet or a companion star around PG 0911+456.

Figure 6.15. PG 0911+456 Pulsation Amplitude Shift caused by beating of two closely
spaced frequencies. Left Panels: beatings in PG 0911+456 for F1 and F2 (top left for F1 and
bottom left for F2). The blue line shows the signal after pre-whitening of the main signal,
shown as a black line. Right Panels: amplitude variations with sinusoidal curve fits of F1
and F2 (top right for F1 and bottom right for F2). The periods of the sinusoidal curve fit for
F1 and F2 amplitude variations are 178.9 ± 7.4 days and 587.0 ± 40.5 days respectively.
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Figure 6.16. PG 0911+456 O-C curves for F1 (top) and F2 (bottom) including the sinusoidal
variation due to the beating of closely spaced frequencies (red line). Red lines are sinusoidal
variation due to the beating of the two base frequencies. Blue curves are the sinusoidal fits
after removing the red sinusoidal variations. Black curves are the combained curve of the
red and the blue curves. Since the observed error bars are large, an O-C(s) = 0 slope fits with
the both F1 and F2 data within uncertainties. There was no significant variation for the black
fit curve when the period of red curve is changed withing the error bar of the pulsation
amplitude curve. However, the black curves fits better than O-C(s) = 0 slope. For the F2
diagram, additional data to cover the maxima nad minima of the black curve would be
nesessary to confirm that the black curve really fits the best. Since some of the data points
represent entire observation runs of 2-3 days, there are horizontal error bars, too. However,
they are too small to display in this plot.
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Figure 6.17. PG 0911+456 O-C results for F1 (top) and F2 (bottom) after removal of the
sinusoidal variation due to the beating of two closely spaced frequencies. Blue curves are
the sinusoidal fits; they are the same as the blue curves in Figure 6.16. The frequencies of
both blue lines match within the uncertainty level.
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Figure 6.18. The residuals of PG 0911+456 O-C diagrams (Top: F1 and Bottom: F2) shown
in Figure 6.17 after the blue curves were removed from the original O-C diagrams. The
straight line indicate that O-C = 0 s.
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Table 6.8. Sinusoidal Curve Fits for the PG 0911+456 O-C Diagram Using F1 and F2.
[F1]
Period (d)

Period σ (d)

Amp (s)

Amp σ (s)

56.9
[F2]
Period (d)

0.9

2.8

0.8

Period σ (d)

Amp (s)

Amp σ (s)

57.0

0.9

3.5

1.1

In Figure 6.17, the 𝜒 2 of the fitted sine curve and straight line for the O-C diagram from F1
are 1.04 and 3.03, respectively. Even though the 𝜒 2 of sinusoidal curve is smaller, both it
and the straight line fit well (99% and 90%, respectively). The 𝜒 2 of the fitted sine curve and
straight line for the O-C diagram from F1 are 5.19 and 8.68, respectively. In this case, the
𝜒 2 of the straight line is smaller than the sine curve fit, but again both the sinusoidal curve
and the straight line fits well (70% and 30% confidence levels, respectively). Therefore,
even though the signature may be seen in the O-C diagram and obtaining similar sinusoidal
curves for both pulsation frequency is suggestive, we cannot declare a companion exists with
this dataset. More observations will be needed to test whether this sinusoidal curve is real
or not, but it is certainly worth following up.

Even though the existence of the companion is not established, the most likely mass and
semimajor axis was calculated for both O-C sinusoidal curves made from F1 and F2. We
assumed that the mass of PG 0911+456 is its published mass, M1 = 0.39 M (Brassard et al.
2001). Using this value with the period and amplitude shown in Table 6.8, a companion
masses of M2 sin i = 9.1±3.1 MJ F1 and 13.65±4.44 MJ and semi-major axes of 0.212±0.002
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AU and 0.225±0.002AU were computed. The results are shown in Table 6.9. The periods
and masses computed from each of the fundamental frequencies in the light curve are the
same with the error bars.
Table 6.9. Possible Companions to PG 0911+456

F1

F2

O-C Amplitude A [s]

2.8 ± 0.8

3.5 ± 1.1

Orbital Period Porb [d]
Semimajor Axis a [AU]

56.9 ± 0.9
0.212 ± 0.002

57.0 ± 0.9
0.225 ± 0.002

Mass M sin i [MJ]

9.1 ± 3.1

13.65 ± 4.44

Since the both O-C diagrams yield almost the same result within the error bars, these
sinusoidal curves are the signature of an orbital motion only if the sinusoidal curves are real,
i.e. not artifacts of the data span and cadence. However, the sinusoidal curves do fit well to
both datasets. Additional observations with higher S/N ratio are needed, but the time span
needed is beyond the scope of this project. Like HS 0702+6043, this star is fainter than most
of our other targets. Its B magnitude is 14.92 mag. Therefore, it is recommended to construct
one O-C data points with more than two consecutive good nights per observing run, in a
series spanning several more years. Also the minimum time length to confirm if there is a
companion or not is at least 114 days, since the orbital period is about 57 days. Even that
would barely detect two complete cycles.

Figure 6.19 displays the results of a “period vs. amplitude” and “mass vs. semimajor
axis” modeling analysis to constrain the range of masses and semi-major axes of a
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hypothetical companion that best fits the O-C diagram for F1 of PG 0911+456. The observed
period was about 600 days so the maximum orbital period of a companion which can be
detected in this research 600/2 = 300 days. Therefore, using equation (3-11) with mass M1
= 0.39 M and orbital period P = 300 days, the largest detectable semimajor axis of the
companions is a2 = 0.64 AU. In this case, the lowest detectable masses for the two O-C
sinusoidal curves with the amplitude T = 2.8 s is M2 sin i = 3.58 MJ.

The plot shows three high probability regions of mass and semi-major axis combinations.
The best M sin i and a combination (1-σ) from Table 6.9, are plotted in Figure 6.19. Not
surprisingly, high probability regions are poorly constrained. In the “period vs. amplitude”
map, the regions above the rough line above amplitude (T = 10 s) shows the darker blue in
this map. In the “mass vs. semimajor axis” map, the regions above the rough line of the
point of (M2 sin i = 100 MJ & a = 0.1 AU) and the point of (M2 sin i = 10 MJ & a = 30 AU)
shows the darker blue in this map. These regions indicates that the signal would have been
detected if there are companions. Therefore, this result eliminate the companion existence
possibility at all regions above the line.
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Figure 6.19. “period vs. amplitude”(Top) and “mass vs. semimajor axis”(Bottom) fitting
plots of PG 0911+456 showing the most likely combinations of O-C sinusoidal curve “period
vs. amplitude” and companion “mass vs. semimajor axis”. That are consistent with the
observations plotted in figure 6.17. The contours shows one, two and three standard
deviations. Companions in the darkly shaded regions are essentially ruled out. Error bars
show the results from our analysis of the O-C curve.

137

To summarize, the resulting O-C curve for PG 0911+456 fits satisfactorily to both
sinusoidal curves and straight lines, so the possible companion candidate was not strongly
constrained. However, this research indicates new observations are well worth obtaining
and it provides useful limits on the requisite observation length and cadence needed to test
whether the possible companion is real or not. At least two orbital cycles (P = 114 days) and
preferably several years of observation are needed. In addition, more than two consecutive
nights’ observation data should be combined to construct each point in the O-C diagram.
Also, this research constrained the area where no companions have been detected, which is
the dark blue regions of Figure 6.19.

6.4 PG 1613+426
To create an O-C diagram, the pulsation frequency and amplitude of PG 1613+426 was
first calculated using the same DFT analysis described in previous sections. The DFT plot
of the 5/21/2011 - 5/22/2011 (UTC) observation run is displayed in Figure 6.20. The highest
and lowest detectable frequencies for the data are 20.0 mHz and 0.11 mHz, respectively. As
in sections 7.1 to 7.3, frequencies between 1 mHz and 10 mHz are shown for consistency.
Using the pre-whitening method outlined previously, the two pulsation peaks were identified
and their parameters are listed in Table 6.10. The light curve and DFT plots for PG
1613+426 obtained on all nights are given in Appendix B-4 and C-4.
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Figure 6.20. DFT plot of PG 1613+426. The top panel shows both detected pulsation peaks.
The second panel shows the successive steps of pre-whitening by the largest pulsation peak.
The third panel shows the pre-whitening residual after removing both pulsation peaks. The
horizontal lines show 1-σ and 4-σ noise levels.
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Table 6.10. Frequencies of PG 1613+426

Freq (mHz)
6.93612
7.35005

Freq σ(mHz)
3.1E-04
2.9E-04

Period (s) Amp (mmi)
144.2
4.1
136.1
4.4

Amp σ (mmi)
0.2
0.2

The left panels of Figure 6.21 show two close pulsation frequencies, F1 (top left) and F2
(bottom left). The black curves show the original DFT results for F1 and F2. The blue
curves indicate the DFT results after the main pulsation peaks of F1 and F2 (the highest
peaks in the black line) were removed. The peaks of both black and blue DFT plots are also
indicated on the graph. The beating of these two close pulsations causes the amplitude shift,
which is shown in the right diagrams of Figure 6.21. The period of the variations seen in the
amplitude of each pulsation mode (F1 and F2) are 67.2 ± 9.2 days and 66.1 ± 2.4 days,
respectedly. 𝜒 2 of the curve fits for F1 and F2 are 0.65 and 5.69, which shows about 99%
and 60% of probability. If both amplitude shift fit to the straight line, the 𝜒 2 results are 2.31
and 5.50, which shows about 90% and 60 % of probability. Since the error bar is large, the
straight line fitting results did not change so much as the sine curve fitting results. However,
these sine curve fitting values match the expected beat frequencies of F1 and F2 shown in
the left panels. As explained in section 7.2, this beat frequency may cause phase variations,
which directly affect the O-C diagram. The O-C diagrams derived from both F1 and F2 are
shown in Figure 6.22 - 6.24. In Figure 6.26, the O-C diagrams of F1 and F2 including the
sinusoidal variation due to the beat frequency (red line) are shown. The periods of these sine
curves match the periods of the variations seen in the amplitude shown in Figure 6.21. The
phase of the two curves is shifted by π/2, as expected. In Figure 6.23, the O-C curve that
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results after removing the effect of beats is shown. Figure 6.24 displays the residuals of
Figure 6.22 and 7.23. Table 6.11 lists the parameters of the sinusoidal curve fits for both F1
and F2 seen in Figure 6.23. The frequencies, amplitudes and phasees of sinusoidal fits in
Figure 6.23 are the same to within the uncertainty level, which strengthens the hypothesis
that the O-C variations are caused by the orbital motion of a companion to PG 1613+426.

Figure 6.21. PG 1613+426 Pulsation amplitude shift caused by beating of two closely spaced
frequencies. Left panels: beat frequencies for F1 (top left) and F2 (bottom left). The blue
line shows the signal after pre-whitening of the main signal. The latter is shown as a black
line. Right Panels: amplitude variations with sinusoidal curve fits to F1 and F2 (top right
for F1 and bottom right for F2). The periods of the sinusoidal curve fits for F1 and F2
amplitude variations are 67.2 ± 9.2 days and 66.1 ± 2.4 days respectively.
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Figure 6.22. PG 1613+426 O-C results for F1 (top) and F2 (bottom) included the sinusoidal
variation due to the beating of the two intrisnic Frequencies (red line). Red curves represent
sinusoidal variations due to the beating. Blue curves are the sinusoidal fits after removing
the red sinusoidal variations. Black curvess are the combined curve of the red and the blue
curves. Since some of the data points represent observation runs of 2-3 days, there are
horizontal error bars too. However, these are too small to display in this plot.
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Figure 6.23. PG 1613+426 O-C results for F1 (top) and F2 (bottom) after removing the
sinusoidal variation due to the beating of the two closely-spaced frequencies. Blue curves
are the sinusoidal fits; they are the same as the blue curves in Figure 6.22. the Frequency of
both blue lines matches to within the uncertainty level.
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Figure 6.24. The residuals of the observed O-C curve for PG 1613+426 compared to a
constant O-C = 0 [s] (straight line of zero slope). Here the blue curves shown in Figure 6.23
have been removed from the original O-C diagram.
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Table 6.11. Sinusoidal Curve Fits for the O-C Diagram Made from F1 and F2 of PG
1613+426
[F1]
Period (d)

Period σ (d)

Amp (s)

Amp σ (s)

56.9
[F2]
Period (d)

0.9

2.8

0.8

Period σ (d)

Amp (s)

Amp σ (s)

57.0

0.9

3.5

1.1

The 𝜒 2 values for the fitted curves and the straight line in the F1 and F2 results shown in
Figure 6.23 were calculated. The 𝜒 2 of the fitted sine curve and straight line for the O-C
diagram from F1 are 0.31 and 0.98, respectively, suggesting a modest improvement by
including the sine curve. However, the straight line fits well, too (99% and 90% of
confidence levels for the sine curve fit and the straight line). The 𝜒 2 of the fitted sine curve
and straight line for the O-C diagram from F2 are 5.52 and 5.15, respectively. In this case,
the sine curve does not provide a statistically significant improvement (50% and 20%
confidence levels for the sine curve fit and the straight line, respectively).

An average sdB mass, M1 = 0.47 M was assumed for PG 1613+426. The dominant periods
in Figure 6.23 are 176.7±8.4 days for F1 and 188.4±32.9 days for F2. These results are
consistent with companion masses of M2 sin i = 4.0±0.9 MJ and 4.1±3.0 MJ. Their semimajor axes are 0.479±0.015 AU and 0.599±0.058 AU, respectively. The result is shown in
Table 6.12.
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Table 6.12. Possible Companions to PG 1613+426

F1

F2

O-C Amplitude A [s]

2.0 ± 0.4

2.1 ± 1.5

Orbital Period Porb [d]

176.7 ± 8.4

188.4 ± 32.9

Semimajor Axis a [AU]

0.479± 0.015

0.500 ± 0.058

Mass M sin i [MJ]

4.0 ± 0.9

4.1 ± 3.0

Figure 6.25 displays the “period vs. amplitude” and “mass vs. semimajor axis” fitting
plots for PG1613+426, which was designed to constrain best-fitting O-C sinusoidal curve
“period and amplitude” and companion “mass and semimajor axis” combinations.
Assuming the average sdB mass M1 = 0.47 M and orbital period P = 430 d, the largest
detectable semimajor axis of a companion is a2 = 0.87 AU. The lowest detectable mass
consistent with the O-C sinusoidal curve of amplitude T2 = 4.2 s is M2 sin i = 4.8 MJ.

Since uncertainty is large, the region of 1-σ contour in Figure 6.25 is large and there are
many sinusoidal curve possibilities to fit the O-C diagram. In the “period vs. amplitude”
map, the regions above the rough line above amplitude (T = 20 s) shows the darker blue in
this map. In the “mass vs. semimajor axis” map, the regions above the rough line of the
point of (M2 sin i = 100 MJ & a = 0.2 AU) and the point of (M2 sin i = 20 MJ & a = 1 AU)
shows the darker blue in this map. If there was a companion in this region, it should have
been detected with this current data. Therefore, we could eliminate companions in the upper
right side of the diagram.
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Figure 6.25. “Period vs. Amplitude”(Top) and “Mass vs. Semimajor Axis”(Bottom) Fitting
Plots of PG 1613+426 showing the most likely combinations of O-C sinusoidal curve“period
vs. amplitude” and companion “mass vs. semimajor axis”. That are consistent with the
observations plotted in figure 6.22. The contours shows one, two and three standard
deviations. Companions in the darkly shaded regions are essentially ruled out. Error bars
show the results from our analysis of the O-C curve.
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In summary, the O-C curve for PG 1613+426 fits both sinusoidal curves and straight lines.
Thus, a possible companion candidate was not strongly indicated but future observations are
certainly warranted. At least two orbital cycles (more than 353 days of observation) will be
needed and more than two consecutive nights’ observation data should be combined to
construct each point of the O-C diagram. Our results currently constrain that potential
companions mass and semimajor axes combinations can be at the lighter regions in the lower
portions of Figure 6.25.

6.5 PG 1219+534
The DFT plot for PG 1219+534 derived from the 9/19/2011-9/21/2011 (UTC)
observation run is displayed in Figure 6.26. The highest and lowest detectable frequencies
for this data are 16.7 mHz and 0.08 mHz, respectively. However, all detected peaks were
between our adopted plot window of 1 mHz to 10 mHz. This object exhibits four pulsation
peaks, which are listed in Table 6.13. The light curve and DFT plots of PG 1219+534 for
all nights are given in Appendix B-7 and C-7, respectively.

The left panels of Figure 6.27 show two close pulsation frequencies, F1 (top left) and F2
(bottom left). The black curves show the original DFT results for F1 and F2. The blue
curves indicate the DFT results after the main pulsation peaks of F1 and F2 (the highest
peaks in the black line) were removed. The peaks of both black and blue DFT plots are also
indicated on the graph. The beating period of these two close pulsations matched with the
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period of amplitude shift. Therefore, these beating may cause the pulsation amplitude shift
over the time. Pulsation amplitude with the fitting sinusoidal curves are shown in the right
diagrams of Figure 6.27. The periods of the variations seen in this object’s two largest
pulsation amplitudes (F1 and F2) are 154.1 ± 2.6 days and 182.3 ± 7.2 days, respectively
(See Figure 6.27). 𝜒 2 of the curve fits for F1 and F2 are 1.4 and 4.4, which shows about
98% and 60% of probability. If both amplitude shift fit to the straight line, the 𝜒 2 results are
10.4 and 26.6, which shows about 20% and less than 0.1 % of probability. No other
variations which may be caused by the beating effect was detected from both F1 and F2
amplitude shift. All other possible variations periods for F1 and F2 amplitudes did not
matched with the actual beating effect. As explained in section 6.2, we suspect this is due
to two closely-spaced beating frequencies, which may also cause phase variations that can
affect the O-C diagram. As outlined above in our discussion of PG 1613+426, we removed
the effects of these beating frequencies before constructing the O-C diagrams. In Figure 6.28,
the O-C diagram with beating effect is shown. In Figure 6.29, the corrected O-C diagram is
shown. Figure 6.30 displayes the residuals of Figure 6.29. The frequencies, amplitudes and
phases of sinusoidal fits in the both O-C diagrams of Figure 6.29 are the same to within the
uncertainty level. We now test the hypothesis that the O-C variations may be caused by the
orbital motion of a planet or a companion stars around PG 1219+534.
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Figure 6.26. DFT plot for PG 1219+534. The top panel shows the all detected pulsation
peaks. The second panel shows the successive steps of pre-whitening by removal of the
largest pulsation peak. The third panel shows the successive steps of pre-whitening by
removal of the two largest pulsation peaks. The fourth panel shows the successive steps of
pre-whitening by removal of the three largest pulsation peaks. The fifth panel shows the
residual after removal of all four pulsation peaks. The horizontal lines indicate 4σ noise
levels. There is a possible 5th peak near 7mHz but it did not meet the 4- threshold.
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Table 6.13. Pulsation Frequencies of PG 1219+534
Freq(mHz)
6.96138
7.49001
7.80758
6.72162

Freq σ (mHz)
1.30E-04
3.60E-04
4.20E-04
5.60E-04

Period (s)
143.6
133.5
128.1
148.8

Amp(mmi)
13.2
4.9
4.3
3.2

A σ (mmi)
0.3
0.3
0.3
0.3

6961.381 [Hz]
6961.307 [Hz]

7490.007 [Hz]
7490.071 [Hz]

Figure 6.27. PG 1219+534 Pulsation amplitude shift caused by beating of two closely spaced
frequencies. Left panels: beat frequencies for F1 (top left) and F2 (bottom left). The blue
line shows the signal after pre-whitening of the main signal. The latter is shown as a black
line. Right Panels: amplitude variations with sinusoidal curve fits to F1 and F2 (top right
for F1 and bottom right for F2). The periods of the sinusoidal curve fits for F1 and F2
amplitude variations are 154.1 ± 2.6 days and 182.3 ± 7.2 days respectively.
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Figure 6.28. PG 1219+534 O-C results for F1 (top) and F2 (bottom) included the sinusoidal
variation due to the beating of the two intrisnic frequencies (red lines). Red curves represent
sinusoidal variations due to the beating. Blue curves are the sinusoidal fits after removing
the red sinusoidal variations. Black curves are the combined curve of the red and the blue
curves. Since some of the data points represent observation runs of 2-3 days, there are
horizontal error bars too. However, these are too small to display in this plot.
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Figure 6.29. PG 1219+534 O-C results for F1 (top) and F2 (bottom) after removal of the
sinusoidal variations due to beating fundamental frequencies. The curves represent the
sinusoidal curve fits. The frequency of both blue lines is the same to within the uncertainty
levels of measurements. Since some of the data points represent one observation run of 233 days, there are horizontal error bars too. However, they are too small to display in this
plot.
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Figure 6.30. The Residuals of the O-C Curve of PG 1219+534 compared to an O-C = 0 s
(straight line).
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In Figure 6.29, the 𝜒 2 of the fitted sine curve and straight line for the O-C diagram from
F1 are 0.13 and 9.41, respectively. This suggests higher confidence level for the sinusoidal
curve (>99%) than for the straight line (<20%). The 𝜒 2 of the fitted sine curve and straight
line for the O-C diagram from F1 are 0.54 and 3.77, respectively. Again, the confidence
level for the sinusoidal curve is slightly higher (>95%) than for the straight line (≈ 70%).
However, both O-C data points fit straight lines with 20% and 70% possibilities, therefore,
we cannot remove the possibilities that there is no companion.

According to Randall et al (2007), PG 1219+534 has a mass M1 = 0.46 M. The periods
detected in Figure 6.28 are 72.36±8.01 days for F1 and 72.81±5.71 days for F2. These results
correspond to companion masses of M2 sin i = 5.00±0.48 MJ and 9.26±2.24 MJ and semimajor axes a= 0.262±0.019 AU and a= 0.263±0.014 AU, respectively. The results are also
shown in Table 6.14.
Table 6.14. Possible Companions to PG 1219+534

F1

F2

O-C Amplitude A [s]

1.3 ± 0.3

2.5 ± 0.6

Orbital Period Porb [d]
Semimajor Axis a [AU]

72.36 ± 8.01
0.262 ± 0.019

72.81 ± 5.71
0.263 ± 0.014

Mass M sin i [MJ]

5.00 ± 0.48

9.26 ± 2.24

Figure 6.31 displays the “period vs. amplitude” and “mass vs. semimajor axis” fitting
plots for PG 1219+534. Using mass M1 = 0.46 M and orbital period P = 430 days, the
highest detectable semimajor axis of a companion is a2 < 0.87 AU. The lowest detectable
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mass for the O-C sinusoidal curve consistent with the observed amplitude T2 = 1.3 is M2 sin
i > 1.5 MJ.

Figure 6.31 shows many regions, where is less than 1- The best Msini and a
combinations given in Table 6.14 are also shown in the figure inside of the 1-region. In
the “period vs. amplitude” map, the regions above the rough line above amplitude (T = 10 s)
shows the darker blue, which indicates larger than 3-. In the “mass vs. semimajor axis”
map, the regions above the rough line of the point of (M2 sin i = 40 MJ & a = 0.1 AU) and
the point of (M2 sin i = 10 MJ & a = 1.0 AU) shows the darker blue. In this region, if there
was a companion, it should have been detected with this quality of data. Therefore, our data
eliminate the companion presence at all regions above the line.

It is concluded that PG 1219+534 probably has a companion to a formal 99% confidence
level for the F1 result. However, several years of additional observations will be needed to
constrain the physical properties of the companion candidate.
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Figure 6.31. “Period vs. Amplitude”(Top) and “Mass vs. Semimajor Axis”(Bottom) Fitting
Plots of PG 1219+534 showing the most likely combinations of O-C sinusoidal curve“period
vs. amplitude” and companion “mass vs. semimajor axis”. That are consistent with the
observations plotted in figure 6.29. The contours shows one, two and three standard
deviations. Companions in the darkly shaded regions are essentially ruled out. Error bars
show the results from our analysis of the O-C curve.
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6.6 EC 20117-4014
The DFT graph of the 9/19/2011 - 9/21/2011 (UTC) observation run is displayed in
Figure 6.32. The highest and lowest detectable frequencies for the data are 12.5 mHz and
0.10 mHz, respectively. As for previously discussed objects, our plot window is between 1
mHz and 10 mHz. Using the pre-whitening method outlined above, three pulsation peaks
were found, which are listed in Table 6.15. The light curve and DFT plots of EC 20117-4014
for all nights can be found in Appendix B-2 and C-2.
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Figure 6.32. DFT plot of EC 20117-4014. The top panel shows the three significant
pulsation peaks (indicated by numbers). The second panel shows the successive steps of prewhitening by removing the largest pulsation peak. The third panel shows the successive steps
of pre-whitening by the two largest pulsation peaks. The fourth panel shows the prewhitening residual after removing all three pulsation peaks. The horizontal lines show 1σ
and 4σ noise levels.
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Table 6.15. Pulsation Peak Frequencies of EC 20117-4014

Freq(mHz)
7.28484
7.03529
6.35145

Freq σ (mHz)
1.10E-04
2.50E-04
5.30E-04

Period (s)
137.3
142.1
157.4

Amp(mmi)
4.3
2
0.9

Amp σ (mmi)
0.2
0.2
0.2

The left panels of Figure 6.33 show two close pulsation frequencies, F1 (top left) and F2
(bottom left). The black curves show the original DFT results for F1 and F2. The blue
curves indicate the DFT results after the main pulsation peaks of F1 and F2 (the highest
peaks in the black line) were removed. The peaks of both black and blue DFT plots are also
indicated on the graph. The beating period of these two close pulsations matched with the
period of amplitude shift. Therefore, these beating may cause the pulsation amplitude shift
over the time. Pulsation amplitude with the fitting sinusoidal curves are shown in the right
diagrams of Figure 6.33. The period of the variations seen in the amplitude of each pulsation
mode (F1 and F2) are 67.0 ± 1.4 days and 19.1 ± 0.2 days, respectively (See Figure 6.32).
𝜒 2 of the curve fits for F1and F2 amplitude shifts are 0.11 and 3.70, which shows about 95%
and 20% of probability. If both amplitude shift fit to the straight line, the 𝜒 2 results are
132.33 and 7.12, which shows less than 0.1% and about 20 % of probability. Therefore the
curve for F1 pulsation amplitude shift is fitting well. For the curve for F2 pulsation
amplitude shift, both sinusoidal curve and linear line fitting probabilities are almost the same.
No other variations which may be caused by the beating effect was detected from both F1
and F2 amplitude shift. All other possible variations periods for F1 and F2 amplitudes did
not matched with the actual beating effect. As explained in section 7.2, beating frequencies
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may cause phase variations, which directly affect the O-C diagram. Phase variations due to
the beating frequencies were detected only for F1 O-C diagram, so the beating effect was
removed prior to constructing our O-C diagrams. In Figure 6.34, the O-C diagrams of F1
including the sinusoidal variation due to the beat frequency (red line) are shown. The periods
of these sine curves match the periods of the variations seen in the amplitude shown in Figure
6.33. The phase of the two curves is shifted by π/2, as expected. In Figure 6.35, the O-C
diagram after the removal of the beat effects are shown. Figure 6.36 is the residual of Figure
6.35. The frequencies, amplitudes and phases of the sinusoidal fits used for both O-C
diagrams in Figure 6.35 are the same, within the uncertainty level. We proceeded to explore
the possibility that the O-C variations may be caused by the orbital motion of a companion
to EC 20117-4014.
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7285.554 [Hz]
7285.372 [Hz]

7035.726 [Hz]
7035.118 [Hz]

Figure 6.33. EC 20117-4014 Pulsation Amplitude Shift Caused by Beating of Two Closely
Spaced Frequencies. Left panels: beat frequencies for F1 (top left) and F2 (bottom left). The
blue line shows the signal after pre-whitening of the main signal. The latter is shown as a
black line. Right Panels: amplitude variations with sinusoidal curve fits to F1 and F2 (top
right for F1 and bottom right for F2). The periods of the sinusoidal curve fits for F1 and F2
amplitude variations are 67.0 ± 1.4 days and 19.1 ± 0.2 days respectively. The F1 amplitude
shows obvious slope of -0.0021 (mmi) per day.
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Figure 6.34. EC 20117-4014 O-C results for F1 included the sinusoidal variation due to the
beating of the two intrisnic Frequencies (red line). Red curves represent sinusoidal variations
due to the beating. Blue curves are the sinusoidal fits after removing the red sinusoidal
variations. Black curvess are the combined curve of the red and the blue curves. Since some
of the data points represent observation runs of 2-3 days, there are horizontal error bars too.
However, these are too small to display in this plot.
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Figure 6.35. EC 20117-4014 O-C results for F1 (top) and F2 (bottom) after removing the
sinusoidal variation due to the beating of the two closely-spaced frequencies. Blue curves
are the sinusoidal fits; they are the same as the blue curves in Figure 6.34. The frequency of
both blue lines matches to within the uncertainty level. Since some of the data points
represent observation runs of 2-3 days, there are horizontal error bars too. However, they are
too small to display in this plot.
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Figure 6.36. The residuals of the EC 20117-4014 O-C curve corrected for sinusoidal
variations (top panel) compared to O-C = 0 [s] (bottom panel). The residuals after the blue
curves were removed from the both of the original O-C diagrams in Figure 6.35 are shown
in the figure.
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The 𝜒 2 of sine curves and a straight line in the F1 result of Figure 6.35 were calculated to
be 0.50 and 17.0, respectively. This indicates that the sine curve provides a significantly
better fit to the data; the formal confidence level for the sinusoidal curve is higher than 95%
and that of the straight line is less than 1%. The 𝜒 2 values for fit sine curve and straight line
for the O-C diagram for F2 are 0.2 and 3.25, respectively. This indicates that the sinusoidal
curve represents the data significantly better (>95% confidence) than the straight line (>70%
confidence).

Both O-C data points (F1 and F2), from which the beating effects were removed, also fits
well with period of 99 days sinusoidal curves. The 𝜒 2 of the sine curves in the F1 and F2
results of Figure 6.37 were calculated to be 2.28 and 0.60, respectively. The confidence level
for the sinusoidal curve is higher than 60% for F1 and 80% for F2. So far, period of 149
days fit better to the data, but period of 99 days cannot be eliminated. F1 result suggests that
there is a companion but the property of companion cannot be constraint with this data.

According to Randall et al (2007), the mass of the sdB star in EC 20117-4014 is M1= 0.55
M. Assuming periods detected in Figure 6.35 (158.01±4.95 days for F1 and 157.70±5.54
days for F2) are correct, these results are consistent with companion masses of M2 sin i =
13.91±1.95 MJ and 13.77±2.17 MJ. Their semi-major axes are 0.468±0.010 AU and
0.468±0.011 AU, respectively. These results are also shown in Table 6.16.
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Table 6.16. Possible Companions to EC 20117-4014

F1

F2

O-C Amplitude T [s]

5.6 ± 0.8

5.6 ± 0.9

Orbital Period Porb [d]
FSemimajor Axis a [AU]

158.01 ± 4.95
0.468 ± 0.009

157.70 ± 5.54
0.468 ± 0.011

Mass M sin i [MJ]

13.91 ± 1.95

13.77 ± 2.17

Figure 6.37 displays “period vs. amplitude” and “mass vs. semimajor axis” fitting plots
for EC 20117-4014. Using mass M1 = 0.55 M and orbital period P = 385 days, the highest
detectable semimajor axis of a companion is a2 < 0.85 AU. The lowest detectable mass for
the O-C sinusoidal curve with the amplitude T2 = 5.6 s is M2 sin i > 7.6 MJ.

The best combinations (1-σ) in Table 6.16 are also shown in the figure and matched with the
region. These figures shows several combinations where companion stars are likely to be
found. In the “period vs. amplitude” map, the regions above the amplitude of (T = 30 s) and
below the amplitude of (T = 7 s) shows the darker blue, which indicate that the data is rub
out any companions with those parameters (1%). In the “mass vs. semimajor axis” map, the
regions above the rough line between (M2 sin i = 100 MJ & a = 0.1 AU) and (M2 sin i = 40
MJ & a = 1 AU) and below the rough line between (M2 sin i = 10 MJ & a = 0.1 AU) and (M2
sin i = 1 MJ & a = 5 AU) show the darker blue in this map. If there was a companion in these
regions, it should have been detected with this current data.
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Figure 6.37. “Period vs. Amplitude”(Top) and “Mass vs. Semimajor Axis”(Bottom) Fitting
Plots of EC 20117-4014 showing the most likely combinations of O-C sinusoidal
curve“period vs. amplitude” and companion “mass vs. semimajor axis”. That are consistent
with the observations plotted in figure 6.33. The contours shows one, two and three standard
deviations. Companions in the darkly shaded regions are essentially ruled out. Error bars
show the results from our analysis of the O-C curve.
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The results of our work on EC 20117-4014 indicate the existence of companion candidate
with higher than 99% confidence level for the F1 result, which is promising, but not
conclusive.

6.7 Summary
In sections 6.1 and 6.2, the results of this research were compared with the previously
published results. It was found that the results of this research matched the published results
within the uncertainties. This strongly implies that the O-C analysis we performed is
essentially correct and/or may be considered to confirm the published results. The O-C
method was used to evaluate the best fitting mass and semimajor axis combinations most
consistent with the observed data. Also, in cases were modulation of the light curve seemed
to result from the beating of two closely spaced fundamental frequencies of pulsation, a sine
curve fitting procedure was compared with the straight line fitting. The results for all of the
program objects are given in Table 6.17. So far, EC 20117-4014+534 is the most promising
candidate for a hidden companion.
Table 6.17. The Result for All of the Program Objects (F1 result)

Confidence
(Companion)

Confidense
(no Companion)

Mass
M2 sin i [MJ]

Semimajoraxis
a [AU]

V391 Peg

95%

10%

4.3 ± 0.6

1.863 ± 0.153

HS 0702+6043

80%

50%

5.1 ± 0.9

1.064 ± 0.022

PG 0911+456

99%

90%

9.1 ± 3.1

0.212 ± 0.002

PG 1613+426

99%

90%

4.0 ± 0.9

0.479 ± 0.015

PG 1219+534

99%

20%

5.0 ± 0.5

0.262 ± 0.019

EC 20117-4014

99%

1%

13.9 ± 2.0

0.468 ± 0.009
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Following that, a “period vs. amplitude” and “mass vs. semimajor axis” modeling was
devised to construct the O-C “period vs. amplitude” and possible companions’ “mass vs.
semimajor axis” combinations plots in order to identify possible aliases and windows of
detectability for companions. These plots identify high probability regions of best-fitting
mass and semimajor axes. Using these diagrams, regions in the m sin i vs. a plane where
companions have been ruled out by the data collected so far were identified.
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7. Discussion
In this chapter the results of our search for companions to sdB stars is discussed. First,
an overview of the results is presented. Following that, the physical properties of the
companions and their stellar systems are discussed. Future research possibilities and
observational opportunities are examined in the closing section of this chapter.

7.1 Overview of Companion Candidates
In this research, six sdB targets were observed to investigate the frequency of
companions around post-main-sequence sdB stars. A short overview of each companion
candidate is given below.
-

V391 Peg b: A sinusoidal variation in the O-C diagram, which revealed the existence
of the planet V391 Peg b, was detected using observation data in this research over the
years 2001-2014.

Since the features inferred for this planet matched with the

previously published results of Silvotti et al. (2007), who used the data between years
2001 and 2006, our project’s result indicates that the same orbital motion signal is still
detectable after the year 2006. Therefore the existence of the planet is suggested and
confirmed by this research.
-

HS0702+6043 b: The sinusoidal variations of the O-C diagrams were detected, which
indicates the existence of a companion, HS0702+6043 Peg b. Its existence was
inferred from the data collected between the years 2011-2014 using the two largest
pulsations. Since the characteristic of the planet we inferred agree with the previously
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published result of Lutz (2011) using the data from the years 2008-2011, this result
indicates that the same orbital motion signal is still detectable. Therefore this research
reconfirms the prior findings.
-

PG0911+456 companion candidates: The O-C diagrams show sinusoidal variations
which suggests that PG0911+456 has a companion. The signal was detected in the
data collected by this research using the two largest pulsations. The most probable
combinations of mass and semimajor axis suggest a M < 3 MJ with semimajor axis
between 0.01 < a < 1 AU; these ranges match the observed O-C points with higher
than 99% and 80% confidence levels for the largest amplitude two pulsation F1 (6.420
mHz) and F2 (6.036 mHz) frequencies. However, a model in which the target has no
companion also matches the observed O-C points with higher than 90% of confidence
level for both F1 and F2. Clearly much more data will be needed to confirm the
existence of this companion. We adopted the highest possibility (>99%) mass (M sin
i=5.00±0.48 MJ) and semimajor axis (a = 0.212±0.002 AU) combination in the
discussion in this chapter.

-

PG1613+426 companion candidates: Sinusoidal variations in the O-C diagrams
indicate PG1613+426 has a companion. The signal was detected from each of the two
largest amplitude pulsations. The most probably combination of mass and semimajor
axis indicates that M < 4 MJ and .01 < a < 0.11 AU. These match the observed O-C
points to higher than 90% confidence level. However, a model with no companion to
the host star is consistent with the observed O-C points to higher than 90% confidence
level. Thus, several years more data will be needed before the question can be settled.
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For discussion, the highest probability combination (>99%) of mass (M sin i=4.0±0.9
MJ) and semimajor axis (a = 0.479±0.015 AU) was used in the discussion which
follows this chapter.
PG1219+534 companion candidates: Sinusoidal variations in the O-C diagram
indicates that PG1219+534 has a companion. The variations were investigated using
the two largest pulsations. Our analysis indicates that the companion candidate is
likely to be real, although several more years of observations will be needed to confirm
it. Since the minimum mass obtained from F1 result is M sin i = 5.00 ± 0.48 MJ, this
companion candidate is likely to be a planet.
-

EC20117-4014 companion candidates: Sinusoidal variations we detected in the OC diagrams for EC20117-4014 suggest that it has a companion. The variations were
investigated using the two largest pulsations. The analysis of this research concludes
that the companion candidate is likely to be real, although additional observations over
several more years will be needed to fully constrain its properties. Since the minimum
mass (M sin i) is higher than 13 MJ, this companion cannot be a planet. We concluded
that it is probably a brown dwarf.

7.2 Constraints on Companion Masses
The masses of each companion were estimated, and the probability of each companion
being a planet, brown dwarf, or low mass star were calculated. The actual mass depends on
the value of the orbital inclination i, which is unknown, so only limits on the absolute mass
were estimated under the assumption of a random distribution of orbital inclinations.
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The value of i could be any values between 0º to almost 90º, but in these systems it cannot
be 90º since eclipses were not observed. The distance between an sdB star and the Earth is
much larger than the semimajor axis of the companion a2 (see Figure 7.1). The highest
inclination limit that does not permit eclipses, θ, can be calculated from Equation (7-1).
𝑅1 +𝑅2
)
𝑎2

𝜃° = 90° − sin−1 (

(7-1)

Figure 7.1. Diagram of the largest inclination limit for which eclipses would not be seen.
To solve equation (7-1), the radius of the sdB host stars and companions must be
estimated. According to Silvotti et al. (2007), the mass and the radius of V391 Peg is M1 =
0.47 M and R1 = 0.23 R. For the other target, the average of an sdB star, 0.2 R (Heber
2009), was used for the calculation. According to Gaudi (2005), the radius of the average
exoplanet, which is heavier than one Jupiter mass, is R2 = 1.2 RJ = 0.12 R. We used this
value to calculate the highest inclination limit for which an eclipse would not be seen (see
Table 7.1).
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Table 7.1. The highest inclination limit without detecting the eclipse for each target

Host Star

Highest Inclination Limit (deg)

Probability of Eclipse (%)

V391 Peg
HS0702+6043
PG0911+456
PG1613+426
PG1219+534
EC20117-4014

89.95
89.91
89.59
89.67
89.41
89.81

0.05
0.09
0.45
0.36
0.59
0.20

The corresponding mass of the companion to each sdB star target as a function of
permitted inclination i is displayed in Figures 7.2. Assuming random distribution of orbital
inclinations, the probabilities of the each companion being planet, brown dwarfs, or low
mass star was calculated and is listed in Table 7.2. From these results, the companions of
V391 Peg, HS0702+6043, PG1613+426 and PG1219+534 are most likely planets. The
companion to EC20117-4014 is most possible to be a brown dwarf. The companions of
PG0911+456 could be either a planet or a brown dwarf.
Table 7.2. Probabilities of the each companion being a planet, brown dwarf, or low mass
star. The random distributions of orbital inclinations were assumed.

Host Star

Planet (%)

Brown Dwarf (%)

Low mass Star (%)

V391 Peg
HS0702+6043
PG0911+456
PG1613+426
PG1219+534
EC20117-4014

78.5
74.4
50.4
80.0
74.7
N/A

17.8
21.3
41.8
16.6
21.0
88.1

3.7
4.3
7.8
3.4
4.3
11.9
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Figure 7.2. The relationship between masses and inclinations i of the hypothetical companion
to each star. The inclinations where the companions must be a star, brown dwarf, or planet
are indicated by horizontal lines.

7.3 Common Envelope Evolution
In this section, the possible evolutionary states of the sdB progenitors and companions
are discussed and compared to the existing models. Soker (1998) described several scenarios
for how the separation of a host star and a companion could be affected by the common
envelope (CE) evolution.

He showed three different critical separation distances for

planetary system evolution, which are:
1) Critical separation for a substellar companion evaporation
𝑀
𝑀𝐽

𝑎𝐸𝑉𝐴 ≅ 10( 2 )−1 𝑅⨀

(7-2)

2) Critical separation for a substellar companion Roche lobe overflow (RLOF)
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1

𝑀

𝑎𝑅𝐿𝑂𝐹 ≅ 1.7η(𝑀2 )−3 𝑅⨀

(7-3)

𝐽

3) Final separation after surviving the CE stage
𝑀

𝑅

𝑀

𝑒𝑛𝑣 −1
𝑎𝐹 = 3α(10𝑀2 )(100𝑅 )(0.3𝑀
) 𝑅⨀
𝐽

⨀

⨀

(7-4)

Here, 𝑀2 is the companion mass, 𝑀𝐽 is Jupiter’s mass and 𝑅⨀ is the solar radius. The
variable η is a dimensionless accretion parameter, which is η ≲ 5 (Soker 1998). The
variable α is an efficiency parameter related to the removal of the common envelope (CE).
Zorotovic et al. (2010) argued that α is between 0.2 and 0.3. R is the radius of the host star
at the tip of the Red Giant Branch (RGB). According to Sweigart & Gross (1978), the
maximum sdB progenitor radius at the tip of RGB is about 0.7 𝐴𝑈 = 150 𝑅⨀ . 𝑀𝑒𝑛𝑣 is the
mass of the envelope of the host star. Kawalar & Hostler (2005) showed that 𝑀𝑒𝑛𝑣 <
0.005 𝑀⨀ for the bluest Horizontal Branch (HB) stars.
As a first topic of discussion, whether the targets of this research are CE survivors is
investigated. As mentioned above, the maximum sdB progenitor radius during RGB is about
0.7 AU. If the orbital separation did not change during the RGB evolution, only the
companion candidates to PG0911+456, PG1613+426, PG1219+534, and EC20117-4014
could have been engulfed by their host star during the RGB. The companion candidates to
V391 Peg and HS0702+6043 did not become engulfed by their host stars. However, Soker
(1996) argued that tidal forces of the host star cause a substellar companion’s orbit decay
during the CE phase when the radius of the star becomes ~ 20% of the orbital separation.
Since the maximum sdB progenitor radius during RGB is about 0.7AU, companions with
orbital separation up to 3.5AU may have formed a common envelope with the host stars.
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Even the companion candidates to V391 Peg and HS0702+6043 probably formed a CE
during the RGB phase. Therefore, all companion candidates in this study were assumed to
have survived the CE phase in the following discussion.

For each companion, the mass and semimajor axis calculated from F1 (strongest pulse
peak) data was used for the discussion. The obtained mass in MJ and orbital separation in
AU and 𝑅⨀ for each target (F1 data) is given in Table 7.3. Using these values, critical
separation for a substellar companion evaporation ( 𝑎𝐸𝑉𝐴 ) and critical separation for a
substellar companion Roche lobe overflow (𝑎𝑅𝐿𝑂𝐹 ) were estimated, which is shown in Table
7.4. For 𝑎𝑅𝐿𝑂𝐹 , η = 5 was assumed to obtain the maximum values. As expected, the
observed orbital separations are much larger than 𝑎𝐸𝑉𝐴 and 𝑎𝑅𝐿𝑂𝐹 so our results suggest that
these companion candidates experienced and survived a CE phase.
Table 7.3: The obtained mass in MJ and semimajor axis in AU and 𝑹⨀ for each target. Only
the data obtained from F1 pulsations is shown.

V391 Peg
HS0702+6043
PG0911+456
PG1613+426
PG1219+534
EC20117-4014

Orbital Separation
a [AU]
1.863 ± 0.153
1.064 ± 0.022
0.212 ± 0.002
0.262± 0.019
0.262 ± 0.019
0.468 ± 0.009

Orbital Separation
a [R⨀]
400.7 ± 32.9
228.9 ± 4.7
45.6 ± 0.43
56.3 ± 4.1
56.3 ± 4.1
100.7 ± 1.9

Mass
M2 sin i [MJ]
4.3 ± 0.6
5.1 ±0.9
9.1 ± 3.1
5.0 ± 0.5
5.0 ± 0.5
13.9 ± 2.0

Table 7.4: Calculated critical separation for a substellar companion evaporation (𝒂𝑬𝑽𝑨 ) and
RLOF (𝒂𝑹𝑳𝑶𝑭 ).
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V391 Peg
HS0702+6043
PG0911+456
PG1613+426
PG1219+534
EC20117-4014

aeva [R⨀]

aRLOF [R⨀]

2.33 ± 0.32
1.97 ± 0.34
1.10 ± 0.37
2.00 ± 0.20
2.00 ± 0.19
0.72 ± 0.10

5.23 ± 0.24
4.94 ± 0.28
4.07 ± 0.46
4.97 ± 0.17
4.97 ± 0.16
3.53 ± 0.17

Using equation (7-4) and the observed projected orbital separation values, combinations
of the red giant radius and the sdB progenitor envelope mass for each target were estimated.
The results are shown in Figure 7.3. Here, the inclination i of the obtained mass is assumed
to be 90º to obtain the smallest possible red giant radius. Even though i and  are not firmly
constrained, the red giant radius and the sdB progenitor envelope mass combination can be
roughly constrained from the result of Figure 7.3.
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Figure 7.3. Combinations of the red giant radius and the sdB progenitor envelope mass for
each target, assuming orbital inclination i is 90º. These values assume the lowest possible
red giant radius. The blue lines were calculated with  = 0.2 and the red lines were calculated
with  = 0.3. The dashed lines indicate the maximum or minimum values after taking into
account companion mass and orbital separation uncertainties. Green lines indicate the
current companion candidates’ orbital separation from the host star. Only for the orbital
separation less than 150 MJis drawn since this value is the maximum possible sdB progenitor
radius during the red giant phase. The results suggest that the progenitor envelope masses of
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V391 Peg, HS0702+6043, PG1219+534 and PG1613+426 are less than 0.0005, 0.0011,
0.0042, and 0.0020 M⨀, respectively.
Figure 7.3 suggests the sdB progenitor envelope masses of four targets were constrained
as follows:
-

V391 Peg: From Figure 7.3, it is concluded that the sdB progenitor envelope mass
should be ≤ 0.0005 M⨀. According to Sweigart & Gross (1978), the maximum sdB
progenitor radius at the tip of RGB is about 0.7 AU = 150 𝑅⨀ . This value can be used
to constrain the sdB progenitor envelope mass range in Figure 7.3. If the envelope
mass was higher than this value, the red giant radii would be larger than 150 𝑅⨀ , which
is the maximum possible radius for sdB progenitors.

-

HS0702+6043: The sdB progenitor envelope mass should be ≤ 0.0011 M⨀ to keep
the red giant radii less than 150 𝑅⨀ .

-

PG0911+456: If the sdB progenitor envelope mass is more than 0.0033 M⨀, the sdB
progenitor radius during the red giant phase was larger than the current orbital
separation of the companion candidate regardless of the α value. In this case, the
companion mostly likely survived engulfment.

-

PG1613+426: The sdB progenitor envelope mass should be ≤ 0.0020 M⨀ to keep the
red giant radii less than 150 𝑅⨀ . The red giant phase is larger than the current orbital
separation of the companion candidate if the sdB progenitor envelope mass is more
than 0.0016 M⨀. In this system the planet appears to have survived engulfment.

-

PG1219+534: The sdB progenitor envelope mass should be ≤ 0.0042 M⨀ to keep the
red giant radii less than 150 𝑅⨀ . If the sdB progenitor envelope mass was more than
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0.0016 M⨀, the sdB progenitor radius in the red giant phase was larger than the current
orbital separation of the companion candidate regardless of the α value. In this case,
the companion most likely survived engulfment by the host star.
-

EC20117-4014: If the sdB progenitor envelope mass was more than 0.0044 M⨀, the
sdB progenitor red giant radius is larger than the observed orbital separation of the
companion candidate regardless of the α value. If so, the companion most likely
survived engulfment.

Due to the poorly determined values of inclination (𝑖) and coefficient (𝛼), the actual
histories of these companions are not strongly constrained. However, the possible ranges
of red giant radii and sdB progenitor envelope masses do provide some constraints and
these can be used as inputs to asteroseismological models of sdB progenitors. Also,
according to Farihi et al. (2010), low mass companions spiral inward (less than a few AU)
during a common envelope phase if the companion is near enough for it to be engulfed by
the evolving host star and make a common envelope. Otherwise, the companions migrate
outward (larger than a dozen AU). All of our companion candidates have orbital separation
less than a few AU. Therefore, they most likely experienced a common envelope episode
and spiraled inward to their host star.

7.4 Predicted Radial Velocity Signals
Can the companions detected in our study be confirmed by detecting radial velocity (RV)
variations in their host stars? As shown below, the RV method is difficult to use on sdB
stars because of the high gravity and low luminosity. In this section, the RV variations
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created from each companion candidates are calculated. The (non-relativistic) RV is
calculated using the relationship below.
f(M) =

(𝑀2 sin 𝑖)3
(𝑀1 +𝑀2 )2

=

𝑃𝐾3
2𝜋𝐺

(7-5)

Where 𝑀1 and 𝑀2 are the masses of the sdB star and companion. P, K, and G are the orbital
period, RV semi-amplitude, and gravitational constant, respectively. As expected, this
relationship shows that the highest RV is obtained when i = 90º. For the purpose of this
discussion, i.e. a “best case scenario,” the RV amplitude was calculated assuming i = 90º.
The calculated RV semi amplitudes for each companion candidate are given in Table 7.5.
As can be seen in the table, all the maximum radial velocities are less than 1 km/s.
Table 7.5. Predicted RV Semi Amplitude

Host Star

Predicted Radial Velocity (km/s)

V391 Peg
HS0702+6043
PG0911+456
PG1613+426
PG1219+534
EC20117-4014

0.13
0.20
0.89
0.25
0.41
0.79

According to Silvotti et al. (2014), there are at least three reasons why lowering the
present detection limitation on radial velocities, which is about 1 𝑘𝑚/𝑠, will not be easy for
these sdB systems.
1) These sdB stars are generally faint (V > 12).
2) A large number of metal lines is required to measure high precision Radial
Velocities. However, the heavy element abundances vary from one sdB star to
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another due to radiative levitation and other processes. Moreover, such metal lines
are generally fewer in number and much weaker than in solar type MS stars.
3)

Since many sdB stars pulsate, RV variations of ≈ 102 ~ 103 𝑚/𝑠 can be caused by
stellar pulsation.

Silvotti et al. (2014) succeeded in measuring the radial velocities of sdB stars to a
precision of 50-100 m/s to a 5  level using the 3.6m Telescopio Nazionale Galileo (TNG).
However, he could not achieve this precision for any of the sdB targets, which have
magnitudes fainter than 12.

7.5 Future Observation Possibilities
Figure 7.4 shows the distribution of minimum masses and orbital separations of detected
companion candidates constrained by the O-C and RV methods. This diagram shows the
detection limits of this research and how to enlarge the detectable range for future research.
As mentioned in section 8.3, common envelope evolution could have occurred if the
original orbital separation was less than 3.5 AU. The orbital period of a companion that has
a separation 3.5 AU is about ten years. Thus, using the O-C method, 20 years of observation
will be needed. This is a much longer time span than was practical for the current project.
Furthermore, this project did not have access to spectrographic instrumentation on a large
aperture telescope.

On the other hand, O-C analysis is not suitable for detecting companions with short
orbital separations (See Figure 7.4). Since light time variations become shorter with shorter
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orbital separations, higher time precision would be needed. From Figure 7.4, it is concluded
that the RV Method can detect lower mass (𝑀2 sin 𝑖) compared with the O-C method when
the orbital separation is less than 0.8 AU. For example, at a = 0.05 AU, the lowest detectable
mass (𝑀2 sin 𝑖) is 10 𝑀𝐽 for O-C method and 5𝑀𝐽 for RV method. Figure 7.4, it is shown
that companions with masses M2 sin i ≥ 8 MJ can be detected with any orbital separation level
using either O-C or RV methods.

Figure 7.4. Minimum Masses and Orbital Separations among this project’s detected planet
candidates. The dots with error bars indicate the companion candidates of this research using
the highest amplitude pulsation (F1) results. The green lines show the lower detection limit
of M2 sin i for both O-C method and RV method. The blue lines indicates expected orbital
periods of companions. The red line is the common envelope evolution limit. If the
semimajor axis is larger than that, the companion star did not form a common envelope.
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Enlarging the detectable range to smaller M2 sin i regions is going to be very challenging
since larger apertures, new instrumentation and techniques that push the current detection
limit will be needed. Both the O-C method, which is best for longer periods, and the RV
method, which is best for shorter periods, will continue to be useful methods to detect
planetary companions.
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8. Conclusions
8.1 Summary of this research
This study focused on a search for substellar companions to six sdB stars using the O-C
pulsation timing method. The formation theory for sdB stars is still under debate and
companions may influence the sdB stars’ formation. If this theory is correct, all sdB stars
should have close companions.

In the O-C method, the difference of the observed times and calculated times of pulsation
intensity maxima is calculated to detect the sdB host star’s “wobble” due to the periodic light
travel time effect on the pulse arrival times. Currently, the most common methods to detect
companions are astrometric, gravitational lensing, radial velocity, and transit methods.
However, none of these are very efficient at detecting small companions near high gravity
sdB stars. In such cases, the O-C timing method should work the best.

In this study, four sdB stars without prior known planets or low mass companions (PG
0911+456, PG 1613+426, PG 1219+534, and EC 20117-4014) were chosen. Two sdB stars
with known planets were used as control samples (V391 Peg & HS 0702+6043) in order to
confirm the accuracy of the procedures used in this study and to confirm the previously
reported planets’ signatures in the O-C diagrams with several additional years of data—and,
possibly, to detect additional companions. The time span of this survey ranged from 1.5
years to 10 years using three telescopes (Ortega, SARA-KP and SARA-CT). Since the
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arrival times of pulses vary by only a few seconds due to the “wobble” of the sdB stars,
timing accuracy was essential. Barycentric Julian Date (BJD) was used for all of the data.
For O-C analyses, evolutionary effects such as cooling of the stars that impose long-term
curvatures in the O-C diagrams were removed from the original O-C data. This was required
only for V391 Peg and HS 0702+6043. Other targets have not yet been observed long
enough (~10 years) to detect such evolutionary effects on the O-C curves. Beating effects
due to unresolved closely spaced frequencies were also removed before the O-C data were
used to look for variations caused by orbital motions.

First, V391 Peg and HS 0702+6043 were analyzed and compared with the published
results. Current data agree with the published data within the formal uncertainty levels, thus
verifying the current methodology, data quality, and confirming previously detected
companions. No additional companions were found in these systems. The exoplanet
candidate V391 Peg b has a minimum mass of 4.3±0.6 MJ and a semimajor axis of 1.9±0.2
AU according to the current data. The exoplanet candidate of HS 0702+6043 was determined
to have a minimum mass of 5.1±0.9 MJ based of F1 (strongest peak) frequency (2.754 mHz)
and 6.3±2.3 MJ based on F2 (second strongest peak) frequency (2.606 mHz), respectively.
The semimajor axis of HS 0702+6043 was estimated to be 1.064±0.022 AU, based on F1
frequency and 1.123±0.058 AU based on F2 frequency.

Among the other sdB targets, the data for EC 20117-4014 and PG 1219+534 O-C show
obvious sinusoidal variations in both F1 and F2 frequencies, most likely caused by the
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existence of companions. The brown dwarf candidate of EC 20117-4014 has a minimum
mass of 13.91±1.95 MJ based on the analysis of the F1 frequency (7.285 mHz) and
13.77±2.17 MJ based on the F2 frequency (7.035 mHz), respectively.

The projected

semimajor axes of EC 20117-4014 is 0.469±0.009 AU based on F1 frequency and
0.468±0.011 AU based on F2 frequency. The confidence levels that the resulting O-C
diagram indicate companion existence is higher than 99% for F1 and higher than 95% for
F2. The probability that these are false detections is less than 1% for F1 and less than 40 %
for F2.

The project detected a companion candidate to PG 1219+534 which has a minimum mass
of 5.00±0.48 MJ based of F1 frequency (6.962 mHz) and 9.00±2.24 MJ based on F2
frequencies (7.940 mHz), respectively. The projected semimajor axes of PG 1219+534b are
0.262±0.019 AU based on the F1 frequency and 0.263±0.014 AU based on the F2 frequency.
The confidence levels of these detections are higher than 99% for F1 and higher than 95%
for F2. The probabilities that these are false detections are computed to be less than 1% for
F1 and less than 20% for F2. Assuming a random distribution of orbital inclinations, i, the
probability the companion to EC 20117-4014 is a brown dwarf was computed to be 88 %
and the probability of the companion to PG 1219+534 is a planet was computed to be 74 %.

However, companions are not strongly indicated in PG 0911+456 and PG 1613+426.
The O-C data points for both objects showed a possible sinusoidal variation in both the F1
and F2 frequencies. However, O-C curves for these objects also fit within the errors to flat
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lines, which would be consistent with no companion. A “period vs. amplitude” and “mass
vs. semimajor axis” modeling analysis was performed on these data to constrain the possible
ranges of masses and semimajor axes where hypothetical but undetected companions could
exist. For PG 0911+456, companions with a2 > 0.3 AU and M sin i > 30 [MJ] could be ruled
out with the current data set. For PG1613+456, companions with a2 > 0.2 AU and M sin i
> 50 MJ could be ruled out with the current data set.

8.2 Outlook
All of these targets warrant more observations over the next decade. The highest priority
targets are EC 20117-4014 and PG 1219+534, since they show evidence of companions with
the existing data that need to be confirmed and it may be expected that additional longerperiod or smaller-mass planets may exist. In addition, a longer time span will make error
bars smaller, so more precise physical parameters will be provided.

More than two

additional orbital cycles with at least six O-C points per cycle is needed to strongly constrain
the data. Therefore, at least 316 days and 144 days of additional observation will be needed
for EC 20117-4014 and PG 1219+534, respectively. Since all stars are observable only about
six months per year, about two new observation seasons are needed for EC 20117-4014 and
one new observation season is needed for PG 1219+534 to confirm the detected companion
candidates. To obtain more than six O-C data points per cycle, at least one O-C data point
in every 26 days is needed for EC 20117-4014 through an observation season, and at least
one O-C data points in every 12 days is needed for PG 1219+534.
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For the all the stars in our study except V391 Peg and HS 0702+6043, the semimajor
axis regions spanned by the data collected in this research is < 1AU. In our solar planetary
system, only Mercury and Venus are in this region. In our system; six planets out of all eight
are out of this detectable semi major axis region. To extend the detectable semimajor axis
range, longer observation spans will be needed. Assuming the average sdB mass (0.47𝑀⨀),
observations of 1066 days (~2.9 years) are needed to detect a companion with projected
semimajor axis a = 1 AU, 3014 days (~8.2 years) are needed to detect the semimajor axis a
= 2 AU, and 11914 days (~32 years) is needed to detect the semimajor axisa a = 5AU. Such
time spans were not practical for this study.

Among six sdB targets (including the two with known companion), companion
candidates were detected in four stars. Companions in the remaining two targets that were
observed cannot be ruled out yet. Thus, at least two thirds of our sample of sdB stars have
companions. This strongly suggests that planetary survivors are common in post-MS sdB
stars and strengthens the hypothesis that at least substellar companions may be important to
the formation of sdB stars in general. In addition, the semimajor axes of companion
candidates to PG1219+534 and EC20117-4014 are less than 0.7 AU, so these companion
candidates are likely to have survived the red giant engulfing of the host star. This suggests
the survival rate of planets within ~1 A.U. of their post-main-sequence host stars is quite
high. This is an important clue for models of planetary system evolution as well as a glimpse
of the Earth’s future fate. For future research, completing the search for periodic light time
variations among other pulsating single sdB stars should be a high priority.
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Appendix A
IDL code for “Mass vs. Semimajor Axis” Modeling
The IDL codes for “mass & semimajor axis” fitting models to calculate the best “mass
& semimajor axis” combinations are given below.

“contour1.pro” is the “period &

amplitude” simulation program and “contour2.pro” is the fitting equation which is used with
“contour1.pro”. “contour1.pro” was run after both “contour1.pro” and “contour2.pro” were
compiled. Both programs work at the same time and a contour graph was saved as
“contour.eps”. I wrote an explanation for each part of the program after “;” .
“contour1.pro” (“mass & semimajor axis” fitting models program. After “;” is my
explanation for the program). This equation is an example of when a sdB host star has

0.55 M.

pro contour1
; SET UP THE SIZE AND ARRANGEMENT OF THE GRAPH
loadct,10
set_plot,'ps'
device,filename='tomomi.eps',xsize=100,ysize=50.0,/encap,/color,bits=8
!P.Multi=[0,1,1]
!P.font = 0
margin = 0.12
!P.charsize = 5
!x.thick=15
!y.thick=15
; SET UP BASIC AXES OF THE CONTOUR GRAPH

nx=100
ny=1000
xmin=0.01

; Number of points in x direction
; Number of points in y direction
; set the lowest number of x
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xmax=1.0

; set the highest number of x

ymin=1.0
ymax=100.0

; set the lowest number of y
; set the highest number of y

; MAKE 1 DIMENSION ARRAYS CONTAINING VALUES OF THE x-AXIS AND y-AXIS
xaxis=xmin + findgen(nx)*(xmax-xmin)/(nx-1)
yaxis=ymin + findgen(ny)*(ymax-ymin)/(ny-1)
; z IS A 2 DIMENSIONAL ARRAY WHICH WILL CONTAIN THE DATA VALUES
z=fltarr(nx,ny)
; x2d and y2d ARE ARRAYS THAT HAVE THE SAME SIZE AS z
x2d=z
y2d=z
for j=0,nx-1 do y2d(j,*)=yaxis
for j=0,ny-1 do x2d(*,j)=xaxis
; GETTING DATA FROM THE TEXT
infile = 'O-C1.txt'; this file is an O-C diagram data file
nn = file_lines(infile)
data = fltarr(3,nn)
; create the data array
openr, lun, 'O-C1.txt', /get_lun ; open the data file
readf, lun, data
; read data from the file
close, /all
; close the data file
xx = reform (data(0,*)) ; get x values from the data (time)
yy = reform (data(1,*)) ; get y values from the data (O-C Values)
zz = reform (data(2,*)) ; get z values from the data (uncertainties)
m=n_elements(xx)
w = fltarr(m)
w = 1/(zz^2); Setting weight
a = [0,0]

; Setting the variable value

;FIT THE DATA TO SINE CURVES FOR ALL VALUES OF C (semimajor axis)=0.1-10 and
;D (star mass)=0.1-100
x=1
while (x ne 101) do begin
y=1
while (y ne 1001) do begin
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; FIT THE DATA TO SINE CURVES
common vart, c, d
; share variable c and d with contour2.pro
c = x/100.0
d = y/1.0
fit=curvefit(xx,yy,w,a,function_name='contour2')
; GETTING RESIDUALS
F = (c*d*0.9526*(0.5/0.55))*sin(2*!pi*(1/(sqrt(c^3)*516.4849184*sqrt(0.5/0.55)))*xx+A[0])+A[1]
b = abs((F-yy)/zz)
; GETTING AVERAGE OF THE RESIDUAL
i = x-1
j = y-1
z(i,j) = max(b)

; calculating the standard deviation

y = y+1
endwhile
x = x+1
endwhile
; MAKE A CONTOUR GRAPH
Contour, Z, XAXIS, YAXIS, $
Level = [1, 2, 3], $
C_ANNOTATION = ['1','2','3'], $
C_CHARSIZE=3,/ylog, /xlog,$
xstyle = 1, xrange = [0.1, 1.0], $
ystyle = 1, yrange = [1.0, 100.0], xtitle = 'Semimajor Axis (AU)', ytitle = 'M.sin(i)(Mj)'
!P.charsize = 1
device, /close
END

“contour2.pro” (fitting equation) – This equation is an example of when a sdB host
star has 0.55 M.
PRO contour2, xx, A, F, pder
common vart
; Sine curve with values c (semimajor axis) and d (mass)
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F = ((c*d*0.9526*0.5)/0.55)*sin(2*!pi*(1/(sqrt(c^3)*516.4849184*sqrt(0.5/0.55)))*xx+A[0])+A[1]
IF N_PARAMS() GE 4 THEN $
pder =
[[((c*d*0.9526*0.5)/0.55)*2*!pi*cos(2*!pi*(1/(sqrt(c^3)*516.4849184*sqrt(0.5/0.55)))*xx+A[0])],
[replicate(1.0, N_ELEMENTS(xx))]]
END
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Appendix B
Light curves of all targets observed
B-1: Light Curve of V391 Peg

Figure B-1.1: Light Curve of 2001/05/24 UT
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Figure B-1.2: Light Curve of 2002/11/09 UT

Figure B-1.3: Light Curve of 2002/11/10 UT
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Figure B-1.4: Light Curve of 2002/11/12 UT

Figure B-1.5: Light Curve of 2002/11/16 UT
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Figure B-1.6: Light Curve of 2010/09/12 UT

Figure B-1.7: Light Curve of 2011/10/20 UT
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Figure B-1.7: Light Curve of 2014/10/11 UT

Figure B-1.7: Light Curve of 2014/10/12 UT
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Figure B-1.7: Light Curve of 2014/10/13 UT
B-2: Light Curve of HS0702+6043

Figure B-2.1: Light Curve of 2009/11/15 UT
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Figure B-2.2: Light Curve of 2010/02/04 UT

Figure B-2.3: Light Curve of 2010/02/11 UT
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Figure B-2.4: Light Curve of 2010/03/06 UT

Figure B-2.5: Light Curve of 2010/03/25 UT

219

Figure B-2.6: Light Curve of 2010/04/25 UT

Figure B-2.7: Light Curve of 2010/12/05 UT
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Figure B-2.8: Light Curve of 2010/12/07 UT

Figure B-2.9: Light Curve of 2011/01/16 UT
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Figure B-2.10: Light Curve of 2011/01/17 UT

Figure B-2.11: Light Curve of 2011/02/07 UT
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Figure B-2.12: Light Curve of 2011/02/08 UT

Figure B-2.13: Light Curve of 2011/02/09 UT
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Figure B-2.14: Light Curve of 2011/10/28 UT

Figure B-2.15: Light Curve of 2011/10/29 UT
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Figure B-2.16: Light Curve of 2014/10/11 UT

Figure B-2.17: Light Curve of 2014/10/12 UT
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Figure B-2.18: Light Curve of 2014/10/13 UT
B-3: Light Curve of PG0911+456

Figure B-3.1: Light Curve of 2010/03/10 UT
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Figure B-3.2: Light Curve of 2010/05/06 UT

Figure B-3.3: Light Curve of 2011/01/12 UT
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Figure B-3.4: Light Curve of 2011/01/16 UT

Figure B-3.5: Light Curve of 2011/01/17 UT
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Figure B-3.6: Light Curve of 2011/03/01 UT

Figure B-3.7: Light Curve of 2011/10/28 UT
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Figure B-3.8: Light Curve of 2012/01/09 UT
B-4: Light Curve of PG1613+426

Figure B-4.1: Light Curve of 2010/04/04 UT
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Figure B-4.2: Light Curve of 2010/04/05 UT

Figure B-4.3: Light Curve of 2010/05/06 UT
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Figure B-4.4: Light Curve of 2010/05/08 UT

Figure B-4.5: Light Curve of 2010/09/12 UT
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Figure B-4.6: Light Curve of 2011/02/07 UT

Figure B-4.7: Light Curve of 2011/04/04 UT
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Figure B-4.8: Light Curve of 2011/05/08 UT. The light curve, which has a large
amplitude variation, is caused by the beat of two close frequencies.

Figure B-4.9: Light Curve of 2011/05/09 UT
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Figure B-4.10: Light Curve of 2011/05/21 UT

Figure B-4.11: Light Curve of 2011/05/22 UT
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Figure B-4.12: Light Curve of 2011/06/06 UT

Figure B-4.13: Light Curve of 2011/06/07 UT
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B-6: Light Curve of PG1219+534

Figure B-5.1: Light Curve of 2010/02/04 UT

Figure B-5.2: Light Curve of 2010/02/11 UT
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Figure B-5.3: Light Curve of 2010/03/06 UT

Figure B-5.4: Light Curve of 2010/05/10 UT
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Figure B-5.5: Light Curve of 2011/02/28 UT

Figure B-5.6: Light Curve of 2011/03/01 UT using Ortega Telescope
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Figure B-5.7: Light Curve of 2011/03/01 UT using SARA-N Telescope

Figure B-5.8: Light Curve of 2011/03/23 UT
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Figure B-5.9: Light Curve of 2011/04/10 UT

Figure B-5.10: Light Curve of 2011/04/11 UT
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Figure B-5.11: Light Curve of 2011/04/12 UT

Figure B-5.12: Light Curve of 2011/06/05 UT using Ortega Telescope
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Figure B-5.13: Light Curve of 2011/06/05 UT using SARA-N Telescope

Figure B-5.14: Light Curve of 2011/06/06 UT
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B-6: Light Curve of EC20117-4014

Figure B-6.1: Light Curve of 2010/08/30 UT
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Figure B-6.2: Light Curve of 2010/10/14 UT

Figure B-6.3: Light Curve of 2010/10/15 UT
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Figure B-6.4: Light Curve of 2010/10/16 UT

Figure B-6.5: Light Curve of 2010/11/22 UT
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Figure B-6.6: Light Curve of 2010/11/23 UT

Figure B-6.7: Light Curve of 2010/11/24 UT
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Figure B-6.8: Light Curve of 2011/06/10 UT

Figure B-6.9: Light Curve of 2011/06/11 UT
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Figure B-6.10: Light Curve of 2011/06/12 UT

Figure B-6.11: Light Curve of 2011/07/20 UT
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Figure B-6.12: Light Curve of 2011/07/21 UT

Figure B-6.13: Light Curve of 2011/08/20 UT
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Figure B-6.14: Light Curve of 2011/08/21 UT

Figure B-6.15: Light Curve of 2011/09/19 UT
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Figure B-6.16: Light Curve of 2011/09/20 UT

Figure B-6.17: Light Curve of 2011/09/21 UT
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Appendix C
Discrete Fourier Transform spectra for
all Observation Nights
C-1: DFT of V391 Peg

Figure C-1.1: DFT on 2011/05/22 UT -2011/05/24 UT

Figure C-1.2: DFT on 2002/11/09 UT -2002/11/12 UT
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Figure C-1.3: DFT on 2002/11/16 UT

Figure C-1.4: DFT on 2005/09/03 UT
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Figure C-1.5: DFT on 2010/09/12 UT

Figure C-1.6: DFT on 2011/10/20 UT
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C-2: DFT of HS0702+6043

Figure C-2.1: DFT on 2009/11/15 UT

Figure C-2.2: DFT on 2010/02/04 UT
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Figure C-2.3: DFT on 2010/02/11 UT

Figure C-2.4: DFT on 2010/03/25 UT
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Figure C-2.5: DFT on 2010/04/25 UT

Figure C-2.6: DFT on 2010/12/05 UT -2010/12/07 UT
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Figure C-2.7: DFT on 2011/01/16 UT -2011/01/17 UT

Figure C-2.8: DFT on 2011/02/07 UT -2011/02/09 UT
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Figure C-2.9: DFT on 2011/10/28 UT -2011/10/29 UT

C-3: DFT of PG0911+456 UT

Figure C-3.1: DFT on 2010/03/10 UT
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Figure C-3.2: DFT on 2010/05/06 UT

Figure C-3.3: DFT on 2011/01/12 UT -2010/01/17 UT
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Figure C-3.4: DFT on 2011/02/14 UT

Figure C-3.5: DFT on 2011/03/27 UT -2011/04/05 UT
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Figure C-3.6: DFT on 2011/10/20 UT -2011/10/28 UT

Figure C-3.7: DFT on 2012/01/09 UT
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C-4: DFT of PG1613+426

Figure C-4.1: DFT on 2010/04/04 UT -2010/04/05 UT

Figure C-4.2: DFT on 2010/05/06 UT -2010/05/08 UT
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Figure C-4.3: DFT on 2010/09/12 UT

Figure C-4.4: DFT on 2011/02/07 UT
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Figure C-4.5: DFT on 2011/04/04 UT

Figure C-4.6: DFT on 2011/05/08 UT -2011/05/09 UT
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Figure C-4.7: DFT on 2011/05/21 UT -2011/05/22 UT

Figure C-4.8: DFT on 2011/06/05 UT -2011/06/07 UT
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C-5: DFT of PG1219+534

Figure C-5.1: DFT on 2010/02/04 UT

Figure C-5.2: DFT on 2010/02/11 UT
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Figure C-5.3: DFT on 2010/03/06 UT

Figure C-5.4: DFT on 2010/03/23 UT
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Figure C-5.5: DFT on 2010/05/10 UT

Figure C-5.6: DFT on 2011/02/28 UT -2011/03/01 UT
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Figure C-5.7: DFT on 2011/03/23 UT

Figure C-5.8: DFT on 2011/04/10 UT -2011/04/12 UT
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Figure C-5.9: DFT on 2011/06/05 UT -2011/06/06 UT

C-6: DFT of EC20117-4014

Figure C-6.1: DFT on 2010/08/30 UT -2010/08/31 UT
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Figure C-6.2: DFT on 2010/10/14 UT -2010/10/16 UT

Figure C-6.3: DFT on 2010/11/22 UT -2010/11/24 UT
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Figure C-6.4: DFT on 2011/06/10 UT -2011/06/12 UT

Figure C-6.5: DFT on 2011/07/20 UT -2011/07/21 UT
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Figure C-6.6: DFT on 2011/08/20 UT -2011/08/21 UT

Figure C-6.7: DFT on 2011/09/18 UT -2011/09/21 UT
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Appendix D
Finding Chart of Each Star

Figures D.1 to D.7 are finding charts of the targets of this project.

Figure D.1: Finding Chart of V391 Peg (http://simbad.u-strasbg.fr)
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Figure D.2: Finding Chart of HS0702+6043 (http://aladin.ustrasbg.fr/)

Figure D.3: Finding Chart of PG0911+456 (http://cas.sdss.org/)
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Figure D.4: Finding Chart of PG1613+426 (http://cas.sdss.org/)

Figure D.5: Finding Chart of PG1219+534 (http://cas.sdss.org/)
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Figure D.6: Finding Chart of EC20117-4014 (http://simbad.ustrasbg.fr)
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