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We present updated observations of a pilot survey of 14 pulsating DA

white dwarfs, monitored for evidence of center-of-mass motion caused by a

planetary companion. We have nearly doubled the number of periodicites for

which we can produce O−C diagrams that document pulse arrival times from

our stars, and have implemented a method to minimize the apertures we use

in our reductions in order to reduce sky noise. In addition to a previously

published candidate, GD66, we have identified at least four more systems wor-

thy of rigorous observational follow-up. We have also implemented a method,

a generalized Lomb-Scargle periodogram, that takes into account weighted

points in order to characterize any periodic behavior present in our O − C

diagrams.

For at least one DAV within this same sample, we have found strong

observational evidence for an evolutionary time scale (via the rate of period
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change) that is inconsistent with cooling alone. In that star, WD0111+0018,

we report for the first time measurement of the rate of period change of non-

linear combination frequencies in a pulsating white dwarf. We speculate that

this may be caused by a changing rotation rate that affects only modes with

m 6= 0.
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± 0.008 x 10−12 s s−1. Top Right: The other parent mode,
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Chapter 1

Introduction

All is quiet on the mountain. So it seems.

The cloudless sky is wet with stars, silently burning in the distance. A

dry wind shakes noise into the void, joining the quiet hum of gears guiding the

2.1m Otto Struve telescope.

But our eyes are fixed on stars a-singing. Our ears useless, we see their

notes dance on screen, keeping nearly perfect time in the quiet night.

This thesis is about pulsating white dwarfs, dying stars with a heart-

beat. The tones they make are so consistent that we on Earth, dozens of

light years away, can learn a great deal about them by detecting any subtle

changes in their music. Watching their many notes from night to night, year to

year, we can detect the influence of giant planets orbiting the pulsating white

dwarfs and put limits on the rate at which their periods change. Watching

long enough, we can deduce the time it takes for these white dwarfs to cool,

and even probe the chemical composition of their degenerate cores.

Perhaps there is more yet to discover from the music of these dying

stars.
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1.1 A Brief History of Variable DA White Dwarfs

White dwarfs are the geriatric remnants of low-mass stars, those with

initial masses below about 8 M�. After mass-loss episodes in the red-giant

and planetary nebula stages, fusion byproducts in the stellar core are all that

remain. Without an energy source to counterbalance gravity, electron degen-

eracy pressure eventually provides the needed support. White dwarfs end up

as extremely dense objects, with a mean mass of 0.65 M� worth of material

(Falcon et al 2010) crammed into a volume the size of Earth.

Without energy generation from fusion, a white dwarf is simply a star

in its last throws of existence, cooling into the abyss. While the electrons in the

interior of a white dwarf are degenerate, the ions are not, and they provide the

reservoir of residual thermal energy. The interior density is so high there that

this thermal energy is transported by conduction, but a thin, non-degenerate

layer of material blankets the exterior of the white dwarf, controlling the rate

at which energy leaks out.

This non-degenerate envelope most affects our visual observations of

radiation from the white dwarf. Due to high surface gravities, heavier ele-

ments tend to settle toward the center of cooling white dwarfs, exaggerating

chemical stratification that has taken place in previous stages of the star’s evo-

lution. This gravitational settling often causes white dwarfs to show spectra

dominated by just hydrogen or helium. In fact, about 80% of all white dwarfs

are dominated by the hydrogen Balmer lines (Fleming, Liebert & Green 1986).

These hydrogen-dominated stars are classified as DA white dwarfs.
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As these stars cool, they naturally evolve to an effective temperature of

about 12,000 K, and the hydrogen in their atmospheres begins to recombine,

forming a partial ionization zone. This hydrogen partial ionization zone is

now a crucial source of increased opacity, and random internal fluctuations are

driven into amplified, observable pulsations. A stochastic nonradial expansion

local to the partial ionization zone reduces the density and thus allows for more

hydrogen recombination, cooling that region. The restoring force of buoyancy,

extensive due to the DA’s strong surface gravity, causes this cool region to

contract, increasing the density and thus the temperature and the degree of

ionization (Mukadam 2004). This results in global oscillations, and leads to

the observed class of pulsating DA variable (DAV) white dwarfs. (DAVs are

also referred to as ZZ Ceti stars in the literature.)

The first DAV was discovered accidentally by Arlo Landolt in 1968,

who observed rapid luminosity variations in the white dwarf HL Tau 76. Since,

there have been nearly 150 DAVs discovered as of July 2010 (Castanheira et

al 2010), all within a 1,500-K-wide instability strip. The observed periods are

typically between 100 and 1000 s, consistent with nonradial g-mode pulsations.

The observed light variations are essentially produced by temperature varia-

tions along gravitational equipotential surfaces of the white dwarf (Robinson

et al 1982).
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1.2 The UT White Dwarf Planet Search

Since 2003, the UT White Dwarf group has been training the same

instrument (Argos — see Nather & Mukadam 2004) with the same filter (a

Schott BG40) on the same telescope (the 2.1m Otto Struve at McDonald

Observatory) at a sample of more than a dozen pulsating DA white dwarfs,

amassing a collection of quality lightcurves. This extensive and ever-expanding

data set has provided the backbone for this thesis.

The stars in this sample are hot DAVs, near the blue edge of the DAV

instability strip, chosen because the cooler DAVs evince less amplitude stability

from year to year (see Figure 1.1). The hot DAVs, on the other hand, show an

extremely slow drift in period with time, which we will refer to as Ṗ (dP/dt

= Ṗ ). For the dominant 215 s periodicity in the DAV G117-B15A, which has

been observed since the early 1970s, Kepler et al (2005) conclude that the star’s

Ṗ is dominated by the rate of cooling alone, and is roughly 3.57±0.82×10−15

s s−1. This then sets the stability timescale, P/ Ṗ , at > 2 Gyr, making DAVs

extremely reliable clocks. When such stable clocks have a planet orbiting

them, their reflex motion around the center of mass of the system becomes

measurable. The first confirmed success in the search for extrasolar planets

came using this method with pulsars (Wolszczan & Frail 1992), and it has

recently been used to identify a candidate planet around a pulsating compact

object — a subdwarf B star (Silvotti et al 2007).

The best way to explore this period stability is via an O−C diagram,

plotting the observed time of maximum for a pulsation as compared to when we
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Figure 1.1 A comparison of amplitude stability in hDAVs and cDAVs. Hot,
blue-edge DAVs, such as the hDAV G117-B15A at left, show extremely stable
pulsations from year to year. These two observations of G117-B15A are sepa-
rated by about 6 years. The pulsation spectrum of colder, red-edge DAVs, such
as WD1524-0030 at right, can change dramatically in just one year. Shown are
Fourier transforms of the cDAV WD1524-0030 separated by exactly 2 years.
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expect such a maximum assuming that the star’s pulsations follow a constant

period. In an O − C, the C stands for calculated; given a stable period, we

can do a linear least squares fit to our entire data set to get an overall time of

first maximum (tmax), and compute when we should see a maximum for future

epochs (E = t/P ). The O stands for observed; here we perform a linear least-

squares fit with the stable period at a given epoch in our data set. All of our

lightcurves must be converted to the uniform Barycentric Julian Coordinated

Date in order to account for the motion of Earth about the solar system.

Following Kepler et al (1991), if the period is changing slowly with

time, we can expand the observed time of arrival of the Eth pulse, tE, in a

Taylor series around E0:

tmax |E = tmax |E0 +
dtmax
dE

|E0 (E − E0) +
1

2

d2tmax
dE2

|E0 (E − E0)
2 + ...

The change in arrival time with epoch, dt
dE

, is just the period, P , and

d2tmax
dE2

=
dP

dE
=

dt

dE

dP

dt
= P

dP

dt
= PṖ

Setting the first epoch to zero (E0 = 0) and dropping all terms higher than

second order (assuming that P̈ is negligible) leads us to

tE = t0 + PE +
1

2
PṖE2

Letting tE = O, the observed time of arrival, and letting t′0 + P ′E = C, then

O − C = ∆t0 + ∆P E +
1

2
PṖE2
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where we are accounting for errors by defining t′0 = t0 +∆t0 and P ′ = P +∆P .

Finally, if there is any periodic motion of our star around a center of mass,

our equation for the O − C diagram may be expressed as

O − C = ∆t0 + ∆P E +
1

2
PṖE2 + A sin

(
2π

Π
t+ φ

)
where A is the amplitude of the sinusoidal variation, Π is the period of the

O − C variation, and φ is its phase. As a matter of cleanliness, we can set

E = t/P and recast the above equation as

O − C = ∆t0 +
∆P

P
t+

Ṗ

2P
t2 + A sin

(
2π

Π
t+ φ

)
(1.1)

A companion will produce reflex orbital motion of the DAV, causing a

periodic variation in the pulse arrival times due to changing light-travel time.

These variations will be superimposed on the evolutionary parabola (Ṗ has a

quadratic dependence on time in the above equation). The period of such a

variation, Π, will correspond to the companion’s orbital period, and we can use

Kepler’s third law and an estimate of the white dwarf’s mass, M∗, to describe

the companion’s semi-major axis, ap:

ap =

(
GM∗Π2

4 π2

)1/3

(1.2)

Similarly, the amplitude, A, of the O − C variations will allow us to

estimate the companion mass. Since the semi-major axis of the star and that

7



of the companion can be related, M∗ a∗ = mp ap, and the light-travel-time

(modulated by sin i, the inclination angle) goes as

A =
a∗ sin i

c

then we can express the companion mass as

mp sin i =
AM∗ c

ap
(1.3)

We might expect post-RGB planets to have large orbits in order to

remain around a white dwarf. If a planet’s orbit is engulfed by the expanded

atmosphere of a red giant, the planet will likely evaporate or be torn apart and

not survive (Villaver & Livio 2007). Mass-loss from the host star during red

giant phases may also cause the planet’s orbit to expand to conserve angular

momentum.

Therefore, we might expect this to be a long-term project, requiring

more than a decade or two of observations to establish definitive results. This

is essentially the timescale we would need to place firm limits on the rate of

period change of a cooling DAV. However, this method yields an early warning

for a possible planetary companion, and just 7 years into this pilot survey, we

have already seen some interesting results.

In Chapter 2, we will present an update of interesting results from our

planet search. In Chapter 3, we will discuss one star in our sample that is

clearly evolving more rapidly than we would expect from simple DAV evolu-

tion.
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Chapter 2

Probing White Dwarfs for Planets

Based on the first few years of data, Mullally et al (2008) published

O−C diagrams for the stars in this pilot survey. Most showed no immediate,

compelling evidence for planets. GD66, however, was a promising candidate,

featuring an unmistakable modulation in the arrival time of pulses at its 302.8

s periodicity. Three years on, light-travel-time effects from a planetary can-

didate are still the best explanation for the modulation seen in GD66’s pulse

arrival times. We have added another 14 stable periodicities to Mullally’s

original 16, and have identified additional candidates worthy of rigorous ob-

servational follow-up.

2.1 A Focus on Improving Phase Measurements

Using the O − C technique requires the best possible precision on the

arrival time of pulses. In an effort to minimize the uncertainties in phase

measurements, we have sought ways to systematically re-reduce the data in

this survey.

We are performing time-series, differential photometry, so the size of

the apertures we “draw” around our stars is important in order to reduce sky

9



noise. In an effort to quantify the optimal aperture, we have begun routinely

computing a Fourier transform of at least 5 apertures for each observation,

each separated in radius by 2 pixels. We do a multiple linear least squares

fit on all the peaks present, and the radius around our star that yields the

smallest uncertainty in period and phase is then chosen as the aperture for

full reductions.

For bright stars, this approach may improve the calculated uncertain-

ties in arrival time by less than 0.01 second for a long night’s run, negligibly

affecting our results. However, for a 4-hour run on the fainter stars in our

sample, the added sky noise that comes from selecting an aperture with a

radius 2 pixels too large can add more than 0.7 seconds in uncertainty to the

determination of tmax, the time of first maximum. This reanalysis has been

extremely useful in extracting better data from the faintest star in our sample,

the 18.7th magnitude DAV WD0111+0018.

2.2 Adding Stable Periodicities to the Sample

In most cases, computing a stable O-C diagram over the course of 7+

years requires a period determination to an accuracy better than 0.1 ms. For

incorrect periods, the linear ∆P component of the O − C equation (Eq. 1)

dominates. We have employed a new approach to find more stable periodici-

ties.

Using an observing season with the most data, we perform a Fourier

transform around a region of interest in frequency space. A nonlinear least

10



squares fit (allowing the amplitude, phase, zero-point, and frequency to be free

parameters) to this seasonal data set then yields initial guesses for a nonlinear

least squares fit to the entire collection of lightcurves for a given star. This

process has been carried out using the Period04 software package (Lenz &

Breger 2005).

Application of this method has yielded an additional 14 stable period-

icities in our sample. Multiple periodicities in the same star probe different

regions, and may not have the same rates of secular evolution. However,

light-travel time effects will modulate all periodicities in the same way. This

degeneracy can help us characterize any O−C variations we observe; the more

stable periods we have, the better.

Gaps in our data will always produce aliasing, which is a common

concern when plotting an O − C diagram. One way to instill confidence that

the period we are plotting on an O − C diagram is real to the DAV is to

simultaneously plot the amplitude of that periodicity over time. Since the

gaps in our data are not uniform, an alias will have quite different amplitudes

from one season to another. A real periodicity in our data set will maintain a

stable amplitude from day to day, month to month, year to year. All of the

periodicities we have identified pass this amplitude-stability test.

A table of stable periodicites used to construct O−C diagrams follows.

( Ṗ determinations with χ2
red values greater than 6.0 should be ignored, and

one should be skeptical of χ2
red values greater than 1.0.)

11



Table 2.1. Modes used to construct O-C diagrams

Starname Period (s) [Amp. (%)] Ṗ (s s−1) χ2
red

WD0018+0031 257.7778465 [0.6] (3.841 ± 1.323)×10−13 0.175
WD0111+0018 292.9447579 [1.8] (4.234 ± 0.008)×10−12 4.332
WD0111+0018 255.6640090 [1.4] (2.869 ± 1.276)×10−13 3.632
WD0111+0018 146.4723790 [0.7] (3.918 ± 0.166)×10−12 5.364
WD0111+0018 136.5187590 [0.5] (2.061 ± 0.112)×10−12 1.194
WD0214-0823 262.5297157 [0.4] (4.783 ± 3.244)×10−13 0.517
GD66 302.7652959 [1.1] (7.605 ± 1.901)×10−14 10.499
GD66 271.7143815 [1.7] (1.265 ± 0.116)×10−13 16.583
GD66 143.2003438 [0.3] (1.289 ± 0.431)×10−13 3.922
GD66 521.7437953 [0.2] (-1.015 ± 0.002)×10−11 10.841
GD66 135.8571910 [0.2] (2.299 ± 0.550)×10−13 5.324
GD66 123.0339035 [0.1] (-2.540 ± 7.097)×10−14 3.989
WD0913+4036 513.6925019 [0.3] (-1.827 ± 1.064)×10−12 2.643
WD0913+4036 172.6061000 [0.3] (-1.618 ± 0.35)×10−12 9.738
G117-B15A 215.1973931 [1.9] (-1.731 ± 1.74)×10−14 0.364
WD1015+0306 254.9184566 [0.7] (2.195 ± 0.767)×10−13 3.581
G238-53 122.1733598 [0.2] (-1.03 ± 0.25)×10−12 12.332
WD1354+0108 198.3077024 [0.6] (-1.712 ± 1.782)×10−14 3.059
WD1354+0108 291.5763712 [0.2] (-5.678 ± 7.292)×10−14 0.953
WD1354+0108 173.3025667 [0.2] (-3.349 ± 0.572)×10−14 4.206
WD1354+0108 322.8485292 [0.2] (-4.387 ± 1.074)×10−13 1.457
WD1355+5454 323.9518623 [2.3] (-1.427 ± 0.856)×10−13 4.556
WD1355+5454 161.9759299 [0.4] (-3.936 ± 2.509)×10−13 3.821
WD1724+5835 335.5368654 [0.6] (-1.003 ± 1.829)×10−13 1.815
WD1724+5835 189.5639955 [0.3] (-3.549 ± 2.100)×10−13 0.547
WD1724+5835 181.2134373 [0.2] (1.647 ± 3.103)×10−13 0.945
G185-32 370.2203552 [0.2] (-4.340 ± 4.503)×10−14 3.415
WD2214-0025 255.1524057 [1.4] (4.919 ± 9.059)×10−14 1.956
WD2214-0025 195.1406388 [0.5] (-2.540 ± 1.738)×10−13 1.305
GD244 202.9735114 [0.5] (1.417 ± 8.699)×10−14 0.219
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2.3 Characterizing Periodic O − C Behavior

We have employed a generalized Lomb-Scargle routine written by Paul

Robertson (2010) to characterize any periodic variations in ourO−C diagrams.

This method fits sine curves of the form y = a cosωt + b sinωt+ c to the data

using χ2 minimization, and has the added advantage of accounting for weights

in the data (Zechmeister & Kürster 2009). This is ideal for extracting the

most information from stars in our sample with multiple stable periodicities,

as we can overlap all the O − C diagrams and emphasize the best data.

To characterize the significance of peaks in our periodogram, we have

estimated a false alarm probability (FAP). Here we are calculating the prob-

ability that power at a given frequency could arise simply due to statistical

fluctuations. It has been estimated by

FAP = 1− [1− Prob(z > z0)]
M (2.1)

where z is the power level, z0 is the power level we are interested in exceeding,

and M is the number of independent frequencies (the number of peaks in

the periodogram). We have estimated the number of independent frequencies

evaluated as M = ∆f/δf , where δf is the resolution of our frequency-space

calculation. We can estimate ∆f by

∆f =
1

Tmin
− 1

τ

where Tmin is the minimum period considered (usually 50 days) and τ is the

time baseline of our observations.
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We have included plots of these periodograms, overlaid with 0.1%, 1%,

and 31.8% (1 σ) FAPs, in order to characterize the significance of any periodic

behavior that may be present in our O − C diagrams.

As a sanity check, we can test the functionality of this routine by ana-

lyzing data from a candidate planet around another compact pulsating object

that has been well regarded in the literature: V391 Peg, which was reported

by Silvotti et al (2007). The host star is a pulsating subdwarf B star, and has

a faster rate of period change (∼ 10−12 s s−1) than DAVs, so a parabolic trend

must be removed before plotting an O − C diagram even for just 6 years of

data. A reconstructed O−C diagram using their data is plotted in Figure 2.1.

Silvotti et al (2007) concluded that the sinusoidal O − C variations in

V391 Peg were most likely caused by a wobble of the star’s barycenter due to

a low-mass companion. Their published values were a 3.2MJ sin i planet at

1.7 AU (a 3.2 year orbit). We have recovered that orbital period as the highest

Figure 2.1 A recon-
structed O − C diagram
of the sdB star V391
Peg as published by
Silvotti et al (2007).
The best-fit sinusoid
to the data (plotted in
blue) could be produced
by the presence of a
3.2MJ sin i planet at
1.7 AU.
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peak in our generalized Lomb-Scargle periodogram of this reconstructed data,

and it lies above the 0.1% false alarm probability in Figure 2.2. Thus, we

feel confident in our false alarm probability algorithm and our use of these

periodograms to characterize any periodic behavior in our O − C diagrams.

We should note that these periodograms are not normalized to show

us the amplitude of variations — they are only useful in providing a region

in frequency space that is most significant. We can, however, feed these best-

guess periods into a weighted, linear least-squares fit in order to find the actual

amplitude of any periodic behavior present in our O − C diagrams.
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Figure 2.2 A generalized Lomb-Scargle periodogram using reconstructed data
from Silvotti et al (2007) on the sdB star V391 Peg, which is suspected of
harboring a 3.2MJ sin i planet at 1.7 AU (3.2 years). We reproduce their
findings of a peak at 3.2 years, establishing the utility of these periodograms
in characterizing any periodic behavior in our O − C diagrams.
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2.4 An Update of Interesting Results

Roughly seven years into our pilot survey, we have evidence for periodic

variations in pulse arrival times for at least two white dwarfs in our sample,

GD66 and WD1354+0108, that are incompatible with secular evolution and

are most likely explained by motion of the white dwarf around a center of

mass. We see interesting modulation in two other DAVs, WD1355+5454 and

WD0913+4036, that will require extensive additional observations. In three

of these four cases, we see similar modulation in multiple frequencies in the

same star, which adds significance to our findings since light-travel-time effects

would sample each independent pulsation frequency identically. Still, we have

yet to claim a planet, as we either lack a full orbit or await more data.

Two other DAVs show evidence of evolution inconsistent with cooling

alone: WD0111+0018, which we will discuss in Chapter 3, and WD0018+0031,

which we will discuss here. The remaining stars in the sample still show best-

fit parabolas within the errors consistent with straight lines as expected from

cooling alone. Within the timescale of our survey so far, we expect pulse

arrival times for a DAV to change by less than 1 s over 7 years due to cooling

alone, since DAVs should have a rate of period change, Ṗ , no greater than

10−14 s s−1 (Bradley et al 1992).

For reference, we have included O − C diagrams for all stars in this

sample at the end of this thesis, in Appendix A. In that appendix, we also

include a typical Fourier transform of a lightcurve of that DAV, as well as a

finder chart.
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2.4.1 GD66

Mullally et al (2008) published O−C diagrams for the stars in this pilot

survey; most showed no immediate, compelling evidence for planets. However,

GD66, a 15.6th magnitude DAV with a rich pulsation spectrum, was a most

promising candidate, featuring an unmistakable modulation in the arrival time

of pulses at its 302.7 s periodicity. The best-fit circular orbit then corresponded

to a 2.2MJ sin i planet at 2.4 AU. Based on a mid-infrared search for com-

panions with Spitzer (Mullally et al 2007), a lack of infrared excess around

4.5µm suggests an upper limit of 5−7MJ on the mass of the candidate planet

(Mullally et al 2009).

After another two seasons of observations, the 302.7 s periodicity in

GD66 continues to produce an O−C diagram inconsistent with evolution due

to cooling alone (see Figure 2.3). Currently, the best-fit sinusoid to the data

(plotted in blue) corresponds to a 2.0MJ sin i planet at 3.5 AU (an 8.3 year

Figure 2.3 An O − C
diagram of the 302.7 s
periodicity in the DAV
GD66. Currently, the
best-fit sinusoid to the
data (plotted in blue)
could be produced by
the presence of a 2.0MJ

sin i planet at 3.5 AU.
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Figure 2.4 An O-C dia-
gram of the 271.7 s pe-
riodicity in GD66, pre-
sumably the m = 0 com-
ponent of a triplet of
power. Cyan points cor-
respond to the pulse ar-
rival times of a month’s
worth of data, and the
black points correspond
to the welded mid-point
of each year.

period orbit). For that fit, we find a χ2
red = 0.572. For all O − C diagrams of

GD66, cyan points correspond to the pulse arrival times of a month’s worth of

data, and the black points correspond to the welded mid-point of each year.

As in Mullally (2007b), we also find modulation in the 271.7 s periodic-

ity, which is the highest-amplitude peak in the Fourier transform of this object

and is likely the m = 0 component of a triplet of power in that region. (To

compute a an O−C diagram for this 271.7 s periodicity, we have to prewhiten

by the m = ±1 components, which we accomplish by simultaneously comput-

ing a linear least-squares fit with the periods 271.714381537 s, 272.202779791

s and 271.228263157 s.)

With the 271.7 s periodicity, we also find an O−C diagram that is likely

inconsistent with evolution due to cooling alone (see Figure 2.4). The best-fit

sinusoid corresponds to a 1.27MJ sin i planet at 1.9 AU, with a χ2
red = 0.542.

It would be a planetary smoking gun if the O−C variations in the 271.7
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Figure 2.5 An O-C di-
agram of the 302.7 s
periodicity in GD66 af-
ter subtracting an evo-
lutionary parabola cor-
responding to a Ṗ of
7.605× 10−14 s s−1.

s periodicity match those of the 302.7 s periodicity, but they do not. Perhaps,

then, we have a case where the 302.7 s periodicity is evolving more rapidly

(has a much higher Ṗ ) than the 271.7 s mode. To check this theory, we can

subtract the best-fit parabola from the 302.7 s mode and fit the residuals with

a sinusoid. After subtracting a 7.605× 10−14 s s−1 evolutionary parabola from

the 302.7 s data (such a fit is admittedly awful, with a χ2
red = 10.50), we plot

the results in Figure 2.5. Here, the best-fit sinusoid corresponds to a 1.28MJ

sin i planet at 2.45 AU. For that fit, we find a χ2
red = 0.556.

While the candidate planet mass is similar for both, the periods are

far apart. We have performed a generalized Lomb-Scargle periodogram on the

O−C diagrams of six periodicities present in the star, and include the results

in Figure 2.6. There is a sizable but not yet significant short-period peak in the

periodogram near about 3.5 years, but nothing major at the periods present in

any three of the O−C diagrams we have created for this star. GD66 remains
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and interesting but elusive candidate.

Figure 2.6 A generalized Lomb-Scargle periodogram using six stable periodic-
ities present in GD66.

21



2.4.2 WD0018+0031

WD0018+0031 is a 17.4th magnitude DAV with a low-amplitude pul-

sation spectrum, dominated by a 257.8 s periodicity with 0.6% amplitude.

The O − C diagram of this main periodicity is plotted in Figure 2.7. In that

diagram, the cyan points correspond to the pulse arrival times of individual

Figure 2.7 An O − C diagram of the highest-amplitude, 257.8 s periodicity
present in the DAV WD0018+0031. The black points are welds of an entire
year’s worth of data; the smaller cyan points correspond to individual nights.
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nightly runs, and the black points correspond to the welded mid-point of each

observing season. In the seven years we have been looking, we are seeing

pulse arrival times change by more than 10 seconds in this star, an order of

magnitude faster than expected from cooling alone.

There are two explanations for such behavior. Evolution internal to the

star might be changing the period faster than we would expect from cooling

alone. This would fit our observations in the form of the red, best-fit parabola,

which corresponds to a secular evolution of 3.841 ± 1.323 × 10−13 s s−1. The

other explanation for the rapid period change is a planetary companion that

is moving the DAV around its center of mass. This would be manifest as the

blue sinusoid in our O − C diagram, which could be produced by a 2.74MJ

sin i planet at 4.9 AU (a 14.3 year orbit). Since we expect the uncertainty in

our arrival time measurements to remain the same or even improve, we should

be able to rule out one or the other by the end of 2012, after just two more

seasons of observations.
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Figure 2.8 A generalized Lomb-Scargle periodogram using the single stable
periodicity from WD0018+0031.
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2.4.3 WD1354+0108

WD1354+0108 is a low-amplitude pulsator in our sample; it is a 16.4th

magnitude DAV with a pulsation spectrum dominated by a 198.3 s periodicity

with 0.6% amplitude. We have been able to isolate two stable periodicities

Figure 2.9 An O − C diagram of two stable periodicities in WD1354+0108.
The best-fit sinusoid, which corresponds to a 0.7MJ sin i planet at 2.3 AU
(a 4.6 year orbit), is currently a two-times better fit than a straight-line, as
would be expected for evolution from cooling alone on this timescale.
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useful for constructing O−C diagrams. The amplitude of the 198.3 s period-

icity (black points in the O − C diagram) is more than twice as high as the

amplitude of the 291.6 s periodicity (red points), which explains why the errors

on the time of pulse arrival are so much larger for the 291.6 s periodicity. This

data has been welded together to the mid-point of each observing season to

construct an O − C diagram. (The 2004 point for the red, 291.6 s periodicity

falls at -6.8 ± 3.8 s, so was cropped out of this plot.)

The best flat, parabolic fit to an O−C diagram using both periodicities,

as would be expected for evolution from cooling alone on a 7-year timescale,

yields a Ṗ = (-1.94 ± 1.73) × 10−14 s s−1 with a χ2
red = 1.574. The best

sinusoidal fit to the data, on the other hand, yields a χ2
red = 0.826. Therefore

we claim that a sine curve fits the data about two times better than a straight-

line fit.

We have also worked to characterize this O − C diagram using a gen-

eralized Lomb-Scargle periodogram. However, our data density is low, and

while we see a peak in the periodogram corresponding to a 4.5 year period, it

has yet to pass above a 1% false alarm probability threshold. We have yet to

claim detection of a planet around WD1354+0108, but consider it crucial to

continue observing this candidate system.

26



Figure 2.10 A generalized Lomb-Scargle periodogram using two stable period-
icities from WD1354+0108.
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2.4.4 WD1355+5454

WD1355+5454 is a faint, 18.6th magnitude DAV with a pulsation spec-

trum dominated by a 324.0 s periodicity with a 2.4% amplitude. We have also

found a stable, lower-amplitude 162.0 s periodicity (presumable a combination

frequency of the parent, 324.0 s periodicity), and plot them both in an O−C

diagram in Figure 2.11.

Figure 2.11 An O-C diagram of both stable periodicities identified in
WD1355+5454.
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Without the 2005 points, we might not find this star’s O − C diagram

that compelling. However, both periodicities show early arrival times in 2005,

which emphasize the best-fit period of the sinusoid plotted in blue along with

the data. While an elliptical orbit may fit the observations much better, we

find that a sinusoid caused by a circular orbit is a better fit to the data than

a straight line. Such a sinusoid would correspond to a 1.6MJ sin i planet at

2.14 AU (a 4.1 year orbit). The best-fit sinusoid has a χ2
red = 1.413, while the

best-fit parabola has χ2
red = 3.067.

Additionally, we find the generalized Lomb-Scargle periodogram of this

star interesting (Figure 2.12), in that it shows a peak emerging at about 4.1

years. We consider it important to continue observing this object in order to

constrain any periodic behavior in its O−C diagram, but do not yet consider

our results statistically significant enough to claim that this DAV is a candidate

planet host.
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Figure 2.12 A generalized Lomb-Scargle periodogram using two stable period-
icities from WD1355+5454.
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2.4.5 WD0913+4036

Finally, WD0913+4036 is a 17.6th magnitude DAV with a large mod-

ulation in its O − C diagram that requires additional observations. The two

highest-amplitude peaks in a typical Fourier transform are messy, and do not

create stable O−C diagrams. However, the peaks at 172.6 s and 513.7 s (both

about 0.3% amplitude) produce interesting results. The best-fit sinusoid to the

Figure 2.13 An O-C diagram of both stable periodicities identified in
WD0913+4036.
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overlapping O − C diagram corresponds to a 10.7MJ sin i planet at 2.24 AU

(a 4.55 year orbit).

However, visual inspection need not always provide the best statistics.

Using just the 513.7 s periodicity, which most closely fits the sinusoid but has

much larger error bars in its phase determination, we find that a sinusoid fits

the data almost 3 times worse than a parabola (a sine curve has a χ2
red = 7.476,

while a parabola has χ2
red = 2.643). Therefore, we will keep this object high

on our radar, but reserve further judgement.
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Chapter 3

The Interesting Case of WD0111+0018

Stellar evolution is best studied through a prism of timescales. For

a short while, contraction sets the timescale for a dying star’s evolution, but

eventually cooling dominates. By the time a white dwarf has reached the DAV

instability strip, it has a temperature less than 13,000 K and its evolution is

dominated by the release of latent thermal heat from the ions in the core.

Simple cooling theory, first worked out by Leon Mestel in 1952 and well-

summarized by Wood (1992), treats a white dwarf as an isothermal, electron

degenerate core with a nondegenerate outer layer. While the electrons in the

core are completely degenerate, the ions in the core behave as a classical ideal

gas. These nondegenerate ions provide the bulk of the star’s heat capacity.

With that in place, Mestel theory predicts a simple relationship between a

white dwarf’s luminosity and its cooling timescale:

log tcool ∝ −5/7 log (L/L�)

Similarly, this cooling timescale should have a direct effect on the period

evolution of modes in a pulsating white dwarf. As they cool, white dwarfs be-

come more degenerate. This causes a decrease in the Brunt-Väisälä frequency
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squared, N2. (The Brunt-Väisälä frequency is essentially the oscillatory fre-

quency of an adiabatic fluid displacement in a convectively stable medium. In

the limit of complete degeneracy, where pressure does not depend on temper-

ature, a displaced fluid element would remain in pressure and density equilib-

rium with its surroundings. It would stay put and thus have zero oscillatory

motion — and thus a zero N2. Therefore, N2 decreases with increasing de-

generacy, so N2 decreases with decreasing temperature.)

The period of a g-mode pulsation is inversely proportional to the Brunt-

Väisälä frequency (Unno et al 1989):

Pk ∝
[∫ r2

r1

N

r
dr

]−1

Therefore, cooling will cause a secular increase in a pulsation period

with time, which can be estimated from the cooling timescale predicted from

Mestel theory, as well as full evolutionary models. Predicted rates of period

change for DAVs undergoing simple cooling are of order 10−15 s s−1. We find

observational evidence to support this timescale in G117-B15A (Kepler et al

2005) and R548 (Mukadam et al 2003), which both have been observed for

more than 30 years and show a Ṗ in the main mode of pulsation of order

5 x 10−15 s s−1. Because white dwarfs with heavier cores (pure oxygen) are

predicted to cool faster than those that are lighter (pure carbon), a period

change tied only to cooling should be dependent on just the core composition.

Still, even an iron core white dwarf would have a Ṗ from cooling of less than

9 x 10−15 s s−1 (Bradley et al 1992).
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It is worth noting that rates of period change in DAVs are so slow that

they have typically required more than a decade of observations to constrain

accurate Ṗ values. For example, after more than 15 years of observations,

Kepler et al (1991) concluded that the 215 s periodicity in G117-B15A had Ṗ

= (1.2 ± 0.35) × 10−14 s s−1. This caused some consternation in the field, as

even an iron-core DAV should have a Ṗ from cooling of less than 9 x 10−15 s

s−1. (As mentioned before, more recent values for G117-B15A from Kepler et

al (2005) point to Ṗ = 3.57 ± 0.82 × 10−15 s s−1.) Still, the lesson learned is

that the rate of period change in a DAV is notoriously difficult to pin down

with less than a decade of data.

As a case study, we can use only data for G117-B15A taken with Argos

since 2003. Doing so, we would find a Ṗ = (-1.73 ± 1.74) × 10−14 s s−1 —

an O−C diagram is shown in Figure 3.1, perfectly illustrating how, with just

7 years of data, simple cooling should never cause a more than 1 s change

Figure 3.1 An O−C di-
agram of the 215 s pe-
riodicity in G117-B15A
using just data taken
with Argos since 2003,
spanning about the same
length as most of the
other stars in our pilot
survey.
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in pulse arrival times, even for periods as short as 100 s. However, we have

observed several Ṗ values in our sample that exceed 10−13 s s−1 and are thus

not consistent with simple cooling. Most significant is the rapid rate of period

change present in the DAV WD0111+0018.

3.1 Rapid Period Change in WD0111+0018

WD0111+0018 is the faintest DAV in our sample, at 18.7th magnitude.

It shows a relatively simple pulsation spectrum with four distinct, narrow

peaks; a Fourier transform can be found in Figure 3.2. There are two parent

modes: F1 at frequency 3413.6116 µHz and F2 at frequency 3911.3834 µHz.

We also see two periodicities corresponding to roughly twice the frequency of

F1 (2*F1 = 6827.2231 µHz) and at a frequency corresponding to the addition

of both parent modes (F1+F2 = 7324.9950 µHz).

We have been able to create stable O − C diagrams for all four of the

periodicities present in this star. The parent mode F1 is undoubtedly evolving

on a time scale that is inconsistent with evolution due to cooling alone, and

it is likely causing the combination frequencies to reflect this rapid period

change. We include the list of measured Ṗ values in Table 3.1, and the O−C

diagrams for all the modes in WD0111+0018 can be found in Figure 3.3.

Since stellar motion around a center of mass would affect all modes

identically, and the period of the parent mode F2 is changing at a rate that

is at least an order of magnitude more slowly than the parent mode F1, we

can rule out any external cause for this rapid period increase. We have to be
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Figure 3.2 A Fourier transform of the lightcurve of WD0111+0018 from a
run lasting more than 5 hours in September 2009. The black dot is over the
frequency for the parent mode F1, and the red dot is over the parent mode
F2. The blue dot is over the combination frequency arising from 2*F1, and
the green dot is over the combination frequency arising from the combination
of both parent modes, F1+F2.

observing something happening inside the white dwarf.

We will return to the discussion of what could be causing this rapid

period evolution, but a quick point: For the first time ever, we have mea-

sured the rate of period change of the nonlinear combination frequencies in a

pulsating white dwarf.
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Mode Frequency Rate of Period Change (in s s−1)
F1 3413.6116 µHz (4.234 ± 0.008) x 10−12

F2 3911.3834 µHz (2.869 ± 1.276) x 10−13

2*F1 6827.2231 µHz (3.918 ± 0.166) x 10−12

F1+F2 7324.9950 µHz (2.061 ± 0.115) x 10−12

Table 3.1 Determined rates of period change for the parent modes and combi-
nation frequencies of the DAV WD0111+0018.
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Figure 3.3 O−C diagrams for all four periodicities present in WD0111+0018.
Top Left: The highest-amplitude mode, F1, shows a Ṗ of 4.234 ± 0.008
x 10−12 s s−1. Top Right: The other parent mode, F2, has a Ṗ closer to
that expected from cooling: 2.869 ± 1.276 x 10−13 s s−1. Bottom Left:
The nonlinear combination frequency 2F1 (at a frequency twice F1) shows
a nearly identical Ṗ to F1: 3.918 ± 0.166 x 10−12 s s−1. Bottom Right:
The combination frequency corresponding to F1+F2 has a Ṗ roughly half the
value of F1: 2.061 ± 0.115 x 10−12 s s−1.
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3.2 Nonlinear Combination Frequencies in DAVs

The most promising theory for the creation of nonlinear combination

frequencies in DAVs was elucidated by Brickhill (1992), who blamed the chang-

ing thickness of the convection zone, which acts to distort a linear input signal.

Physically, local surface temperature variations lead to changes in the depth

of the convection zone, which both absorbs and releases energy. Because this

process is so sensitive to temperature (Montgomery et al (2010) estimate this

temperature-dependence in DAVs to be as high as T−90), these variations in the

depth of the convection zone lead to nonlinear effects in the DAV’s lightcurve.

Another model for the creation of combination frequencies in DAVs,

advocated by Brassard et al (1995), is likely incorrect but provides perhaps

an easier mental picture. Consider the nonlinear temperature dependence of

flux: F ∝ T 4. Now consider two perturbations, T1 and T2, to the equilibrium

temperature, T0:

T = T0 + δT1 + δT2 = T0

(
1 +

δT1

T0

+
δT2

T0

)
= T0(1 + ε1 + ε2)

Here we have set δTi

T0
= εi. A temperature perturbation will then affect

the flux, F = T 4 = T 4
0 (1 + ε1 + ε2)

4 = F0(1 + ε1 + ε2)
4, so that we can describe

the observed flux variations as

F0 + δF

F0

= 1 +
δF

F0

= (1 + ε1 + ε2)
4 = 1 + 4(ε1 + ε2) + 6(ε1 + ε2)

2 + ...

which naturally invoke the presence of nonlinear combinations, such as ε1ε2.
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Using the framework of a depth-varying convection zone, Wu (2001)

contributed a theoretical relationship useful in predicting the amplitude of the

nonlinear combination frequencies based on the amplitude, spherical degree

(l), and azimuthal order (m) of the parent mode. Applying her formalism

to four DAVs, Yeates et al (2005) found that the amplitudes of combination

frequencies are too large to be created from the T 4 nonlinearity, and are prob-

ably due to the higher-order temperature dependence of the convection zone.

Using the ratio of the amplitudes of the parent and combination frequencies,

they attempted to identify the l and m values of the parent modes.

With the same mode identification goal in mind, we have used code

written by Mike Montgomery with an improved handling of limb-darkening

to match the observed amplitudes in WD0111+0018. Consistently, we best

reproduce observed values (the weighted mean amplitudes of our entire data

set — see Table 3.2) when we allow the F1 parent mode at 292.9 s to be an

l = 1, m = 0 mode and the F2 parent mode at 255.7 s to be an l = 2, m = ±1

mode, with the system at an inclination of roughly 58◦.

Mode Frequency Amplitude (%) l m
F1 3413.6116 µHz 2.565 1 0
F2 3911.3834 µHz 1.411 2 ±1
2*F1 6827.2231 µHz 0.618
F1+F2 7324.9950 µHz 0.730

Table 3.2 Mode identification in WD0111+0018 using the ratio of parent and
combination frequency amplitudes derived by Wu (2001).
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3.3 Possible Explanations for the Rapid Period Change

Given that we see roughly the same rate of period change in the parent

mode F1 and its combination frequency 2*F1, we feel confident that we are

producing reliable O − C diagrams. However, we are all the more intrigued

by this Ṗ value of ∼ 4× 10−12 s s−1, which is three orders of magnitude more

rapid than the accepted rate of period change of G117-B15A (Kepler et al

2005).

Immediately we can rule out the presence of a large, unseen companion

around the DAV, because such binary effects would cause an identical modu-

lation in all periodicities in the star, and the F2 mode at 255.7 s so far shows a

rate of period change at least an order of magnitude slower than that of the F1

mode at 292.9 s. By the same argument, we could also rule out proper motion

as a source of the rapid period change. (Since WD0111+0018 is so faint, we

would not expect it to be effected significantly by proper motion, anyway.)

Therefore, we must be witnessing something internal to the star that

is causing this rapid rate of period change in the F1 parent mode. One mech-

anism that could effect one mode differently than another mode is a changing

rotation rate.

We can use the same language as atomic physics to characterize the

pulsation spectrum of a white dwarf: both are spherically symmetric potential

problems, so their angular structure is well described by spherical harmonics

Yl,m(θ, φ). However, anything that breaks that spherical symmetry, such as
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rotation or a magnetic field, will break the degeneracy at a given frequency

and cause an observed “splitting” of the frequency into its m components.

While the presence of stellar rotation or a magnetic field will break

spherical symmetry in the system, there will be a different number of compo-

nents given each effect. For rotation, we would expect to see (2l + 1) com-

ponents (Hansen et al 1977), whereas a magnetic field would produce (l + 1)

components (Jones et al 1989). (Recall that these pulsations are non-radial,

so they always have l > 0.) Additionally, a magnetic field would shift the

frequency of the m = 0 mode, as well as the m 6= 0 components. Thus we

concentrate our focus on a changing rotation rate.

We are at a disadvantage in that we cannot see any multiplet structure

in the Fourier transform of WD0111+0018 — all the peaks of power appear

to be singlets. However, could we resolve a triplet caused by rotation, we

could use the frequency splitting between m = ±1 and m = 0 components

to estimate the DAV’s rotation rate. For slow rotation, the expression for

rotational splitting (Unno et al 1989) is

σklm = σkl0 +m(1− C − C1) Ωrot (3.1)

where σklm is the angular frequency of the mth component of the pulsation

(2π/Pklm), σkl0 is the angular frequency of the m = 0 component of the pul-

sation, Ωrot is the rotation frequency (2π/Prot), C is the uniform rotation

coefficient and C1 is the nonuniform rotation coefficient caused by differential

rotation.
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Perhaps, then, something is causing this intriguing DAV to further

break its spherical symmetry, such as spin-up, which is acting to change the

pulsation period on a time scale faster than cooling alone. We may begin

to speculate, then, that in WD0111+0018 the F1 parent mode is an l = 1,

m = −1 mode, and inclination and other effects have suppressed the amplitude

of the m = 0 and m = +1 components of the “triplet.” We see such behavior

observationally, as in the pulsation spectrum of the pulsating DO white dwarf

PG 1159-035 (Winget et al 1991). Perhaps the other, more slowly evolving

mode is an m = 0 mode that would be unaffected by a changing rotation rate.

However, since this contradicts the findings of our attempts at mode

identification described in Section 3.2, we remain perplexed by the rapid rate

of period change we see in WD0111+0018. Perhaps that makes the system all

the more interesting!
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Chapter 4

Conclusions

We have continued monitoring a pilot sample of 14 pulsating DA white

dwarfs for evidence of center-of-mass motion caused by planetary companions,

nearly doubling the number of periodicites for which we can produce O−C di-

agrams that document pulse arrival times from our stars. We have also worked

to shrink our error bars by developing a method to minimize the apertures we

use in our reductions.

In addition to a previously published candidate, GD66, we have identi-

fied at least four more systems worthy of rigorous observational follow-up. We

have also implemented a method, a generalized Lomb-Scargle periodogram,

that takes into account weighted points in order to characterize any periodic

behavior present in our O−C diagrams. None of our systems have yet passed

a 1% false alarm probability (which we see in a confirmed system around an-

other evolved compact object, V391 Peg), so we have yet to claim a confirmed

detection.

For one DAV within this same sample, we have found strong observa-

tional evidence for an evolutionary time scale (via the rate of period change)

that is inconsistent with cooling alone. In that star, WD0111+0018, we report
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for the first time measurement of the rate of period change of nonlinear com-

bination frequencies in a pulsating white dwarf. We speculate that this may

be caused by a changing rotation rate that affects only modes with m 6= 0,

but are not wholly satisfied with that explanation.

4.1 Future Work

We will continue monitoring the stars in this sample with Argos on the

2.1m Otto Struve telescope at McDonald Observatory in an effort to constrain

any planetary companions that may be present. Aside from this planet search,

this data will be useful for multiple reasons, and could eventually motivate a

collection of ensemble Ṗ measurements that would give larger-number statis-

tics to the field (G117-B15A, R548, and L19-2 are the only three DAVs with

reliable Ṗ estimates).

Additionally, we are actively trying to constrain the rates of period

change in other “triplets” present in the stars in our sample, hoping to test

the theory that different rates of period change could be tied to a changing

rotation rate. We are exploring evidence of a large rate of period change in

the m = ±1 components of the 271 s “triplet” in GD66 (the Ṗ s are roughly

equal and of opposite sign), but have so far been unable to pin down stable

periodicities in other multiplets in our sample.
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Appendix A

As a point of reference for future work with this pilot planet search

around DAVs, we include a detailed “baseball card” of each star in the sample,

in ascending order of right ascension. For each star, we have included its J2000

coordinates, its visual magnitude, a finder chart (all but two come from the

Sloan Digital Sky Survey), a typical Fourier transform of a night’s worth of

observations, and the most current O − C diagram.
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WD0018+0031

RA:
Dec:

      49

(17.4)
00 18 36
+00 31 51



WD0111+0018

RA:
Dec:

      50

(18.7)
01 11 01
+00 18 07



WD0214-0823

RA:
Dec:

      51

(17.9)
02 14 07
-08 23 18



GD66

RA:
Dec:

      52

(15.6)
05 20 38
+30 48.5



WD0913+4036

RA:
Dec:

      53

(17.6)
09 13 13
+40 36 29



G117-B15A

RA:
Dec:

      54

(15.5)
09 24 17
+35 16.9



WD1015+0306

RA:
Dec:

      55

(15.7)
10 15 48
+03 06 48



G238-53

RA:
Dec:

      56

(15.5)
13 52 12
+65 24.0



WD1354+0108

RA:
Dec:

      57

(16.4)
13 55 00
+01 08 19



WD1355+5454

RA:
Dec:

      58

(18.6)
13 55 31
+54 54 05



WD1724+5835

RA:
Dec:

      59

(17.5)
17 24 28
+58 35 39



G185-32

RA:
Dec:

      60

(13.0)
19 37 13
+27 43.3



WD2214-0025

RA:
Dec:

      61

(17.9)
22 14 59
-00 25 12



GD244

RA:
Dec:

       62

(16.0)
22 56 46
+12 52.9
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