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ABSTRACT

White dwarfs (WDs) are the final stage of stellar evolution for approximately
98% of stars, including the Sun. WD evolution is dominated by cooling. As they cool,
they pass through specific temperature ranges, or instability strips, where pulsations
are initiated. We are able to gain valuable insight into stellar parameters of these
fascinating objects using asteroseismology. Asteroseismology is the study of a star’s
internal structure through the analysis of its pulsations. In particular, it’s important to
study hydrogen-atmosphere white dwarfs (DAs), as they comprise approximately 80%
of the WD population. The pulsation behavior of these pulsating DA white dwarfs
(DAVs) has broader implications for our comprehension of stellar evolution and the
formation of white dwarfs, which play a vital role in the evolution of our Solar System
and of the Universe. In this work, we will present our findings on two DAVs, HL. Tau
76 and EC 14012-1446. There is a significant amount of observational data for both
DAVs. This amassed data is a result of both ground-based telescopes and space-based
observations. The DAV population has similar physical properties, so the study of
these two DAVs allows for a more comprehensive understanding of the general DA
population. This is the first time a comprehensive analysis of these two stars has been

undertaken.
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Chapter 1

INTRODUCTION

The tiny twinkling lights scattered across our night sky are distant, luminous
spheres of gas known as stars. Stars radiate their light due to nuclear fusion occurring
within their cores. In this process, the reservoir of hydrogen stored in a star’s core is
converted into helium, releasing immense energy that heats the star and generates an
outward thermal pressure. The gradient of pressure counters the inward pull of gravity,
creating a delicate balance that defines most of a star’s life.

This dance between gravitational collapse and the pressure gradient maintains
a star’s stability for millions to billions of years. If gravity begins to dominate, the star
contracts ,causing the core temperature to rise. This increase in temperature boosts
the nuclear generation rate, which in turn produces more pressure and causes the core
to expand. As a result, the star self-regulates and maintains hydrostatic equilibrium.
This dynamic stability allows for a star to stay on the main-sequence for a majority of
their lifetime. This main-sequence is seen in the Hertzsprung-Russel diagram Figure
(1.1).

However, as the hydrogen supply in the core dwindles, the fusion rate slows and
the outward pressure diminishes. To account for the lack of outward thermal pressure
sustaining the star from collapse, gravity finally begins to take over, causing the core
to contract and heat up. As a result, the outer layers expand, transforming the star
into a red giant. At this stage, hydrogen continues to burn in a shell surrounding an
inert helium core. This phase, known as the red giant branch, is the next step in a
star’s evolution and can be seen in the Figure 1.1 as the branch off the main-sequence.

In stars massive enough to reach the extreme temperatures required, helium

fusion begins in the core and may eventually lead to the fusion of heavier elements.
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Figure 1.1: Figure taken from ESA. This rendition of the Hertzsprung-Russel dia-
gram, with the usage of the GAIA satellite, depicts stars of all stages of
evolution.

However, for stars like our Sun, fusion typically stops at helium. Once hydrogen in
the core is exhausted and without a new source of thermal pressure to counteract
gravity, the core begins to contract. This contraction increases the core’s temperature,
resulting in the ignition of helium fusion. Yet, this temperature increase does not
continue indefinitely. As the core becomes increasingly dense, electron degeneracy

pressure — the pressure against the compression of matter into smaller volumes —



begins to dominate. This sets a limit on how much the core can contract and heat up,
especially for stars like our Sun.

Roughly 98% of Main-sequence stars, with masses between 0.1M and 8M,,
follow this evolutionary path. Once their fuel sources are depleted, their cores con-
dense and increase in temperature. Vast quantities of thermal heat are dumped into
their envelopes, causing the star’s envelope to expand and eventually expel into the
interstellar medium. We witness this stage of stellar evolution when we see planetary
nebulae. The hot — albeit not hot enough to fuse helium—, dense core at the center of
these planetary nebulae ionizes the expanding gas, causing it to glow. The remaining
hot core is in the process of becoming a white dwarf (WD) [19].

WDs typically have masses between 0.1M, and 1.4M. Despite having a mass
comparable to our Sun, radii is similar to Earth’s, making them incredibly compact
stellar objects. With densities as high as 109% and surface temperatures exceeding
100,000 K, these objects are among the densest in our Universe[19]. Crucially, it is
the same electron degeneracy pressure discussed earlier that continues to support WDs
against gravitational collapse, allowing them to remain table long after nuclear fusion
has ceased.

Unlike main-sequence stars, WDs are powered solely by residual thermal energy.
Over time, they gradually cool. Due to their small surfaces areas, this cooling process
unfolds slowly over billions of years. As they cool, WDs shift toward the red end of
the WD cooling track, a progression seen in Figure 1.1.

In addition to their evolutionary cooling, WDs exhibit diversity in their atmo-
spheric composition, forming a basis for how they are categorized. Nearly 80% of the
WD population have hydrogen-rich atmospheres while others show signs of helium or
heavier metals in their outer layers. When entering the WD cooling track, a WD’s
temperature is greater than 100,000 K [19]. Due to the extremely high temperatures,
the hydrogen and helium are completely ionized. However, as WDs cool, free electrons
begin to recombine with the elements of the stellar envelope, creating a partial ioniza-

tion zone. The partial ionization of the most abundant element in the stellar surface



results in fluctuations of opacity [19].

As WDs cool, the opacity of the stellar medium increases. This creates a barrier
for the outward propagation of photons, which can lead to a build-up of energy within
the WD. To ease this burden and promote energy transfer in these highly opaque
regions, a convection zone will develop. Let’s consider the star’s temperature gradi-
ent. With photon escape hindered at high opacities, the temperature gradient of the
WD becomes crucial in the determination of the energy transport mechanism. The
Schwarzschild criterion states that convection takes place in the stellar medium when
the radiative temperature gradient — the rate at which the temperature decreases from
the center of the star if all energy was transported by radiation — is steeper than the
adiabatic temperature gradient — the rate at which temperature decreases due to the
compression and expansion of gas. If the WD’s temperature gradient is steep enough
towards its outer layers, convection will occur.

The convection zone causes temperature instability along the surface of the WD,
leading to observable pulsations in the WD’s photosphere. This process is known as
the k — mechanism [19]. As WDs evolve, they pass through three composition-based
regions in which they undergo self-driven pulsations [8]. These instability strips are
segmented into distinct temperature regions (Figure 1.2).

The hottest instability strip is home to PG 1159 stars with temperatures around
170,000 to 75,000 K [19]. The intermediate instability strip, with temperatures ranging
from 30,000 to 22,000 K, is inhabited by pulsating helium atmosphere WDs. Finally,
with temperatures ranging from 12,500 to 10,600 K, is the home to the population of
pulsating hydrogen atmosphere white dwarfs (DAVSs).

The study of pulsating WDs, specifically DAVs, began with the observer Arlo
Landolt (1964) [19]. Landolt had seen slight variations in brightness of a target he was
observing. Instead of calling the fluctuations an anomaly, he spent over three years
observing the same target. The star, known now as HL Tau 76, thus became the first
observed pulsating WD. Given Landolt had also taken spectra of HL Tau 76, the WD
also became the first discovered DAV [7].
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Figure 1.2: This is a representation of the white dwarf (WD) cooling track. There
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blue box, which is where PG 1159 stars reside; the green box is where
helium-rich pulsating WDs exist; and the red box is where hydrogen-rich
pulsating WDs reside.



The hydrogen-rich atmosphere WD (DA) instability strip is known to be nearly
“pure,” meaning most DAs begin to pulsate when reaching 12,500 K. With this, we
can say that studying the interior structure of a sufficient sample of DAVs is enough
to make a general assumption about the interior structure of most DAVs that reside

in the instability strip.

1.1 Asteroseismology

Just as earthquakes unveil crucial details about our planet’s interior, stellar
oscillations provide invaluable insights into the internal conditions of stars. Asteroseis-
mology provides us with a way to look inside these stellar objects through an in-depth
analysis of its pulsations. In the case of DAVs, they primarily exhibit gravity(g)-mode
pulsations, meaning the restoring force is buoyancy.

Pulsating WDs are particularly good candidates for asteroseismology for sev-
eral reasons: WDs have simple internal structures — an electron degenerate core of
carbon/oxygen surrounded by a non-degenerate envelope [13]; the timescales for their
pulsations are on the order of 100 to 1000 seconds [4] [19]; and WDs are multi-periodic,
meaning it is easy to gather a lot of cycles in a reasonable amount of time. Further-
more, the pulsations WDs exhibit are structurally sensitive, meaning these pulsations
provide indirect insight into the WD’s interior. This structural sensitivity is a result
of the observed g=mode pulsations being strongly influenced by the internal stratifica-
tion of density and chemical composition of the star, which affect how buoyancy forces
propagate through the star.

Asteroseismology requires monitoring and analyzing time-dependent factors such
as changes in pulsation periods and amplitude. We can compare the observed distribu-
tion of pulsation frequencies of our target WDs with theoretical models. Through this
comparison, we gain valuable insights into essential stellar parameters such as mass,
core composition, internal structure, and rotation rate. Asteroseismology allows us to

refine our understanding of WDs, enhance our knowledge of their evolution, calculate



the ages of galactic clusters, and use WDs as cosmic laboratories for studying matter

under extreme conditions.

1.2 Modes of Pulsation

We describe WD pulsations in terms of spherical harmonics. Spherical harmon-
ics consist of three components: the radial overtone (k), the spherical degree (¢), and
the azimuthal order (m). The radial overtone corresponds to the number of nodes
from the center to the surface of the star. One can think of them as concentric shells
around the core where the k value increases the more shells there are. The value of k
cannot be determined observationally, but through models. The spherical degree tells
us the number of nodal lines across the surface of the star and refers to the angular
component of the WD’s pulsation [1] [19].

Pulsations can be radial or non-radial. If a star is pulsating radially, the pul-
sations are symmetric, uniform oscillations. The simplest radial pulsation mode are
modes with ¢ = 0. In this mode, the star expands and contracts — heats and cools
— symmetrically [1]. Non-radial pulsations are complex oscillations. With non-radial
pulsations, temperature perturbations flow across the stellar surface [1]. The more
g-mode pulsation the WD is undergoing, the more complex these fluctuations become.

Any mechanism that breaks the spherical symmetry of the star can introduce
additional complexities. The most common mechanism is rotation. For a non-rotating
star, pulsations for a given k£ and ¢ appear as a single frequency. However, for a
rotating star, each mode splits into 2/ + 1 components, specifically in our reference
frame. This splitting corresponds to m-values ranging from —¢ to ¢ [13], where the
frequency difference is an indication of the rotation period. If rotation is uniform
radially throughout the star, then the frequency splitting difference of the multiplets
of the pulsation modes of corresponding degree ¢ should be the same. Nonuniform
rotation will introduce slight difference in the splittings as a function of k. These

differences can provide insight into differential rotation.



There are two main tools of asteroseismology. The first is the multiplet struc-
ture. The first diagnostic tool used to find the (¢, m) values is an analysis of the

frequency splitting difference in multiplets. This can be described using the equation,

5Uk,€,m = —mQ(l — Ck/) (11)

where dv is the frequency splitting spacing, €2 is the rotation rate, m is the azimuthal

order, and C}y is a coefficient that can be approximated as Cj, = in the high

roy
k-asymptotic limit for g-modes [13]. The modes splitting into 2¢+ 1 components allows
an estimation of the rotation period. The ratio between an ¢ = 1 and ¢ = 2 multiplet
splitting is 0.6. Hence, the average frequency spacing for a triplet system, provided it
is an ¢ = 1 pulsation mode, can be divided by this ratio to determine what the average
frequency spacing for an ¢ = 2 multiplet system should be [7].

The second tool is the mean period spacing between modes of consecutive radial
overtone k with the same degree ¢. This is expressed by the equation,

I, = b (1.2)
0(0+1)
where II, is the mean period spacing and Il is inherent to the star itself and found
through modeling [17].

For a homogeneous — uniform chemical composition and a simple internal struc-
ture — star, the period spacing between consecutive k£ values should be uniform and
is tied to the mass of the WD. For a star with structure, the period spacing for modes
with consecutive k values deviate from the mean. These deviations of individual spac-
ings provides us with information on layer thickness and chemical composition [13], as
well as the mass of the WD.

To determine the period spacing for a series of modes of degree ¢, Equation 1.2
can be used. For modes of degree / = 1 and ¢ = 2, the ratio between them should be,

L (1.3)




After obtaining the mean period spacing of degree £ = 1 modes, it can be related to
the value to the mean period spacing of ¢ = 2 modes through the division of the mean

period spacing of the £ = 1 modes by the above ratio (1.3.

1.2.1 Combination Frequencies

Many pulsating white dwarfs also exhibit frequencies that are exact numerical
combinations of the modes of pulsations. As mentioned previously, as a WD evolves
along the WD cooling track, the convection zone deepens. Now, as the pulsations
propagate through the star, they interact with the convection zone more often. It is
theorized that combination frequencies are produced through these interactions with
the convection zone.

In this work, we will use the term "parent frequency” to denote the pulsations
of the WD. These frequencies are intrinsic to the WD itself and are determined by the
WDs structure, composition, and rotation. These natural oscillation modes are g-mode
pulsations. Combination frequencies appear in the Fourier transform as numerical
combinations of the parent frequencies. They are believed to result from nonlinear
interactions with the convection zone and arise from combinations, differences, and

harmonics of the parent frequencies. As an example, these combinations can look like:

i £ fo=f.

1.3 HL Tau 76 and EC14012-1446

HL Tau 76 and EC14012-1446 are DA white dwarfs (DAVs) that are the focus
of this work. DAs have a degenerate carbon/oxygen core with outer layers composed
of hydrogen and helium [19]. The hydrogen layer, on top of the helium layer, is nearly
pure. As mentioned previously, the DA instability strip ranges from 12,500 to 10,500
K.

HL Tau 76 has an effective temperature of 11,440 + 350 K [7] and a surface
gravity of log g = 7.89 £ 0.05 <3 [11]. This star is a complex pulsator, making it an

excellent candidate for asteroseismology.



EC14012-1446 was discovered by Stobie et al. (2004). This DA is a high ampli-
tude, multi-periodic DAV with an effective temperature of 11,768 + 23 K [13] [8] and
a surface gravity of log g of log ¢ = 8.16 <. EC14012-1446 is also a complex pulsator,
and is supported by decades of archival observation. It is an excellent candidate for
asteroseismology.

This study marks the first comprehensive asteroseismological analysis of these
two WDs. The goal of this analysis is to improve our understanding of the DAV
population. To gain meaningful asteroseismic results from pulsating WDs, we need to
accurately identify their pulsation frequencies. This is achieved through obtaining a
significant amount of time domain observations. A WD does not pulsate at all of its
available modes all of the time. Pulsations will increase and decrease in amplitude on
a variety of timescales, especially for the cooler pulsators. Thus, observing a target
star a multitude of times is necessary to constrain its frequency distribution. Given
their historical significance and catalogs of archival observational data, HL. Tau 76 and

EC14012-1446 are the perfect candidates for this study.

10



Chapter 2

METHODS OF DATA ACQUISITION

2.1 Introduction to Photometry

Photometry is used to measure an object’s brightness as a function of time and
is the primary technique of time-domain astronomy [3]. We use photometry to study
a multitude of objects including supernovae, binary star systems, and pulsating WDs.

Astronomers use telescopes that are equipped with charged-coupled device (CCD)
cameras [19]. CCDs are sensitive to light and highly linear, meaning the outputted
signal of the CCD — in the form of counts/electrons — is proportional to the amount of
light it receives [3]. We now have a “virtual sky” at the tips of our fingers.

The first step of photometric observation is choosing a target star. In our case,
the target stars are HL. Tau 76 and EC14012-1446. For this work, data was collected

through ground- and space-based photometric observation campaigns.

2.2 Ground-Based Data
The ground-based observations presented in this work were obtained using both
single site observatories and multi-site campaigns. Table A.1 shows the list of obser-

vation runs analyzed for HL. Tau 76, and Table B.1 shows the list of observation runs

analyzed for EC14012-1446.

2.2.1 Southeastern Association for Research in Astronomy

The Southeastern Association for Research in Astronomy (SARA) consortium
telescopes, which include one 1.0-meter and 0.9-meter telescopes in the Northern Hemi-
sphere and a 0.6-meter telescope in the Southern Hemisphere was used to acquire

ground-based photometric data.
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For the observation runs conducted for this study, there were a few steps we
needed to follow:

(i) We need to set up the observing schedule. This includes calculating, in our
time zone, when the observation of a target star should begin and end.

(ii) We need to know where the target object is located — based on the telescope
we're using — and how long it will be visible in the night sky:.

(iii) Identify comparison stars. These stars are generally redder than our target
WD, which leads to the next point.

(iv) Choice of filter is extremely important. WDs mostly emit light in the blue
and ultra-violet regions of the light spectrum due to their high temperatures, as seen
in Figure 1.1. The V filter is a compromise between obtaining as many photons as
possible from the target and still allowing enough photons through from the redder

comparison stars.

2.2.2 Whole Earth Telescope and Delaware Asteroseismic Mini-Project
Campaigns

The ground-based archival data used in this study also comes from the Whole
Earth Telescope (WET) and the Delaware Asteroseismic Mini-Project (DAMP) obser-
vation campaigns. WET is an international network of astronomers conducting ob-
servational campaigns on variable objects. These campaigns are coordinated through
headquarters, with participating telescopes spread across the globe. WET was cre-
ated to mitigate observational gaps in our data by providing continuous observation
of a target star for periods of up to several weeks. DAMP runs are of smaller scale,

incorporating fewer telescopes.

2.2.3 Exposure Time

In the ground-based observing campaigns conducted for this research, we used
an exposure time of 45s for HL Tau 76 and EC14012-1446. This shifted from our

initial exposure time of 30s the first few runs we conducted. The higher the exposure
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time, the higher the signal-to-noise ratio. A higher signal-to-noise ratio reduces the
uncertainty in our results, allowing us a way to better distinguish signals from random
fluctuations. This especially applies to extracting frequencies from photometric data.
Incorporating a exposure time of 45s not only allowed us to gather photometric data of
our target WDs without saturating the other stars in the the star-field, but also raised

our signal-to-noise ratio. Figure 2.1 is an example of the star-field used.

Figure 2.1: This is the star-field of EC14012-1446. It is an image taken using CTIO
on April 16th, 2024 as part of a three day observing campaign. EC14012-
1446 lies beside the brightest star in the field and is denoted with the
circle around it. The red circle is where EC14012-1446 is in the starfield,
while the blue circles are what comparison stars can be used for data
reduction.

2.3 Aliasing
A major challenge for ground-based astronomers observing from a single site is
the periodic gaps of observations due to the Earth’s rotation, resulting in gaps in the

data. These gaps introduce aliasing into the Fourier analysis. Aliasing in this context
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refers to the presence of additional frequencies that are artifacts of gaps in the data,
often displaced by a one day cycle or other harmonics of the observing cadence.

Aliasing leads to an increasingly difficult time identifying the pulsation frequen-
cies, specifically when the time between gaps is large. As an example, periodic gaps
associated with the daily rising of the Sun creates an alias pattern associated with
the frequency of pulsation. The spectra window is defined as the pattern created in a
Fourier Transform by sampling a single sine wave exactly as the original data. In the
example given, the alias structure is separated by 11.6 uHz, which corresponds to the
presence of 24 hours gaps. Every pulsation mode will have this spectral window asso-
ciated with it. Overlapping spectral windows can cause an alias frequency to have a
higher amplitude than the ”"real” pulsation frequency. due to their respective frequen-
cies being near one another. The goal is minimize alias structures by minimizing gaps
in the observational coverage. Figure 2.2 shows how aliasing affects a single sinusoidal
pulsation.

Not only does aliasing affect how careful we need to be when extracting fre-
quencies, it also means there is a higher probability we are missing vital components
of the multiplet structure.

Although not specifically affected by aliasing, a continuous, short duration
lightcurve can also cause problems with extracting real frequencies from observational
data. The resolution of the Fourier Transform is determined by the time base of the
observations. Short observations produce broad peaks in the Fourier Transform and

can blend closely spaced frequencies.

2.4 Nyquist Frequency

When analyzing time-series data, we need to be weary of the Nyquist frequency.
This is the highest frequency that can be accurately detected without aliasing and is
a way to tell if the cadence (time between images), or sampling rate, is good enough
to use when collecting observational data. Here, aliasing refers to a high frequency

component being perceived at a lower frequency due to insufficient sampling. The
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Figure 2.2: This is a synthetic periodogram of a single sinusoidal frequency. The
left panel depicts a simulation of single site observing, with a lightcurve
containing three nights of 9 hours of observations at a 30 s cadence. Each
night is separated by a 15 hour gap. The timing of these gaps determines
the alias structure. The main peak in the left panel is separated from
the aliases by 1/86400 s, or 11.5 uHz on either side. Other aliases will
occur at multiples of 11.5 pyHz. The right panel depicts three full days
worth of observation with no gaps. The alias structure observed in the
left panel is removed, and the main peak approaches a delta function.

high frequency ”folds back” into a lower frequency above the Nyquist frequency, which
acts as a reflection point. The cadence value is crucial for detection of rapid changes
in brightness, including that of stellar pulsations. For perspective, DAVs are known
to pulsate on the order of hundreds of seconds [1] [9]. Thus, analyzing data with a
large cadence can result in short period pulsations not being included in the frequency
analysis. This would pose a problem for constraining all pulsation modes exhibited by
a star.

For example, the TESS sectors analyzed for HL. Tau 76 utilize a cadence of 20

1

s. The Nyquist frequency is 5;, where ¢ is in seconds. So for a sampling rate of 20

1

s, the Nyquist frequency is 0.025, or a period of 40 s (5553

). Thus, any periods with
frequencies shorts than the Nyquist frequency will not be detected.
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2.5 Spaced-Based Data
We utilized Transiting Exoplanet Survey Satellite (TESS) [15] data for HL Tau
76 and K2 [18], the extended NASA Kepler mission, data for EC14012-1446.

2.5.1 Transiting Exoplanet Survey Satellite

We analyzed TESS time-series data for HL Tau 76. TESS is an MIT-led NASA
mission designed to discover exoplanets orbiting bright, nearby stars [15]. To accom-
plish this, it conducts all-sky surveys with a focus in the red wavelength, which may
affect the observed pulsation amplitudes as compared to ground-based observations
conducted in the V filter. Heaowever, the pulsation frequencies do not change. Addi-
tionally, TESS uses four wide-field cameras to capture images of a 240 by 960 fields,
which shifts every 27 days to cover the entire sky [14].

2.5.1.1 TESS Pixel Size

While working with TESS data, we need to concern ourselves with the instru-
ment’s pixel scale. Each pixel covers 21 arc-seconds of sky. Such large pixels greatly
increase the probability that light from multiple stars fall on the same pixel. A nearby
star that happens to be a variable could contaminate the lightcurve of the target star.
Fortunately, there are methods available to determine which star on a given pixel is
producing the observed signal [12]. An image from HL Tau 76’s target pixel files is
shown in Figure 2.3.

The light from HL Tau 76 spreads across several pixels, all shown with red-
dashes. Luckily enough, HL Tau 76 is relatively isolated, unlike EC14012-1446. This
means we don’t need to be as concerned about another star’s light bleeding into the
pixels where HL, Tau 76 is. However, once the TESS data for EC14012-1446 is released

in summer 2025, we will have to take extra precaution.

2.5.1.2 Aliasing in TESS
Aliasing, while not as severe as ground-based data, must be considered when

analyzing space-based observations. As mentioned previously, TESS observes a sector
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Figure 2.3: This is an image from HL Tau 76’s target pixel files. This is TESS sector
43 with a cadence of 20 s. The photons collected in the red-hashed pixels
are identified as originating from HL Tau 76.

of the sky for 27 days. At the half-way mark, the moon enters TESS’s line of sight.
This portion of the TESS’s observation will be thrown out in reduction, resulting in
the gap seen in the light curve (Figure 2.4).

The length of this gap is around three days. Although not a gap that happens
periodically like daylight, this will result in an alias pattern.

252 K2

We utilized K2 [18] time-series data for EC14012-1446. K2 is the extended
mission of the NASA’s Kepler [5], whose goal was to search for exoplanets [9]. Due
to technical issues with the stability of the telescope, the mission was reconfigured to
observe target fields along the ecliptic for periods of up to 80 days, and was renamed
Kepler 2 (K2). Although not actively seeking WD discovery, as a happy consequence

of the K2 mission using the transit method, many pulsating WDs were discovered.
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Time-series light curve of HL Tau 76 taken in sector 43 in September 2021
by TESS. The observation run was 27 days with a break in-between for
transmitting data. The relative variation on the y-axis is the variation
in the object’s brightness over time relative to some reference point. The
x-axis is the time in days of the observation.

K2 observed new fields of the sky every three months [9] [18]. This allows us

to obtain 80 days of continuous data of the target in the observation field, as seen in

Figure 2.5.
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Figure 2.5:
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Time-series light curve of EC14012-1446 from K2. The observation run
was approximately 80 days with no gaps. The relative variation on the
y-axis is the variation in the object’s brightness over time relative to some
reference point. The x-axis is the time in days of the observation.

K2 has two distinct advantages over TESS. First, it was a 1-meter telescope,

allowing it to collect more photons from its targets. Secondly, K2 observed in a wide

range of wavelengths (i.e. most of the visible spectrum) while TESS observes in the

red wavelength. As mentioned in Section 2.2, WDs radiate more photons at shorter
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wavelengths — predominately blue/ultraviolet light. Thus, K2’s combination of larger
aperture and greater wavelength coverage produced better signal to noise lightcurves
for faint objects like WDs.

As a review, we can check the Nyquist frequency of the K2 cadence values. K2
utilized a 30 minute cadence and a 60s cadence. For a 30 minute cadence, the Nyquist
frequency is 0.003 Hz, or 3,599.97 s (= 1 hr) in period; for a 60 s cadence the Nyquist
frequency is 0.008 Hz, or 120 s in period. We did not use the 30 minute cadence data.
The 60s cadence value, despite having a lower Nyquist frequency then our usual 20s-45
s cadence, is still a reasonable choice for DAVs as they pulsate on an average of 100 s
to 1500 s [4].

It is a happy coincidence that we can analyze pulsating WDs with TESS and
K2 despite their primary mission goal being exoplanet discovery. With the higher
resolution of our target star’s pulsation periods using space-based observing campaigns,

we're able to extrapolate more than we could with only ground-based data.
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Chapter 3

DATA REDUCTION

After we've collected the scientific images of our target stars, we need to re-
duce the raw data obtained and transform it into usable information for analysis. The
ground-based data is reduced through Maestro [6], a Matlab-based photometry reduc-
tion program that reads in data files of two types: image files and calibration files. The
image files are the photometry images that are taken during the observation run and

the calibration files consist of bias, dark, and sky flat images.

3.1 General Calibrations

Observation data can be compared to the layers of an onion. The outer layers
contain noise that obscures the astronomical information in the center. The outer
layers consist of (i) the non-uniformity of each photosite’s response to light; (ii) the
dark current — excited thermal electrons that accumulate over a given cadence; and
(iii) the zero-point bias — a shift in the reference point of the CCD [3].

We need to peel back the layers of this onion to get to what we seek: the
small brightness variations of our target object. This is where calibration frames come
into play. Each layer has a respective calibration frame that will have information to
subtract from our raw data.

Bias frames capture the bias level of the CCD, with an exposure of zero seconds.
The shutter of the camera remains close, so the bias level should be consistent for
each pixel [3]. If the bias image has a pattern, the fluctuations are likely due to
readout events; no pattern means there is some outside interference from equipment
(e.g. computer) [3]. An example of a bias frame can be seen in the left-most image of

Figure 3.1.
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A dark frame measures the noise generated by the random motions of electrons
within the detector. The camera shutter remains closed, and the CCD is read out after
a fixed period of time. The dark images account for the thermal noise and the bias
value [3]. Darks are taken with the same exposure time as our scientific images. After
subtracting the bias value from the dark image, the thermal noise of the system remains.
This value can be scaled to any exposure time, specifically if the CCD’s temperature
is stable as thermal noise is temperature dependent [3]. Given the scalability of the
thermal noise, in our work the exposure time of the dark images is 60 s. Figure 3.1 has
an example of a dark image.

A flat frame measures the response of each photosite to a uniform light source.
This accounts for the non-uniformity in the CCD’s photosite sensitivity as well as any
optical obstructions (e.g. dust). Figure 3.1 has an example of what a sky flat looks
like. The donuts in Figure 3.1 is dust, which is somewhere in the light path but not
at the focus. Usually, the dust is on the filter. When dividing the master flat from
the raw data, we account for the impacts of dust on the filters and compensate for
non-uniformities in the pixel response.

The linearity of a CCD is one of the key properties that make it a useful tool
for photometry. Linearity means that the output signal is directly proportional to
the number of photons that fell on each photosite during the exposure. The goal is
to convert the generated electrons to a number that represents the flux of the target.
When taking flat frames, we ensure the signal falls within the CCD’s linear response
range.

There are two types of saturation. Electronic saturation occurs when the signal
exceeds the ability of the electronics to turn it into a number. The electronic saturation
level is dependent on how many places the electronics have for 0 and 1. For 16 bit
electronics (16 places) this number is 65536 [1]. The second type of saturation is when
the number of generated electrons exceeds the ability of the photosite to store them.
Excess electrons bleed into photosites above and below the saturated photosite [1].

For our raw images, both flat and scientific, we know they are saturated when
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the counts per pixel reaches the 65536 limit. Thus, when taking sky flats, we aim
for anywhere between 15,000 - 40,000 counts per frame. These calibration images can
either be taken at sunset or sunrise. This consists of some pressure on the observer to
time the flats correctly. If the images are taken too late, the counts are too low to be

useful and we would begin to see stars.

Figure 3.1: These calibration images — bias, dark, and sky flat — were taken on
February 29th, 2024 during a joint observation run of HL Tau 76 and
EC14012-1446.

3.2 Maestro

Maestro is a Matlab-based program that does aperture photometry. This reduc-
tion program requires the gain —the conversion from electrons to counts in the CCD—
and the read noise of the CCD. These factors can be accounted for with four lists: the
bias list, dark list, flat list, and the object list. The bias list contains a list of raw bias
frames, the dark list contains a list of raw dark frames, and the flat list contains a list
of raw flat frames. The object list is a list of all the scientific images taken during the
observation night.

With all the bias, dark, and flat images, we can create a master (averaged) bias,
master dark, and master flat. The average of the raw calibration files is necessary to
take out irregularities. With both the master bias frame and the master dark frame,

the master thermal frame is created, which only accounts for the thermal noise. This
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is done through the subtraction of the bias frame from the dark frame. These master
calibration files are then used in Maestro [3] for data reduction.

Maestro performs aperture photometry, which is a technique used by astronomers
to measure the brightness of an astronomical object. Maestro sums the pixel counts
within a circular aperture centered on the object. The pixel counts are also corrected

for bias, dark, and flat effects.

» Outer Annulus

~ Inner Annulus

_~ Aperture

Figure 3.2: This is an image of HL. Tau 76 in Simbad. To determine a star’s bright-
ness, we need to include all of light it emits. The total pixel value found
in the aperture includes sky. The sky contribution is determined by
measuring the pixels in the region between the outer annulus and inner
annulus.

Figure 3.2 shows a central aperture and one sky annulus. The central aperture
size must be chosen to include all the pixels illuminated by the target object. If the
aperture is too small, light will be excluded. If the aperture is too large, noise is
increased. The sky annulus must also be carefully selected to exclude contributions

from nearby stars. Thankfully, HL Tau 76 is a relatively isolated DAV. However,
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EC14012-1446 is 40 arcsecs from a much brighter, 10th magnitude star. We took extra
care in selecting the proper aperture to account for only the light produced by the
DAV.

Once all the master frames are created, Maestro uses them in the calibration
process. Once the scientific images are calibrated, aperture photometry is performed
for a range of aperture sizes. Maestro outputs a series of files, one for each aperture,

containing the counts for the target, sky, and comparison stars.

3.3 WQED

WQED is a lightcurve analysis suite that uses Maestro output to generate final
lightcurves detailing the targets intensity variations as a function of time [16]. WQED
allows the user to divide by comparison stars to remove weather effects, and removes
polynomials of various degrees to remove extinction. We also use WQED also allows
the user to mark and remove ”bad” points. Once the user is satisfied, WQED outputs
a reduced lightcurve with a header containing timing and other information, and two
columns of data. The first column is time from the run start and the second column
is fractional intensity.

The output of the full Maestro reduction and WQED process is a viable lightcurve
of the target WD. If the target star was observed for multiple nights, the individual
lightcurves can be welded together, or in other words, taking one lightcurve data file
and sticking it at the end of the other data file. Combining multiple lightcurves im-
proves the resolution frequency of the Fourier Transform, and can mitigate the effects
of gaps in coverage. Each lightcurve is evaluated for quality before it is combined.
We had to reject lightcurves due to bad weather, instrument difficulties, and/or other

unforeseen issues.
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Chapter 4

FREQUENCY IDENTIFICATION

4.1 Introduction of the Periodogram Frequency Identification

The next step in the analysis is to identify the target star’s pulsation frequen-
cies. This is achieved by taking the time-domain lightcurves and transforming them
into the frequency-domain. The Python package Pyriod [2] generates a Lomb-Scargle
periodogram from the input lightcurve. The Lomb-Scargle periodogram created by
Pyriod is closely related to the Fourier Transform. The main difference is that Lomb-
Scargle periodograms can handle irregularly spaced data. A periodogram is a good
visual tool and is used to identify the pulsation frequencies. An example of a peri-
odogram used in this analysis can be seen in Figure 4.1.

Our first goal is to identify all of the pulsation frequencies present in each
observing season for each target star. This is done through the usage of the False
Alarm Probability (FAP) cutoff, which determines which frequencies are included in

the final frequency list.

4.1.1 False Alarm Probability Cutoff

In the previous sections, the word ”extract” has appeared quite frequently. This
"extracting” process is actually known as pre-whitening, which is a technique used to
extract periodic signals in time-series data. When you pre-whiten your data by a
certain frequency, you will remove the frequency and its associated spectral window.
Pre-whitening a lightcurve improves the chances of seeing pulsations that were not
initially seen in both ground- and space-based observation campaigns due to the high

amplitude peaks aliasing pattern. The lightcurves in the analyses presented in this
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Figure 4.1: Periodogram of HL Tau 76 sector 43 TESS data, of which was conducted
in September 2021. The amplitude (ppt) is the strength of the signal at
each frequency. The x-axis is the frequencies themselves, with units of
pHz. All frequencies above 2616 ©Hz are combination frequencies.

study were pre-whitened by approximately 30 frequencies, although this varied based
on the quality of the lightcurve.

Each observation run has a corresponding False Alarm Probability (FAP) cutoff.
Despite the periodogram being an excellent tool to identify frequencies of pulsation, we
must establish an amplitude limit above which the identified peak can be considered
significant and not due to random noise. The FAP cutoff determines which frequencies
will be included in our lists of frequencies for each target star.

A code created by Kaylee Grace (2024) utilizes the Monte Carlo method. This
program takes a pre-whitened lightcurve and shuffles the flux values. This shuffled
lightcurve is then transformed into a periodogram. The code then picks out the highest
amplitude in the periodogram. This process repeats 1000 times. Once the full iteration
is complete, the code outputs the average of the high amplitude values picked out. At
worst, there is a 1% chance of a signal above the FAP cutoff being due to noise or

another effect not being accounted for.
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The output value is what is referred to as the FAP value of the initial peri-
odogram. The value changes based on different variables, such how much the initial
periodogram was pre-whitened and the number of iterations the program goes through.

The FAP value can now be applied to the extracting of frequencies from the
data of HL. Tau 76 and EC14012-1446. For example, if the FAP value is listed as 1.03
mma for a periodogram, any frequencies with an amplitude below this value will not

be included in the list of pulsation.

4.1.2 Parent and Combination Frequencies

Once we have a list of well-identified frequencies that are present across mul-
tiple observing seasons, we can begin an ensemble analysis. This process involved
distinguishing ”parent” frequencies from combination frequencies (sums/differences of
parent modes).

Our final frequency list for each target star must contain only parent frequencies.
However, it can be challenging to determine whether a frequency is a parent mode or a
combination. There are various strategies to determine the relationship between these
frequencies:

(i) Look for the frequencies that show up more than once over the years and see
whether the other frequencies involved in the “combination” are still present [7].

(ii) The amplitude of the combination is smaller than that of the parent fre-
quencies [7]. However, one needs to be careful. There are times when the amplitude of
what appeared to be a combination is significantly higher than the previously assumed
parent from year to year. This may mean there is resonance between these different
pulsation modes - they interact with each other intricately and none are combinations.

(iii) One can utilize the ratio given through the usage of Equation 1.2 for the
period spacing of pulsation modes of degree . With this, we can say whether a pulsa-
tion mode aligns with the theoretical value of where it should lie on the periodogram
[7]. For example, if the mean period spacing of the ¢ = 1 modes is 40 s, then we would

expect to see an £/ = 1 at this increment. Granted this is not always the case due
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to trapped modes — modes trapped in a specific region due to chemical composition
transitions [13] — and other physical constraints, but it provides a basis for establishing
what is and is not the parent frequency. There are several other methods, all used
with varying levels of success. The analysis conducted in this paper utilizes the above

techniques to determine what is a parent mode versus a combination.

4.2 Frequencies of HL Tau 76 and EC14012-1446

After finding the FAP for each lightcurve, we create lists of all the frequencies
identified that were above the FAP limit in each dataset. Due to a majority of the
data being archival, the frequencies extracted are not listed in the frequency table for
either HL. Tau 76 or EC14012-1446, as they were previously published. However, the
data was re-analyzed for this work so the FAP values of the archival data are listed for
both target stars.

As mentioned previously, HL. Tau 76’s observations are listed in Table A.1 in
Appendix A and EC14012-1446’s observations are listed in Table B.1 in Appendix
B. These tables include the FAP value found for each observation run. HL Tau’s
frequencies are shown in Table A.2 while EC14012-1446’s pulsation frequencies are
shown in Table B.2. Each table also includes the signal-to-noise ratio of each identified
parent frequency, where the signal-to-noise is defined as the amplitude of the signal
relative to the surrounding noise. Any frequency with a signal-to-noise ratio of four is
included in our final lists of pulsation frequencies. With these tables, we move forward

with our analysis.
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Chapter 5

FREQUENCY ANALYSIS

The analyses of HL. Tau 76 and EC14012-1446 consists of an in-depth look into
their entire frequency distribution, the mean period spacing, and the multiplets. This
is the first time that such a comprehensive analysis has been undertaken. We determine

the mass range and rotation rate for each WD.

5.1 Mean Period Spacing

The distribution of pulsation periods in a pulsating WD is tied to its internal
structure. In particular, the mean spacing between pulsation modes of the same /¢
degree is a diagnostic of the WD’s mass. Specifically, the larger the mean period
spacing, the lower the WD’s mass.

When plotted on the same graph (Figure 5.2), we notice that the frequencies
are not randomly distributed, but rather form distinct clumps of frequencies observed
in multiple seasons. For each target star, we average the periods found within each
identified clump, or multiplet structure. These average values value represent a single
parent mode, each associated with a degree £. However, not all the resulting averaged
periods necessarily belong to the same ¢ degree; a mixture of low- and high- degree
modes may be present. The mean period spacing analysis relies on comparing the
spacing between modes of the same degree, so we limit our analysis to pulsation modes
identified through the K-S and F'T mean period spacing tests as degree ¢ = 1, which

are the most prevalent in our target WDs.
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We compute the spacings between these ¢ = 1 modes and apply mean period
spacing tests to determine the most significant mean period spacing within the dis-
tribution. Once identified, the mean period spacing can be compared to theoretical
models to constrain the mass of the target WDs.

To explore the mean period spacings in HL. Tau 76 and EC14012-1446, we utilize
both the Kolmogorov-Smirnov (K-S) test and Fourier Transform (FT) test. While both
methods aim to find the most significant spacing present within the list of pulsation

periods, they do so through different approaches.

5.1.1 Kolmogorov—Smirnov and Fourier Transform tests

The K-S test is a statistical test used to compare two distributions to determine
if they are significantly different. In this case, we are comparing the observed period
distribution with theoretical distributions containing a range of equal period spacings.
It is known theoretically that a WD of 0.6 M, will have a period spacing of about
40s [13]. Therefore, the test distributions range from 10 to 80 s. If the compared
distributions are similar, the output of the K-S test will show a maximum at that
period spacing. On the other hand, the FT test fits sinusoidal waves to the inputted
list of pulsation periods. The more points the sine wave includes, the more significant

1 With both tests, harmonics of the peaks are present. An

the period spacing is.
example of this is shown in Figure 5.1.

Figure 5.1 shows a synthetic K-S and F'T mean period spacing test. The data
used for this test contains a list of periods separated by exactly 40 s. The K-S test and
FT test both recover the 40 s signal, but also include signals at 20 s and 13 s. Theses
are harmonics of the equal spacing. The extraction of information from these tests can
be difficult, especially the more complicated the WD’s pulsation periods. There is a
probability that what we are quantifying as "real” is in all actuality a harmonic of a

real value present in the tests. This is quite similar to the struggle with aliases present

in periodograms.

1 https:/ /keatonb.github.io/archivers/mps
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Figure 5.1: This is a test case, particularly of a list of values incremented by 40 s.
K-S test shows us the significance of the peak while the FT test shows
us the power of the peak (which could be considered significance). There
is a large peak at 40 s, indicating that this is the mean period of the
inputted list. There is another peak at 20 s and 13 s that are harmonics
of the 40 s peak.

5.1.2 Mean Period Spacing Tests for HL Tau 76
All independent frequencies found through the analysis of the periodogram of
HL Tau 76 over the decades can be seen in Figure 5.2. Over the years, the pulsations
have grouped into specific regions (i.e. periods). Stars exhibit dominant pulsation
modes, which are more prominent due to factors such as energy input and stability of
the mode. The distribution of these pulsations is tied to the structure of the WDs.
Figure 5.2 can be used as a reference to group the pulsation periods into subsets.

For example, the band at approximately 540s are averaged together to represent a single
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Figure 5.2: Representation of the independent frequencies of HL. Tau 76 from the
year 1989 to 2024. This is a cumulation of ground- and spaced-based
observations. The x-axis is period (s) while the y-axis is the amplitude
(mma) of the pulsation periods. The color bar shows the represented
years of observations.

pulsation mode. This is done for all periods below 600s. As mentioned in Section 5.1,
consecutive pulsation modes of the same ¢ degree are used in this analysis. Despite
HL Tau 76’s rich pulsation content, with numerous pulsation modes identified, the
higher period pulsations are more complex and do not have a clear structure to them.
When including a significant portion of the averaged periods in the list to put through
the mean period spacing tests, we find the results to be inconclusive. There was no
significance of any period spacing in either test. To work past this, a small list of
pulsation periods was used. This shorter list consisted of seven ¢ = 1 periods, of which

were identified through their multiplet structure (e.g. a triplet system).
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In Section 5.1 and Section 5.1.1, the process for employing the mean period
spacing tests is discussed. For HL Tau 76, the average period for each group for the

limited list is shown in Table 5.1.

Table 5.1: Average ¢ = 1 pulsation modes in HL Tau 76 used for mean period
spacing tests.

n Average Period (s) Uncertainty
1 382.420 0.397
2 429.566 0.327
3 493.979 0.539
4 541.492 1.064
d 996.572 0.930
6 661.610 2.157
7 695.876 0.758

Figure 5.3 shows the results of the K-S test and the FT test. We find a period
spacing of & 54 s for £ = 1 modes in HL. Tau 76 — the other peaks either correspond to
harmonics or slight deviations in mean period spacing between the pulsation periods
inputted. In Section 1.2, the mean period spacing for the corresponding mode of degree
¢ is described with Equation 1.2. It was discussed that the ratio % modes is v/3. With
this, the predicted period spacing for £ = 2 modes in HL Tau 76 is ~ 31 s. Although
not present due to the limitations of the analysis, there is likely a few ¢ = 2 modes in
HL Tau 76, especially with how complex HL Tau 76’s period distribution is.

The mean period spacing for ¢ = 1 modes differs from the previous result of
~ 48 s in earlier analyses of HL Tau 76’s period distribution [7]. This could be due
to the limitation of the inputted list of / = 1 modes in the mean period spacing tests.
Although, the likely case is the amount of data being included in this analysis exceeds
the amount of data of prior work. With this mean period spacing, we are able to
estimate the placement of consecutive ¢ = 1 modes within HL. Tau 76’s pulsation
distribution.

Additionally, a mean period spacing of ~ 54 s indicates that the mass of HL
Tau 76 is somewhere between 0.5 Mg to 0.6 M. This has yet to be proven by a model,
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Figure 5.3: KS and FT mean period spacing tests. The x-axis is the mean period
(s) and the y-axis depends on which test is being referred to. For the
KS test, the log(Q) represents the statistical significance of a value while
FT test’s y-axis is the power of the mean period spacing found — another
way of representing the significance of the value. The red-dotted line is
at approximately 54 s and is the corresponding mean period spacing for
the ¢ = 1 pulsation modes in HL Tau 76’s periodogram.

but it provides us with a mass range for HL Tau 76. As compared to prior work, the
mass for HL. Tau 76 is said to be approximately 0.57 Mg, though the testing range for
the model was 0.52 M, to 0.58 M [11].

5.1.3 Mean Period Spacing Tests for EC14012-1446
All independent frequencies found through the analysis of the periodogram of

EC14012-1446 over the decades can be seen in Figure 5.4. Similar to HL Tau 76’s
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period distribution plot, this Figure can also be used as reference for grouping periods

of the same system.
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Figure 5.4: Representation of the independent frequencies of EC14012-1446 from the
year 2007 to 2024. This is a cumulation of ground- and spaced-based
observations. The x-axis is period (s) while the y-axis is the amplitude
(mma) of the pulsation periods. The color bar shows the represented
years of observations.

With similar reasons as presented in the discussion about HL Tau 76’s mean
period spacing analysis, we only consider a limited list of / = 1 modes present in
EC14012-1446’s periodogram. This limited list of averaged periods is shown in Table
5.2.

Initially, the small list only included consecutive ¢ = 1 modes; however, the

results from the K-S test and FT test were not as clear. To improve the clarity of
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Table 5.2: Average ¢ = 1 pulsation modes in EC14012-1446 used for mean period
spacing tests

n Average Period (s) Uncertainty
1 349.959 0.299
2 398.877 0.604
3 433.892 0.011
4 530.257 2.486
) 563.243 0.019
6 611.412 3.320
7 644.778 2.219
8 680.513 2.132
9 721.619 3.827
10 770.640 2.520
11 818.254 0.010
12 865.037 0.048
13 905.220 0.076

the two tests’ results, the first three periods listed in in Table 5.2 were added to the
original set.

Figure 5.5 shows the results of the K-S test and the F'T test. We find a period
spacing of &~ 42 s for / = 1 modes in EC14012-1446. According to the ratio % =3
found through Equation 1.2, the expected period spacing for £ = 2 modes in EC14012-
1446 is ~ 24 s. This predicted spacing provides a basis for identifying potential £ = 2
modes within the pulsation spectrum. Additionally, the other peaks corresponding to
slight deviations in the period spacing between some of the £ = 1 modes.

The mean period spacing for £ = 1 modes is quite similar to the previous result
of ~ 41 s in earlier analyses of EC14012-1446’s period distribution [13]. As mentioned
previously, the mean period spacing found through these tests allow for estimates of
the consecutive ¢ = 1 modes in EC14012-1446 periodogram. Through the application
of the mean period spacing of 42 s to the clustered periods seen in Figure 5.4, we are
able to identify more ¢/ = 1 modes in the higher period region.

Theoretically, when considering a WD of mass ~ 0.6 M, the £ = 1 mode would

indicate a mean period spacing of approximately 41 s. Thus, our result for £ = 1 modes
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Figure 5.5: KS and FT mean period spacing tests. The x-axis is the mean period
(s) and the y-axis depends on which test is being referred to. For the
KS test, the log(Q) represents the statistical significance of a value while
the y-axis for the FT test is the power of the mean period spacing found.
The red-dotted line is at approximately 42 s and is the corresponding
mean period spacing for the ¢ = 1 pulsation modes in EC14012-1446’s
periodogram.

having a mean period spacing of &~ 42 s indicates that the mass of EC14012-1446 is
around 0.6 Mq.

5.2 Mode Trapping

In a uniform medium, g-mode periods increase linearly with increasing overtone
k values, resulting in an approximately even spacing distribution for consecutive modes
of degree ¢. However, WDs are compositionally stratified — their interiors are layered
with regions of differing chemical composition and density with respect to depth [13].

This indicates that the individual period spacings will not be uniform, meaning we
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can retrieve information about the internal structure from the distribution of a WD’s
excited modes.

By analyzing deviations from the expected period spacing found through the
methods in listed in Section 5.1, we can identify trapped modes. Mode trapping occurs
when there is a resonance between a pulsation and a surface layer [13]. Theoretically,
this occurs when a mode interacts with a chemical composition transition zone. These
transition zones occur in a DA WD at the boundary between the hydrogen layer and
helium layer, as well as between the helium layer and carbon/oxygen core [13]. These
chemical composition gradients can reflect or trap pulsation modes.

As the radial order increases, the strength and location of the trap modes follows
a cyclic pattern. This trapping cycle is sensitive to the location of the trapping layer,
while the trapping amplitude is sensitive to the density gradient of composition transi-
tion zone [13]. Thus, trapped modes appear as local minima in the AP plot. With the
information obtained through the study of the target DAVs’ period distributions, we
can infer the thickness of the hydrogen/helium layers, locations of chemical transition
zones, and approximate the cooling age of the WD.

To conduct this analysis, we utilize a forward-differing algorithm, where AP is
defined as AP = P, — Py;1. The goal is to see how individual period spacings, AP,
differ as a function of period and consecutive overtone k values. This code is shown in

Appendix C.

5.2.1 Mode Trapping in HL Tau 76
The periods included in this analysis of HL Tau 76 period distribution are
consecutive radial overtones (k) pulsations of degree ¢ = 1 and are shown in Table 5.3.
Using the calculated average periods from Table 5.3 and code that calculates the
difference of these periods, we have a relation between the individual period spacings
(AP) and the periods themselves, relative to the respective k-mode of the period. The

result is shown in Figure 5.6.
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Table 5.3: Average consecutive modes of degree £ = 1 in HL. Tau 76.

n Average Period (s) Uncertainty
1 382.420 0.397
2 429.566 0.327
3 493.979 0.539
4 541.492 1.064
D 596.572 0.930
6 661.610 2.157
7 695.876 0.758
8 733.124 3.639
9 796.679 1.670

The distribution of the period spacings of these excited modes is roughly cyclic,
a sign of repeated mode trapping and proof HL Tau 76 has structure. The period
between dips relates to the trapping cycle length which can then be related to the
thickness of the trapping layer. Based on the low period minima in Figure 5.6, the
trapping cycle length appears to be approximately 111 s. A thinner hydrogen layer will
result in a longer trapping cycle, and vice versa. In previous work, the hydrogen mass
fraction — found through modeling — is M(H) = 2.35 x 107*M, [11]. This would
indicate that a trapping cycle of ~ 111 s correlates to a hydrogen mass fraction of 10~*
if models are correct.

Additionally, the cyclic behavior shown in Figure 5.6 is interrupted by a signif-
icant minima located approximately at 661 s. This is likely a dominate trapped mode

due to a sharp chemical gradient [13].

5.2.2 Mode Trapping in EC14012-1446
The periods included in this analysis of EC14012-1446 period distribution are
consecutive radial overtones (k) pulsations of degree ¢ = 1 and are shown in Table 5.4.
Similar to HL. Tau 76’s period spacing distribution, Figure 5.7 shows signs of
trapping. It does not appear to be as cyclic as HL. Tau 76’s AP plot, but the patten is
still there. This is roughly similar to the results presented in prior work [13], although
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Figure 5.6: AP vs P for HL Tau 76, using the average periods from Table 5.3. Radial
overtone k increases to the left. Most of the points can be confidently
said to be £ = 1 modes. However, the longer period values are likely
a combination of £ = 1 and ¢ = 2 modes overlapping. These are still
averaged and included due to aligning with the predicted £ = 1 mean
period spacing.

there are a few differences. This is likely due to the inclusion of more data in the
analysis.

It is difficult to say whether any particular period is a dominant trapped mode
in Figure 5.7 due to the complex structure of the distribution. However, the results
of this can still be used to relate to the mass of the hydrogen layer, albeit through
modeling instead of trapping cycle length.

Previous work found that the mass of EC14012-1446’s hydrogen layer is between
10~ to 107 [4]. The period spacing used to model this was ~ 42 s, meaning that the
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Table 5.4: Average consecutive modes of degree ¢ = 1 in EC14012-1446.

n Average Period (s) Uncertainty
1 530.257 2.486
2 563.243 0.019
3 611.412 3.320
4 644.778 2.219
D 680.513 2.132
6 721.619 3.827
7 770.640 2.520
8 818.254 0.010
9 865.037 0.048
10 905.220 0.076

spacing found through the K-S and F'T tests for EC14012-1446 in this analysis would

likely produce a similar value.

5.3 Investigating the Multiplet Structure

The parent frequencies of each multiplet structure in both target stars were
averaged over the years they were present. For example, in Table A.2; one triplet is
composed by the frequencies f;, fo, and f3. Instead of analyzing each component of

this multiplet individually, we average the components over the years they were present

in HL. Tau 76’s datasets.

5.3.1 Multiplet Structures in HL Tau 76

There are five multiplets of HL Tau 76 that will be discussed. These rotationally
split modes help estimate the rotation rate of the WD, as well as identify the degree
¢. However, this analysis is complicated with the periodogram of HL Tau 76. The
longer the period, the more complex the pulsation modes appear, as can be seen in
Figure 5.2. Part of this is likely due to overlapping pulsation modes. When ¢ = 1
and ¢ = 2 pulsation modes overlap, the modes’ respective splittings overlap as well.
This means that what would normally be a triplet (¢ = 1) or a quintuplet (¢ = 2),

becomes a convoluted mess. No distinct structure will be recognizable, even with an
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Figure 5.7: AP vs P for EC14012-1446, using the average periods from Table 5.3.
Radial overtone k increases to the left. A majority of the averaged periods
are for certain £ = 1 modes. The averaged modes that we are unsure of
are included due to aligning well with the mean period spacing of 42 s.

in-depth analysis of the spacings. There are too many possibilities of which frequency
corresponds to which mode, leading to inconclusive results. For this reason, the analysis
of the frequency spacing in HL. Tau 76’s periodogram is limited to 1674Hz to 2616Hz.

To simplify the analysis, only the average of the parent frequencies of this subset
is shown in Table 5.5. This simplifies our analysis by limiting the amount of data that
need to be examined. When referring to lower frequency multiplet systems, Table A.2
will be used. Additionally, when discussing the components of each multiplet structure,

the respective ¢ and m values will be given in the format (¢, m).
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Table 5.5: Average Parent Frequencies in prominent multiplet systems for HL. Tau 76.

Average Frequency

n (uH>2) Uncertainty
fo 2616.884 0.236
f 2614.686 0.377
fo 2612.671 0.023
f3 2327.933 1.770
fa 2208.261 0.101
fs 2027.105 0.244
fe 2023.132 0.775
fr 1847.920 0.939
fs 1845.673 0.008
fo 1843.101 0.478
fio 1705.743 0.025
fi1 1710.986 0.291
fi2 1680.133 2.520
fi3 1674.860 0.531
fia 1670.450 0.029

Using the equation 1.2, we found that the ratio between the mean period spac-
ings for £ = 1 and ¢ = 2 pulsation modes should be v/3. In order to apply this to
the frequency domain, in which the periodogram is constrained, we use the ratio gq;ﬁ—z.
The average frequency splitting spacing of a known ¢ = 1 mode is divided by 0.6 value
to obtain the average frequency splitting spacing of an ¢ = 2 mode. This is done with
the average frequency splitting of the multiplet in question.

We start with the triplet system f; (1847.920 pHz), fs (1845.673 pHz), and
fo (1843.101 pHz). This is an ¢ = 1 multiplet system with the f; component being
(1, -1), fs component being (1, 0), and fy component being (1, 1). Frequency f7 is
normally the highest amplitude pulsation in the periodogram of HL Tau 76; if not this
frequency, then fg (2023.132 pHz). This indicates that f; is a favored mode. Excitation
mechanisms that are dictated by the structure and composition of the star result in

more energy being put into some modes more than others. Also, given that this is an

¢ =1 multiplet system, the pulsation is likely to be higher amplitude due to its surface

43



variations not canceling out as frequently as would occur with pulsation modes with a
higher degree ¢ (¢ = 2,3, ...).

The frequency spacing between f; and fg is 2.25 pHz; the frequency spacing
between fg and fy is 2.57 uHz. The average spacing of this triplet system is approx-
imately 2.41 pHz. Dividing this by 0.6, an ¢ = 2 frequency splitting should have an
average spacing of approximately 4.02 pHz. This is rather consistent with previous
papers that note the average frequency spacing of this triplet system, of which was
said to be approximately 2.5 uHz [7].

For comparison, the following is the spacing analysis for the TESS 2021 data
as shown Table A.2. Frequencies f, (1847.712 pHz), fi7 (1845.668 pHz), and fis
(1843.378 puHz) form a triplet. The frequency spacing between f; and 717 is 2.04 pHz;
the frequency spacing between fi7 and fig is 2.29 yHz. The average spacing of this
triplet system is approximately 2.17 uHz. 2 Dividing this frequency splitting by 0.6, an
¢ = 2 frequency splitting should have an average spacing at around 3.62 yHz. The shift
in average frequency spacing of this triplet is apparent and due to the spacing between
the individual components of this multiplet shifting slightly over the decades. This
could be due to the long-term monitoring done by TESS, which provides more precise
measurements of the WD’s pulsations. There is also the chance that these changes are
due to other mechanisms.

The next multiplet structure is a doublet composed of fg (2023.132 pHz) and
f5 (2027.105 pHz). The frequency spacing for this doublet is 3.94 pHz. Although
relatively close to what is predicted for the frequency spacing of ¢ = 2 pulsation
modes, it is unlikely. This is due to the analysis conducted with the mean period
spacing test discussed in Section 5.1.2. In short, this pulsation mode aligns well with
the predicted period spacing of ¢ = 1 pulsation modes. This would indicate that the
central component of this doublet is not being seen with the fs component being (1, 1)

and the f5 component being (1, -1). If we assume that the central component of this

2 This spacing does not change significantly in the TESS 2023 data, resulting in a
similar average frequency spacing.
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mode is below detection levels, then we find an average splitting of 1.97 pHz, which is
lower than the expected value of 2 — 2.5 pHz.

Moving onward, we consider the ¢ = 1 triplet fy (2616.884 uHz), f; (2614.686pHzz),
f2 (2612.671 pHz) listed in Table 5.3. The f; component is (1, -1), f; component is (1,
0), and the f, component is (1, 1). The spacing between fy and f; is approximately
2.2 pHz; for fi; and fy, it is 2.01 pHz. Thus, the average frequency spacing of this
triplet is 2.11pHz.

The last triplet system that will be discussed is f15 (1680.133 pHz), f13 (1674.860 pHz),
and f14 (1670.450 pHz). The latter is only present in the XCOV18 observation run, so
the average consists of only one value. The fi5 component is (1, -1), f13 component is
(1, 0), and the fi4 component is (1, 1). The frequency splitting between fi5 and fi3 is
5.27 pHz; between fi3 and fi4 is 4.41 pHz. Thus, the average frequency spacing of this
multiplet is 4.84 pHz. This, again, is larger than our expected value for a pulsation
mode with degree ¢ = 1. To make sure the average value is not affecting the results
significantly, we look at the November 1989 archival data that showed the frequencies
1678.351 pHz and 1674.280 pHz. The frequency spacing of this splitting is 4.07uHz.
This is still quite large. As previously said, there are a few explanations to justify this:
differential rotation, this pulsation mode is actually degree ¢ = 2, or the extracting of
the frequencies is not accurate.

The frequencies fio (1705.743) and f1; (1710.986) is not a doublet seen together.
Frequency fig is present in both TESS datasets, while fi; is only present in the October
1990 data. This large separation in detection is a good example of how the WD does
not put energy into the same pulsation mode at all times. Both pulsation frequencies
are singular in the periodogram of HL. Tau 76, meaning there is no multiplet structure
when analyzing the datasets separately. However, this could mean that we are seeing
two different components of a multiplet structure. If this is the case, the frequency
spacing between fio and fi; is 5.244 pHz. If there is a central component between the
two, the frequency spacing would be around 2.622 pHz — this would be the spacing

value if the splitting is even on both sides.
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With the averaged spacing values obtained for the £ = 1 modes, we can calculate
the rotation rate of HL. Tau 76. We use the 2614 pHz triplet, the 1847 pHz triplet,
and the 1674uHz triplet to calculate the average frequency spacing value for the £ = 1
modes. The results of this new average is a frequency spacing of 2.99+1.248 uHz. Using
Equation 1.1, we find the rotation rate of HL. Tau 76 to be 1.93 +0.81 days. The error
is high due to the inclusion of the 1674uHz triplet frequency splitting. The rotation
rate result found using the three triplet systems mentioned is less than the previous
result of 2.2 days [7]. Since some of these averaged frequency spacing values may be
affected by convection and/or other processes, we also determine the rotation rate of
a higher frequency (lower period) pulsation. This is done with the 2614 pHz multiplet
system, which has an average frequency splitting spacing of ~ 2.11 + 0.130 pHz. This
spacing results in a rotation rate of 2.74 £ 0.17 days.

5.3.2 Multiplet Structures in EC14012-1446

Six multiplet systems in EC14012-1446 that will be discussed. These rotation-
ally split modes help estimate the rotation rate of EC14012-1446. The reason we are
limiting our analysis to these six systems to simplify our discussion. The general trend
of spacing follows for a majority of the multiplet systems in EC14012-1446, likely due
to being primarily £ = 1 modes. The six multiplet structures — broken down into their
components — are shown in Table 5.6.

EC14012-1446 has quite the fascinating multiplet structures present in its peri-
odogram. The primary frequency spacing in a majority of these systems is ~ 10 pyHz.
The following is an in-depth look into the frequency spacings in the multiplets, along
with a discussion on what could result in such interesting structures.

We begin this analysis with the triplet fo (1644.170 uHz), fi0 (1633.817 uHz),
and f; (1623.425 pHz). This is an ¢ = 1 multiplet system with fy being (1, -1),
fio being (1, 0), and fi; being (1, 1). The frequency spacing between fo and fio is
10.353 pHz, while the spacing between fiy and fi; is 10.392 pHz. This is a very appar-
ent triplet in the K2 data, where the average frequency spacing is around 10.7 pHz.
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Table 5.6: Average Parent Frequencies in prominent multiplet systems for EC14012-

1446.
n Averagzzgrgquency Uncertainty
fo 2860.290 0.390
fi 2856.072 0.227
fo 2515.671 0.004
f3 2508.219 0.209
fa 2504.761 0.300
fs 1891.231 0.067
fe 1887.388 0.270
fr 1882.316 0.196
fs 1861.405 0.046
fo 1644.170 1.072
f10 1633.817 0.335
fi1 1623.425 0.462
fi2 1558.968 0.006
fi3 1548.259 0.094
fia 1472.942 0.136
fis 1462.606 0.048

This being an ¢ = 1 multiplet system means that we can use its average frequency

spacing to find the spacing for an ¢ = 2 multiplet system. Through the usage of the

ovg=1 __

ratio 3
Ve=2

0.6, we have that an ¢ = 2 mode should have a frequency spacing of
approximately 17.32 pHz.

The triplet fy (2515.671 pHz), f5 (2508.219 pHz), and fy (2504.761 pHz) adds
a bit more complexity to our spacing analysis. It is difficult to give f; an azimuthal
order. Initially, f; was considered to be (1, -1) and f; was considered to be (1, 0).
However, given the 10.910 pHz spacing between f, and f; and how it is quite similar
to the spacing in the 1633 pHz triplet system, there is a chance that fs is (1, -1) and
fais (1, 0), with f3 being a sub-splitting from either one of the the "main” frequencies
in the system. However, this is strictly speculation.

The next multiplet is a doublet composed by fy (2860.290 pHz) and f; (2856.072 pHz).

It is difficult to place a constraint on the azimuthal order for either value due to there
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not being another component. The frequency spacing between these two values is
4.219 pHz.

The frequencies f5 (1891.231 pHz), fs (1887.288 pHz), and f; (1882.316 uHz)
compose a triplet system. The assumption is that f5 is the (1, -1) component, fs is
the (1, 0) component, and f7 is the (1, 1) component. The separation between f5 and
fe is 3.843 pHz while the separation between fg and f; is 5.071 puHz. The spacing
separation between f5 and f7 is 8.915 pHz, so not quite the ~ 10 puHz spacing seen in
the 1633 pHz.

The last two multiplets being discussed are two doublets. The first doublet
is composed by two frequencies fio (1558.968 pHz) and fi5 (1548.259 pHz). This
multiplet has has a frequency spacing of 10.709 uHz. The second doublet is composed
by the frequencies fi14 (1472.942 pHz) and fi5 (1462.606 pHz). The frequency spacing
between these two components is 10.335 yHz. The azimuthal order is still inconclusive.

Throughout all observations of this DAV, the same ~ 10 uHz frequency spacing
has appeared. As mentioned previously, this was not directly seen in a majority of the
multiplet systems until K2 data was released.

There are a few explanations for these complex structures in the periodogram
of EC14012-1446. One is the consideration that EC14012-1446 is actually an oblique
pulsator. This is a type of star where the pulsation axis is not aligned with its rotation
axis. Rather, the pulsation axis is inclined and possibly aligned with the magnetic axis
of the star. From Earth’s perspective, this alignment results in interesting frequency
splittings in a star’s F'T. There is also a chance that it has a a stronger magnetic field.
Further analysis is needed to distinguish between these scenarios and better constrain
the underlying cause.

If EC14012-1446 is an oblique pulsator, or at least a WD that has some oblique
pulsations, the periodogram will show a specific kind splitting in its multiplets. This
frequency splitting consists of the usual m = 0 component, along with the m = 1 and
m = —1 components if visible. However, the central peak, and the m =1 and m = —1

components, may have additional peaks on either side of them. These additional peaks
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correspond to a central peak (m = 0,1,2) plus the rotation rate of the star. This can
be written as v, — v, for the left component and v, + v, for the right component,
where v, represents the respective central frequency value (m = 0, 1, 2) being analyzed.

If this is truly the case, the rotation rate of EC14012-1446 relies on the separation
between the v, component and the v,4+v,,; components. Using Equation 1.1, this would
result in a rotation rate of 1.59 £ 0.12 days. This was computed with only two of the
average frequency spacing values that may be associated with the v, +v,,, components.
Due to this only being a possibility, we also consider the ~ 10 uHz frequency splitting
as a sign of rotationally split m-modes. To calculate the rotation rate, we average each
instance the ~ 10 uHz frequency appeared in the multiplets we discussed. This results
in an average frequency splitting spacing of 10.346 £+ 0.702 pHz, the rotation period
of EC14012-1446 is ~ 0.57 & 0.04 days. This aligns well with the previous result for
rotation rate of 0.6 days [13].
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Chapter 6

CONCLUSION

We have conducted the first comprehensive asteroseismic analysis of HL. Tau 76
and EC14012-1446, including constraints on their stellar masses and internal rotation
rates.

For HL Tau 76, we have identified a total of 138 frequencies representing 43
parent frequencies. These modes correspond to a series of nine consecutive ¢ = 1
modes. We determined a mean period spacing of &~ 54 s, indicative of a stellar mass
between 0.5M and 0.6M. From the multiplet structure of the lowest frequency ¢ = 1
mode, we found an average frequency splitting spacing of 2.11 pHz, which corresponds
to a rotation period of 2.74 days. For the average frequency splitting spacing over all
¢ = 1 multiplet structures discussed in Section 5.3.1, we find that the result 2.99 pHz
corresponds to a rotation rate of 1.93 days.

For EC14012-1446, we have identified a total of 72 frequencies representing 34
parent frequencies. These modes correspond to a series of 10 consecutive £ = 1 modes.
We find a period spacing of /=~ 42 s. This period spacing corresponds to a stellar mass
of =~ 0.6My. Our analysis of the multiplet structure finds a frequency splitting of
10.346 pHz, which corresponds to a rotation period of 0.57 days.

6.1 Future Work

WDs have relatively thin convection zones that deepen as they cool. By studying
how the depth of the convection zone varies with effective temperature, we can advance
our understanding of the convection zone [13].

The connection between WDs and convection provides a benchmark to con-

strain convective theory. Convective light curve fitting is the technique used to recover
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information about stellar convection zones. This technique fits WD non-sinusoidal
light curves to recover physical information about the convection zone. Convective
light curve fitting requires a high signal-to-noise light curve and prior knowledge of the
star’s pulsation frequencies, amplitudes, and spherical harmonic indices, (¢, m) [13].

Convection is a major concern for astrophysical modeling. For pulsating WDs,
this leads to errors in measuring their effective temperatures, resulting in miscalcula-
tions of their ages and the age of the Galactic disk [10]. This issue affects all types of
stars. Without concrete knowledge of how the convection zone operates, it is impossible
to model a star accurately.

With the constraints derived from our asteroseismic analysis of HL. Tau 76 and
EC14012-1446, we can perform convective lightcurve fitting for both stars. Addition-
ally, we will collaborate with colleagues to develop asteroseismic models. These will
not only improve estimates of these stars’ physical properties and models, but also be

a start to a broader investigation of convection.
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OBSERVATIONS FOR HL TAU 76

Appendix A

Table A.1: List of observation runs for HL Tau 76.

Run Name Inst. Run FAP

Length

(hrs)
dec89.b1dg PMT 31.16 1.13
nov89.bldg PMT 245.61 1.65
oct90.1cl PMT 51.07 1.64
nov90.1cl PMT 51.28 2.45
dec90.1c1 PMT 5.08 4.37
feb91.1c0 PMT 122.85 2.74
jan92.1c2 PMT 121.91 2.37
nov93.lcl PMT 25.88 6.84
xcov13.1cO PMT 169.19 2.44
wet1111-01.1c1 CCD 722.71 1.72
tess-secd344 CCD — 1.78
tess-sec7071 CCD — 1.74
sakt2411.dat CCD 32.12 3.14
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Table A.2: List of frequencies identified in Hl Tau 76.

Peak Frequency (u Hz)  Period (s) Amplitude S/N
(mma)

Sept-Oct 2021

fo 1847.712 £ 0.002 541.210 £ 0.001  24.82 £+ 0.34 73.4
fi 2023.653 £ 0.002 494.156 £ 0.001 17.19 £ 0.34 20.8
fo 2614.512 £ 0.003 382.481 £ 0.001 12.30 £ 0.34 36.2
f3 1253.222 £ 0.005 797.943 £ 0.006 8.65 £ 0.35 244
fa 2027.096 £ 0.006 493.317 == 0.003  6.85 £ 0.34 20.2
fs 1506.593 £ 0.005 663.749 £ 0.005 6.84 £ 0.34 20.2
fe 1843.378 £ 0.008 542.482 £ 0.005 4.62 £ 0.34 13.7
fr 1845.668 £ 0.008 541.809 £ 0.005 4.28 £ 0.34 12.7
fs 1254.596 £ 0.010 797.069 £+ 0.013  4.21 £ 0.35 12.2
fo 1072.890 £ 0.010 932.062 £ 0.017  3.40 £ 0.34 10.1
fio 1256.878 £ 0.011 795.622 £ 0.015 3.30 £ 0.34 9.6
fin 1515.432 £ 0.013 659.878 £ 0.012  3.13 £ 0.34 9.2
f12 2612.655 £ 0.015 382.752 £ 0.004 2.80 £ 0.34 8.2
fis 1255.210 £ 0.016 796.679 £ 0.021  2.69 £ 0.35 7.8
f1a 1705.725 £ 0.016 586.261 £ 0.011 2.68 £ 0.34 7.9
fis 1841.098 £ 0.016 543.154 + 0.009  2.66 + 0.34 7.9
fi6 1510.912 £ 0.016 661.852 + 0.014 2.59 £ 0.34 7.6
fi7 1252.841 £ 0.020 798.186 £ 0.025 2.32 £ 0.36 6.5
fis 1508.827 £ 0.019  662.767 = 0.016  2.30 £ 0.34 6.7
fa0 2616.717 £ 0.021 382.158 £ 0.006  2.00 £ 0.34 2.9
S 1509.734 £ 0.022 662.368 £ 0.019 1.99 £ 0.34 5.8
f20 1258.837 £ 0.022 794.384 £ 0.028 1.91 £ 0.34 5.6
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Continuation of Table A.2

Peak Frequency (uHz) Period (s) Amplitude S/N
(mma)

fo1 1057.224 £ 0.022 945.874 £ 0.040 1.89 £ 0.34 5.6
foo 1260.904 £ 0.023 793.082 £ 0.029 1.82 £ 0.34 5.4
Sept-Oct 2023

fo 1847.744 £ 0.001 541.200 £ 0.001  28.81 £+ 0.36 79.3
fi 2023.669 +£ 0.002 494.152 £ 0.001  20.51 £ 0.36 56.4
fo 2614.504 + 0.003  382.482 £ 0.001 13.61 £ 0.37 37.0
f3 1845.679 £ 0.007 541.806 £+ 0.004 5.35 £ 0.36 14.7
fa 1843.375 £ 0.009 542.483 £ 0.005 4.62 £ 0.36 12.7
fs 1254.629 £ 0.009 797.048 £ 0.012  4.10 = 0.37 11.0
fe 1253.022 £ 0.011 798.070 £ 0.014  4.10 £ 0.38 10.7
fr 1506.579 £ 0.011 663.755 + 0.010 3.48 £ 0.37 9.5
fs 2027.076 £ 0.013 493.321 £ 0.006  3.48 £ 0.36 9.6
fo 1509.786 £ 0.014 662.345 =+ 0.012  3.26 £ 0.36 9.0
f1o 1258.985 £+ 0.014 794.290 £ 0.018  3.09 + 0.37 8.4
fi1 1252.746 £ 0.017 798.247 £ 0.022  3.05 £ 0.38 8.1
fi2 1705.760 £ 0.015 586.249 + 0.010  3.00 £ 0.36 8.3
fis 2612.687 £ 0.016 382.748 £ 0.005 2.86 £ 0.37 7.8
f1a 1507.514 £ 0.017 663.344 + 0.015 2.76 £ 0.37 7.5
fi5 1256.898 £ 0.011 795.610 £ 0.014  2.65 £ 0.37 7.2
fi6 1511.934 £ 0.018  661.405 &+ 0.015  2.58 + 0.36 7.1
fi7 1074.288 £+ 0.014 930.849 £+ 0.025 2.50 £ 0.37 6.8
fis 2025.969 + 0.018 493.591 £ 0.009 2.48 £ 0.36 6.8
fao 1514.169 £ 0.020  660.428 £+ 0.017 2.31 £+ 0.36 6.4
fo1 1841.095 £ 0.021 543.155 £ 0.013  2.12 £ 0.36 0.8
fo0 1435.654 £ 0.022 696.547 + 0.022  2.01 £ 0.36 2.5
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Continuation of Table A.2

Peak Frequency (uHz) Period (s) Amplitude S/N
(mma)

fo1 1257.443 £ 0.025 795.265 £ 0.032 1.93 £+ 0.37 5.2
faz 1515.543 £ 0.025 659.830 £+ 0.022 1.79 £ 0.36 4.9
fas 1072.815 £ 0.027 932.127 £ 0.047 1.70 £ 0.37 4.7
Nov-Dec 2024

fo 1848.032 £ 0.461 541.116 £ 0.270  33.24 £ 1.01 33.0
f 2022.645 £ 0.556 494.402 £ 0.272  27.88 £ 1.00 27.9
fo 2615.344 £ 0.861 382.359 £ 0.252  18.49 £+ 1.00 18.5
f3 1251.835 £ 0.938 798.827 £ 1.197 16.85 £ 1.01 16.7
fa 1071.937 £ 1.536  932.890 + 2.673 11.53 + 1.01 11.5
fs 1364.025 £ 3.386 733.124 £ 3.639 5.54 £ 1.00 2.5
fe 1717.329 £+ 3.419 582.300 £+ 2.318 547 £ 1.01 5.4
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OBSERVATIONS FOR EC14012-1446

Appendix B

Table B.1: List of observation runs for EC14012-1446.

Run Name Inst. Run FAP

Length

(hrs)
ec14012-2007.dat CCD 318.93 2.60
ec140803.dat CCD 162.28 0.80
ec141105.dat CCD 641.45 1.65
ec141304.dat CCD 54.92 2.80
eck2data.lcl CCD 1894.26 0.721
cti0240217.1cl CCD 5.40 13.372
sakt240301-09.1c1 CCD 2.72 16.074
ec142404.dat CCD 57.37 6.142

Table B.2: List of frequencies identified in EC14012-1446.

Peak Frequency (u Hz) Period (s) Amplitude S/N
(mma)

K2 2020

fo 1633.816 £ 0.000 612.064 £+ 0.000 33.99 + 0.08 448.0

f 1887.465 £ 0.000 529.811 £ 0.000 13.66 + 0.08 178.9

fo 1548.273 4+ 0.001 645.881 4+ 0.001 9.08 £+ 0.08 119.9
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Continuation of Table B.2

Peak Frequency (uHz) Period (s) Amplitude S/N
(mma)
f3 2504.971 £ 0.001 399.206 £ 0.000 8.22 £ 0.08 105.4
fa 1644.512 £+ 0.001 608.083 £ 0.001 6.96 £ 0.08 91.6
f5 1623.114 £+ 0.001 616.100 4= 0.001 5.63 = 0.08 74.1
fe 2855.911 + 0.003 350.151 £ 0.001 2.21 £ 0.08 28.0
fr 2508.071 + 0.003 398.713 £+ 0.001 1.96 £ 0.08 25.1
fs 1155.975 + 0.004 865.070 £ 0.006 1.55 £+ 0.08 20.6
fo 1027.063 £ 0.004 973.650 + 0.008 1.45 + 0.08 194
f1o 934.951 £ 0.004 1069.575 £ 0.009 1.38 £ 0.08 18.3
fi 1645.452 £ 0.004 607.736 £+ 0.003 1.37 £ 0.08 18.0
f12 1472.846 £ 0.005 678.958 + 0.004 1.32 £ 0.08 17.5
fis 1558.968 £ 0.006 641.450 £+ 0.005 1.07 = 0.08 14.1
f1a 1898.162 £ 0.006 526.825 £ 0.003 1.07 £ 0.08 14.0
fis 1294.623 + 0.006 772.426 + 0.007 1.02 £ 0.08 13.5
fi6 1719.363 £+ 0.007 581.611 £ 0.004 0.93 £ 0.08 12.2
fi7 1222.114 £ 0.008 818.254 £ 0.010 0.80 £ 0.08 10.7
fis 964.639 £ 0.008 1036.657 £+ 0.017 0.74 £ 0.07 9.9
fa0 2515.671 £ 0.004 397.508 £ 0.001 0.74 £ 0.08 9.6
fo1 1241.531 £ 0.008 805.457 £+ 0.011 0.72 £ 0.08 9.5
Feb 2024
fo 1634.421 £+ 1.708 611.838 £+ 1.278 63.37 £ 3.87 16.4
fi 1391.140 £ 3.747 718.835 £+ 3.873 29.01 £ 3.85 7.5
fo 1882.455 £ 4.754 531.221 £ 2.683 22.77 £+ 3.86 5.9
March 2024
fo 1630.465 £ 5.840 613.322 + 4.394 46.28 + 4.72 9.8
fi 1388.592 £ 8.312 720.154 £ 8.622 32.41 £ 4.75 6.8
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Continuation of Table B.2

Peak Frequency (uHz) Period (s) Amplitude S/N
(mma)

April 2024

fo 1633.367 £+ 0.064 612.232 £ 0.048 44.99 + 1.58 28.5
fi 1385.762 £ 0.060 721.625 £ 0.062 44.32 £ 1.49 29.8
f2 1886.853 £ 0.246 529.983 £ 0.138 14.94 £ 1.78 8.4
f3 1882.178 £ 0.373 531.299 £ 0.210 13.10 + 1.66 7.9
fa 1655.539 £ 0.286 604.033 £+ 0.208 11.39 £ 1.58 7.2
fs 2504.549 + 0.297 399.273 £+ 0.095 10.86 £ 1.49 7.3
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Appendix C
CODE

import matplotlib.pyplot as plt
import numpy as np

import pandas as pd

data = pd.read_csv(”ecld—Ll—consecutive.csv”, names = [’ ’period’], sep =

def del_p(list):
arr = ]
for i in range (len(list) — 1):
difference = list[i] — list[i+1]
arr .append (difference)

return arr

result = del_p(data[’period’]. tolist ())

x = data[ 'period’|[: —1]. tolist ()

y = result

plt .rcParams.update ({ "font.size’: 18})

Y I

plt.plot(x, y, 'o—',color = ’'b’)
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plt
plt

plt.
plt.

plt.
plt.
plt.

plt

plt.
.show ()

plt

.ylim (30, 55)
.xlim (550,920)

xlabel (’Periods-(s)’)
ylabel (r’$\Delta-P$-(s) ")

tight_layout ()
grid (which="minor’, color="#EEEEEE’ |, linestyle=":", linewidth=0.5)

minorticks_on ()

.gca().invert_xaxis ()

savefig(’ecld—delp.png’, dpi = 250, facecolor = ’white’)
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