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As one of the ultimate goals of the field of exoplanet science — discovering an Earth-mass
planet orbiting a Sun-like star at 1 AU — begins to come into reach from the perspective
of instrumentation, there are still many challenges in data analysis to overcome before such
a discovery can be realized. The most promising method for discovering this Earth-twin,
the radial velocity (RV) method, is one of the most successful ways of finding exoplanets.
Through measuring the Doppler shift of light from a star due to the gravitational interaction
between star and planet, the RV method looks for periodic signals in the changing velocity
of the star. When a periodic signal is identified as planetary in origin, RVs also allow us to

measure the mass of the planet.

In addition to a powerful discovery technique, the RV method is a powerful follow up tool.
Planet mass, combined with radius as obtained from the transit method, allows us to com-
pute the planet’s bulk density. With density, it is possible to theorize what materials make
up these planets and begin to ask questions concerning habitability. On this note, without
a precise mass one cannot properly interpret transmission spectra and reveal insights into
a planet’s atmosphere. Planet mass also allows for investigations of planet formation and
evolution. Lastly, without planet masses, one cannot investigate the dynamics of a sys-

tem. Without a well-measured mass from RVs, a planet and its greater system cannot be
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characterized in detail.

While the new era of Extreme Precision Radial Velocity (EPRV) spectrographs is allowing
us to reveal ever smaller RV signals in our data sets, not all of these signals are planetary
in origin. We expect a planet’s signal to be strictly periodic: the frequency, amplitude,
and phase of the signal should be consistent across all time spans. But more and more
we are learning that quasi-periodic stellar activity induced signals plague our data sets.
These signals are not consistent in time, frequency, amplitude, or phase. They come and go,
sometimes stronger or weaker, with or without phase shifts. But nonetheless, our current
methods for detecting periodic signals have trouble distinguishing between a strictly periodic
planetary signal and a quasi-periodic activity signal. Properly and consistently identifying
and characterizing activity will be the prime inhibitor to small planet detection and, by
extension, their mass measurements. In this dissertation, I address the issue of distinguishing

between strictly and quasi periodic signals in RV data sets.

First, I demonstrate the challenge, importance of, and lessons learned from measuring small
RV signals to determine precise masses of planets. I use the exciting 5+ planet system HD
191939 as a demonstration of the importance of detailed intra-system studies. This scaled-
down Solar System hosts three inner transiting sub-Neptunes, a shepherding Saturn-mass
planet, and a very long period super-Jupiter. Our precise mass measurements allow for a
deep dive into the compositions, formation, evolution, and dynamics of this system in a way

that many more systems will be treated in the future.

Second, I describe my work on identifying quasi-periodic signals in RV data sets. Using
Barnard’s star as a test case, I explore how the 145-day stellar rotation period signal was
aliased at one year to create a 233-day false positive planet detection. In the process, I
develop new techniques for isolating the localized activity signal in time. This example

stresses the importance of understanding the lifetime of all signals in a RV data set.
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Lastly, with the special case of Barnard’s star as motivation, I design and build a new
software package, the ¢; Apodized Periodogram, or Lia, with the explicit goal of estimating
the decay lifetime of periodic signals. Lia will help us better understand our RV data sets,
providing a holistic picture of each signal which allows us to more confidently describe their

astrophysical origins.

In all, the main effort of my dissertation is to develop new methods and techniques for
consistently distinguishing between strictly and quasi periodic signals in RV data sets. This
effort will help set us up for discovering small RV signals and more precisely measuring known
planet masses. Both of these endeavors will be vital in the broader search for discovering a

true Earth-twin planet.
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Chapter 1

Introduction

1.1 Exoplanets

1.1.1 Overview of Relevant Detection Methods
Radial Velocity

The first exoplanet confirmed around a Sun-like star, 51 Pegasi b [148], was discovered using
the radial velocity (RV) technique. This method takes advantage of the gravitational pull
between the planet and the host star. The two bodies orbit their shared center of mass,
with the planet sweeping a wide orbit and the star moving through a much smaller orbit.
Looking down from above onto this orbital dance, both star and planet move through a
two dimensional ellipse. If viewed as edge-on to the plane of this ellipse, the motion can be
collapsed down to a one dimensional back and forth action. To an observer on Earth, this
will appear as if the star is moving in and out of the plane of the sky, or the radial direction,

see Figure 1.1. By measuring the velocity of the star at many different times and tracking



HOST STAR
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Figure 1.1: Artist’s impression of the RV method in action. The Doppler-shifted light of the

host star due to the unseen planet’s motion is detectable with precise spectrographs. Image
credit: ESO.

how the velocity changes, one can trace the motion of the star and infer the existence and

properties of the unseen planet.

The velocity of the star is calculated from the Doppler shift of the light in the stellar spec-
trum. As the star moves towards and away from Earth observers, absorption lines in the
spectra are shifted in wavelength space. The direction of the shift in wavelength space deter-
mines the direction of the star’s motion: shifts to longer wavelengths (to the red side of the
spectrum) indicate the star is moving away from us and shifts to shorter wavelengths (to the
blue side of the spectrum) indicate the star is moving towards us. In effect for calculating
RVs, this sets the plus/minus sign on the velocity magnitude. That magnitude is determined
from the size of the shift in wavelength space, with larger shifts, as measured from the rest
frame of the star or from a stellar template, corresponding to larger velocity magnitudes.
For the constant and consistent signal that a planet imparts, one expects for all absorption
lines to shift linearly in wavelength space by the same amount. By obtaining many stellar
spectra over many nights and using them to calculate the RV at those timestamps, one hopes

to sample the strictly periodic motion of the star due to an unseen planet.



Once RVs are computed, the primary observables of the RV method are the stellar orbital
period, or how long it takes for the star to complete one orbit around the center of mass, and
the RV semi-amplitude, or the magnitude of the variation in the star’s velocity across one
orbit. These observables correspond to parameters of the associated planet. First, the orbital
period of the planet will match that of the star exactly one to one. Next, the semi-amplitude

relates to the mass of the planet via a Newtonian gravitational effect [163]:

I (27rG)é( M, sini 1 (L.1)

P (L + 0, (1= e)s

where P is the orbital period in units of seconds (to match the units of the gravitational
constant) and masses are given in a shared unit of choice. The e term represents the orbital
eccentricity, see below. This framework can be further extended to a more general estimate
and simplified to only circular orbits (and assuming planet mass is much smaller than host

star mass) via:

K —984m)s (ﬁr)_é(Mﬁi“) ( Af‘j;ﬁ (1.2)

where P is now the orbital period in years, M, is the planet mass in units of Jupiter masses
(M) and M, is the stellar mass in unit of solar masses (Mg). All else equal, the larger the
planetary mass, the larger the velocity semi-amplitude. Similarly, shorter orbital periods
(corresponding to shorter semi-major axis of the orbit via Kepler’s Second Law of Orbital
Motion) and/or smaller stellar masses leads to larger velocity semi-amplitudes. Through
this equation, we can plug in numbers of some Solar System planets to serve as a benchmark

for exoplanet detection. For example, our Jupiter imparts a ~12 m/s RV signal over its 12



year orbital period whereas our Saturn imparts only a 2.75 m/s RV signal. Lastly, to find a
planet like our own Earth in terms of mass and orbital period requires measuring a 9 cm/s

RV signal.

Eccentricity, or the deviation into an elliptical orbit from a pure circular orbit, is a further
measurable directly traced by RVs. This parameter is coupled with another measurable,
the argument of pericenter (w) which represents the angle from an arbitrary, but defined,
line of sight position to the point in the orbit where the planet is closest to its host star.
Together, with the semi-major axis distance which can be estimated from Kepler’s Second
Law of Orbital Motion and the observed orbital period, they describe nearly (see below) the

full orbital path of the planet around the star.

Finally, the last measurable from RVs is the time of periastron. This is a point in time in
which the planet is positioned at the periapsis position. The periapsis position is the point
of the orbit that places the planet closest to the host star. For circular orbits, all positions
in the orbit are equally close and so this angle is arbitrary. The time of periastron merely
sets a reference time from which we can track the position of the planet in its orbit at any

past or future time.

These 5 measureable parameters, all discerned from fitting a Keplerian model to the RVs,
fully describe the orbit of the planet in two dimensions. To ascertain the third dimension,
one must measure two more parameters. First, as tempered by the sint in the equations
above, the mass measurement from RVs is actually a lower limit. Since the inclination of
the orbit, or how edge-on it appears to us, is unknown, the component of the total velocity
that is in the radial direction is unknown. The larger the system’s inclination, the smaller
the radial component is of the total velocity vector and so the observed planet mass will
scaled down by a factor of the sine of the inclination angle, sini. Second, the longitude of
the ascending node (£2), which sets the angle between the observer’s line of sight and the

point in the orbit at which the planet’s inclination takes it from below to above the reference



plane of the orbit. Unfortunately, neither of these parameters can be measured from RVs

alone.

While the RV method is highly successful in planet discovery, there are two primary disad-
vantages it. First, there is no way to measure the planet radius from this method. Second,
the method is slower than others. To measure an RV, one must observe a single star at a
time. Additionally, it is very likely that confidently measuring the signal will require multiple
orbital periods worth of time to conduct observations. The RV method is also subject to far
more sources of error and noise, including stellar activity induced signals exhibiting in the
data in the same way that true stellar motion signals are expected to exhibit; more on this

in §1.2.

Despite these, there are two primary advantages of the RV method that make it more than
worthwhile to continue RV observations. First, the method allows for a direct measurement
of the mass of the planet. In the field of astronomy, mass is one of the most important
characteristics of any object. For example, the stellar life cycle is almost exclusively deter-
mined by initial formation mass. Similarly, planetary mass informs us of possible formation
history, helps us classify planets into categories, and provides insight into possible material
make up. It also provides an invaluable data point for all kinds of dynamical studies of

planetary systems which further informs the way systems evolve.

Second, the RV method is valid for nearly all inclination angles of the system (even though
the inclination value itself cannot be estimated from the RVs themselves). While the RV
signal of a planet is more easily measured for edge on systems (i = 90°), the method works
for all inclinations except a true face-on orbit (i = 0°). This allows us to probe longer period
planets, a whole population in itself (see §1.1.2) where the transit probability (see §1.1.1) is

essentially zero.

For all these reasons, the RV method has been a standard detection and characterization
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Figure 1.2: As a planet passes in front of its host star, it blocks a measurable amount of
light. Credit: NASA Ames.

technique since the beginning of the field of exoplanet science.

Transit

The most successful method of planet detection in terms of raw number of planets discovered

is by far the transit method. This technique takes advantage of the chance alignment of the

host star, the planet, and observers on Earth. In such a scenario, once per orbit the planet

passes directly between observers on Earth and its host star. At this time, the planet will

physically block a small amount of the light from the star, decreasing the overall observed
AF

brightness of the star, see Figure 1.2. By the amount of the drop in flux, 5+, we can directly

compute the radius of the planet, R,:

assuming the radius of the star, R, is known.



By observing multiple transits of the same planet, we can determine the orbital period
very precisely by measuring the time between successive transits. Then through Kepler’s
Second Law, the orbital period is directly related to the semi-major axis of the planet’s
orbit (while also accounting for the star’s mass and approximating that the planet mass
is negligible). Through modeling the light curve, one can derive additional parameters
including the inclination, which relates to the impact parameter, and is derived from the
transit duration time. With a few assumptions, one can also make an estimate of the

eccentricity.

Despite the thousands of planets discovered via transits, there are two primary disadvantages
to the method. First, there is no way to directly measure planet mass. Second, the method
heavily depends the precise geometric alignment of system with us on Earth. The probability

of any planet having this precise alignment is given by:

pP==— (1.4)

where a is the semi-major axis and R, is the stellar radius. For a given stellar radius, it is less
likely a planet will transit as its semi-major axis increases. This heavily biases the detection

of planets via the transit method to those with small semi-major axes (short orbital periods).

But the success of the transit method far outweighs its drawbacks and it has two primary
advantages to other methods. First, the planet’s radius is directly calculable from the transit
depth, with error primarily limited by the uncertainty on the stellar radius. This is highly
valuable, as radii can be very accurately and homogeneously measured. This provides a
unique insight into planetary populations and hints at deeper astrophysics of planetary

formation and system evolution, see §1.1.2 below. Second, transit surveys are fast. A single



telescope can observe a wide field of thousands of stars and monitor each one simultaneously

for transit events [178, 34, 191].

Other

Beyond the two primary detection methods, there are a host of additional ways to discover
exoplanets. Combined, these “other” methods have discovered only 304 planets (NASA
Exoplanet Archive, access date June 15, 2023). Nonetheless, they are interesting methods

in their own right, and will likely play larger roles in the future.

Astrometry works very similarly to the RV method in that it searches for the gravitational
tug of the planet on the star. Rather than searching for the radial component of this
interaction, astrometry searches within the plane of the sky. This is completely orthogonal
to the radial motion. Astrometric signals are recovered in data of the precise position of
a star relative to the background field of stars. Also like the RV method, astrometry is
a time series measurement, requiring many observations over a long baseline. Astrometry
preferentially discovers massive planets on long period orbits. For this reason, it could be
a major contributor to our understanding of true Jupiter-analogs. The first spaced-based
mission to study precision astrometry was Hipparcos [1], operating from 1989 to 1993. More
recently, a successor mission, Gaia [88], was launched in 2013 and has been periodically
releasing data batches which include astrometric measurements. To date, only a single
planet has been discovered via astrometry (many known planets have been retroactively
found in astrometric data), but with newer Gaia releases coming, more planets are expected

to be revealed this way.

Direct Imaging is in some ways the ultimate pursuit of the exoplanet field. As the name
suggests, it is the only method which directly measures the existence of the planet. The

others merely infer the planet’s existence from indirect methods. Direct Imaging is as simple



as taking a picture of the planet; but as simple as it seems it is very difficult to achieve.
Stars are orders of magnitude brighter than their planets, so their light drowns out the
light reflected off a planet as well as any thermal emission from the planet. Direct Imaging
surveys employ coronagraphs, physical barriers placed in the light path of a telescope to
block out the light from the star. These coronagraphs help to reveal the residual light from
a system’s planetary bodies. One of the long term goals of the field is to directly image an
Earth-twin planet. This will likely be first attempted by the next generation large ground-
based telescopes [242] and/or the next “Great Observatory”, an effort defined by the 2020
Astronomy Decadal Survey [169] to build a space-based successor to Hubble, Spitzer, and

JWST which will be capable of directly imaging Earth-twin planets.

Analysis of transit timing variations (TTVs) [3] is a technique that makes use of precise
timing of transit events. In a single planet system, a transiting planet will always transit
precisely on time and this timing is highly predictable. However, when multiple planets
exist in the system, they will gravitationally interact, tugging on each other to speed up or
slow down. This causes the precisely predicted transit times of each of the planets to occur
slightly early or late. By measuring just how early/late a planet’s transits occur over many
transit events, one can infer the existence of non-transiting planets in the system and make
an estimate of the mass and period ratios of the planets. Detecting TTVs requires high
precision and high cadence photometry over many orbital periods of the transiting planet,

sometimes requiring years of data.

The last notable detection method is microlensing [98], which leverages Einstein’s general
relativity. As a star passes between Earth and a more distant background star, it will act as
a gravitational lens and magnify the light from that background star. If the foreground star
additionally hosts a planet, that planet can further act as a secondary lens. The magnitude
and time span of the planet’s lensing effect will be smaller and shorter than the stellar

lensing effect, but detectable as a deviation from the star-only lens scenario. Because this



method requires a chance alignments of two stars, microlensing is only practical for a large
survey when observing towards the galactic bulge, where the density of stars is much higher
than elsewhere in the galaxy. Furthermore, also due to the chance alignment, microlensing
planets are nearly always single event detections, and are not able to be followed up by other
means. Microlensing is particularly sensitive to planet populations that other methods are
specifically insensitive to, namely small planets on 1-10 AU orbits. Microlensing will play a
more prominent role in exoplanet detection in the coming years. Microlensing also requires
high precision and high cadence photometry. The Nancy Grace Roman Space Telescope
(NGRST) [217] is planning a microlensing survey of the galactic bulge and is expected to
find many thousands of small, long period planets which will help us understand the statistics

of this under-sampled population [176].

1.1.2 Populations

As the field of exoplanet science continues to flourish, the total population of exoplanets is
exploding in size. To date of this dissertation, astronomers have collectively discovered 5445
exoplanets (NASA Exoplanet Archive, access date June 15, 2023), representing just about
three decades of hard work from international teams of researchers. Figure 1.3 shows the
explosion of discoveries in the short history of our field. As instrumentation and techniques
have improved, new sub-populations within the known catalog of planets have begun to

emerge. In this section, I provide an overview of some of these sub-populations.

Looking at Figure 1.4, plotting planet mass (left) and radius (right) vs. orbital period for all
known planets (NASA Exoplanet Archive), one immediately sees the distinct populations
and trends discovered to date. Most notably, there appears to be a few primary clusters
of planets. Part of this clustering is an artifact of well understood biases. For example,

looking at the radius vs. period diagram, there is a fairly hard vertical edge around ~300
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Figure 1.3: Cumulative exoplanet detections per year. The size of the known population
initially grew very slowly. Then the known population dramatically increased in size after
the Kepler Mission’s first big result in 2014 [34] and has continued to grow exponentially.
Colors are coordinated to detection method. From the NASA Exoplanet Archive.
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Figure 1.4: Left: The known population of planets with measured masses versus their orbital
periods. Right: The known population of planets with measured radii versus their orbital
periods. Colors are coordinated to detection method. From the NASA Exoplanet Archive.

days (excluding the imaging targets), but even then the vast majority of planets have orbital
periods less than ~100 days. This is an artificial trend in that the transit method struggles
to discover planets beyond an orbital period of ~100 days due to the extremely small transit
probability at these separations (see §1.1.1 above). Additionally, the observing strategies
most often employed by large surveys severely restrict detections beyond this soft boundary.
Similarly, there is a hard lower limit on radius at about half an Earth radius from sub-day
periods to about 30-day periods before the lower limit begins to turn upwards, creating a
slant along the bottom right edge of the cluster. This minimum radius is not astrophysical
(as far as we know), but rather instrumental. Our imperfect instruments are not capable of
achieving the necessary SNR to measure smaller radii, at least not confidently. All orbital
periods suffer, but longer periods suffer greater since fewer transit events equate to less
certainty in ruling out false positive transit detections. Next there are clusters, or edges of

clusters, that are set by seemingly truthful sampling of planets across the galaxy.

First are the Hot Jupiters that occupy the top left portion of both plots. The first confirmed
planet around a Sun-like star, 51 Pegasi b [148], is a Hot Jupiter. This class of planet

surprised astronomers, as we have nothing like it in our Solar System. Just how a Jupiter-
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like planet finds itself in this short orbit position is still an open area of research. These
planets are thought to form beyond the ice line of the system, the distance from the host star
beyond which temperatures are cool enough for volitiles and ices to condense, and then the
planet migrates into its current position through one of a variety of theoretical mechanisms
stemming from the Kozai Mechanism [122], including descriptions from [251], [75], and[129].
These theories make predictions on the distribution of eccentricities among Hot Jupiters and
they all but require Hot Jupiters to exist in single planet systems. They predict that as the
migration occurs, the Jupiter’s mass would gravitationally slingshot nearly all other planets
out of the system. However, studies find that the Hot Jupiter companion occurrence rate
varies with the Hot Jupiter’s orbital period and that Hot Jupiters may not be as lonely as
predicted [250]. Furthermore, despite our confirmed count in the hundreds, occurrence rate
studies show that Hot Jupiters themselves are actually quite rare [109, 249]. There is also a

gradient in occurrence rates based on stellar types [68].

Because the signals they produce in both transit and RV are so large, Hot Jupiters are fasci-
nating first-test cases for all kinds of interesting planetary astrophysics. They are sometimes
found to be inflated [90] by their extreme environments. Hot Jupiters have been used to
make phase curves [12], measure transmission spectra [214], study orbital precession [174],
make obliquity measurements [8], and more. In many ways, Hot Jupiters are the test sub-
jects for many of the detailed characterization studies that astronomers eventually hope to

perform on all types of planets.

The next major population is the Cold Jupiters, or Jupiter-analog planets. These are dis-
covered nearly exclusively by the RV method (for now, until Gaia delivers astrometry dis-
coveries) because their wide orbits make their transit probability essentially zero. Therefore,
they are only seen in the mass-period diagram. Because these do not transit, less is known
about them. We do know that they occur at low rates of 3-6% [202, 247], but note that this

is higher than the Hot Jupiter rate of ~1%. Interestingly, Jupiter-analogs appear to occur
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far more frequently in systems that have small, interior planets, anywhere from 40-100% of
such systems [41, 200]. The mass-period diagram also highlights the observed gap in Jovian
planets at middle length periods between ~10-200 days. Our instruments are more than
capable of detecting Jupiter-sized transiting planets, and astronomers routinely detect the
transits of smaller planets at these orbital periods. Therefore, this severe under-density of

detections is surely a natural consequence rather than an observational bias.

Moving to smaller mass and radius regimes brings in the most common type of planet that
we know of to date, those under 4 Rg. Kepler statistics reveal these occur ubiquitously
across the galaxy [180]. These planets are further found in high multiplicities within the
same system [24] and there are further hints of a larger trend in architectures referred to as
“peas-in-a-pod”, where similar sized planets are found in similarly spaced orbits [245]. The
small planet population is further bifurcated into two sub-populations, colloquially known
as the sub-Neptunes and the super-Earths. The line between the two populations is blurred.
Ideally, the difference would be that super-Earths are terrestrial with thin atmospheres while
sub-Neptunes are thick gaseous atmospheres enveloping a solid core. However, at the present
time it is rarely possible to make this distinction for a given planet with any confidence.
Instead, we currently use the two terms to denote an observational discriminator: the radius
gap. First predicted in works such as [171], the radius gap was described from observations
in [84] as the bimodal distribution in radii of small planets. There exists a large pile up in
the occurrence rate of planets with a radius near 1.3 R4, then a dearth of planets near 1.8
Rg, and finally another peak in the distribution at 2.4 Rg. The leading theory to explain
the radius gap describes how these two populations are instead one: all sub-Neptune planets
form with a large rocky core and a thick H/He atmosphere. Then, some planets have their
atmospheres stripped through stellar wind. This mechanism leaves behind just the cores on
the low side of the radius gap while the unstripped planets remain the high side of the gap.
This theory is testable: younger planets should preferentially sit on the high side of the gap;

and for a system with planets on each side of the gap, the small radius planet should always
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exist interior to the large radius planet of the system [51].

Next, there are two notable regions of parameter space where there is a dearth of planets for
reasons not associated with detection limits. The first is described as the Neptune Desert.
This is the region of the radius-period diagram between ~2 and ~10 Rs planets at periods
less than ~4 days where there are very few planets confirmed. This scarcity does not appear
to come from any instrumental or observational bias: we detect many Jovians and super-
Earths at these short periods and therefore know our instruments are capable of detecting
planets of Neptune sizes and of detecting planets at these orbital periods. One explanation
for the Neptune Desert is that during migration from further out in the disk, strong stellar
winds of young stars strip the atmospheres entirely [149], leaving only small radius super-
Earths in hot orbits. Next there is a similar desert of Jovian planets between the Hot
Jupiter population and the Jupiter-analog population, with a sharp drop off in transiting
Jovians beyond 10 days, as discussed above. Similarly, at all orbital periods, there are very
few planets with radii between 6 and 12 Ry, representing planets potentially like our own
Saturn at 9 Rg. Both of these gaps are evident in the mass-period diagram as well, and
therefore likely represent a true scarcity in this size planet, at least out to a few AU where

we have been able to search.

Today’s picture of the population and sub-populations of planets is only the beginning.
We will continue to try to fill in and/or understand the gaps in these diagrams with more
observations. Similarly, we will expand the boundaries and edges that define the current
population as ever more precise instrumentation comes online. Eventually we will reveal the
population of Earth-like planets and then smaller Mars-like planets. We will continue to
probe longer timescales, finding Uranus and Neptune analogs as well. The more we find out
there, the more we will be able to place our own Solar System in context with the underlying

distribution of planetary systems across the galaxy.
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1.2 Stellar Activity

Stellar activity is a catch-all term to describe a wide variety of phenomena originating from
magnetic cycles and forces within stars. This activity can imprint Doppler shifts, or apparent
shifts, in a stellar spectrum. These shifts are in opposition of what one hopes to measure when
analyzing a stellar spectrum to search for planetary signals: a Doppler velocity shift from
the reflex motion of the star due to the presence of an orbiting planet. Stellar activity shifts
are by-catch in the stellar spectrum; they imprint into the calculation of the RVs as their
own, unwanted signals. These signals can either mask true planetary signals, causing a false

negative detection, or masquerade as planetary signals, causing a false positive detection.

The most distinctive observational difference between a planetary signal and a stellar activity
induced signal is the signal’s lifetime. True Keplerian planetary signals will be consistent
across all observation times. Except in highly unique and rare scenarios, planetary signals
will not vary in their frequency, phase, or amplitude. No matter what times the star’s
velocity is sampled, the same signal will persist. On the other hand, stellar activity signals
are quasi-periodic. They will grow and decay, living over a characteristic timescale. They
may come and go, returning with potential changes in frequency, and/or phase shifts, and /or
amplitude variations. The difference in signal lifetimes is the primary lighthouse which will
guide the exoplanet-searching astronomer to properly identify the astrophysical origin of a
signal in question. The challenge of properly distinguishing a signal’s origin will be a primary

focus of this dissertation.

There are many varieties of stellar activity. Each manifests from a different stellar phe-
nomenon and each plays out on its own timescale. Over the young history of exoplanet
detection via the RV method, many strategies have been developed for mitigating contami-
nation from each variety. For this dissertation, the most relevant variety is from starspots,

faculae, and plage. Here I will detail these varieties of stellar activity and mitigation strate-
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gies.

First is perhaps the most common from a historical perspective: star spots. The photosphere
of a star is not a perfect, unblemished surface. Star spots form in the photosphere as a result
of magnetic fields suppressing local convection [260, 261]. The suppressed region will cool
relative to the surrounding regions as hot gas cannot be replenished to the surface. The
cooler surface temperature of this area appears dark, hence the name of spot. For our Sun,

sunspots generally form in the active latitudes within 30° of the equator [216].

As a starspot rotates from the limb to the face of a star, RV measurements are susceptible
to contamination in two forms. First, a spot on or near the limb of the star breaks the
symmetry of the face of the star. As the star rotates, the approaching limb is blue-shifted
and the receding limb is red-shifted. When this symmetry is broken by a spot, net blue or red
shifts can be pick up in the observed spectrum and imprinted in measured RV. Additionally,
this breaks the symmetry of the Doppler broadening of all absorption lines, also due to the
rotational velocity of the star. Secondly, the lower temperature of the starspot region affects

the stellar spectrum as a whole.

Due to their intrinsic connection to the stellar rotation period, starspot signals most often
present at the rotation period, or its harmonics [32], or as I will describe in detail later,
at the associated aliases. For this reason, potential RV planetary signals at any of these
periodicities must be treated with extreme care to determine the veracity of the signal’s

origin.

Spot lifetimes vary across stellar type. Sun-like G-dwarf stars are known to have spot
lifetimes on the order ~3 stellar rotations, depending on spot size [94]. For the typical
stellar rotation period of G-dwarfs ranging from 10 to 30 days [164, 151, 107], this means a
typical starspot will survive anywhere from 30 to ~90 days. Similarly, while a single spot

grows and decays, many other spots are similarly growing and decaying on similar timescales
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but at time and/or phase offsets from one another. This leads to the inherent quasi-periodic
nature of these kinds of signals: signal strength will come and go, often returning with a
phase shift, or even a frequency shift depending on spot formation latitude and the degree of
differential rotation of the star [216]. All this combined, it is not as easy as simply waiting
out an active cycle of the star for a future quieter cycle where it would be more advantageous

to observe the star.

Giles et al. 2017 [94] additionally note that spot lifetime and spot size as a percentage of
the total stellar face both increase as the star’s effective temperature decreases. This is in
line with additional studies that show star spots on M dwarf stars can live for 10+ stellar
rotations [196, 197, 62]. Through this long lifetime, coupled with potentially long rotation
periods for these stars in excess of 100+ days [162, 223], means that spots can persist for
over 1000 days on M dwarf stars. Timescales this long can begin to rival entire observing
baselines of stars, and certainly persist for longer than a single observing season for any given
star. When that is the case, it is easy to see how spot driven RV signals can appear to be

robust across the entire observation window and therefore seem to be planetary in origin.

Two additional stellar activity phenomena related to starspots are faculae and plages. Both
are, in some ways, the inverses of starspots in that they are bright regions in the photosphere
and chromosphere, respectively. They very often accompany spots and are formed out of
the same active regions of the star, driven by magnetic field lines that increase hot gas flow
towards the surface [183]. They further break the symmetry of the blue and red shifted

halves of the stellar face and suppress blueshifts from granulation.

While this kind of stellar activity can imprint into RV measurements, there are also separate
features in the stellar spectrum which are known to be sensitive to activity, aptly named
activity tracers. These are most often developed to measure the depth of a specific absorption
line and/or any emission in the core of the line. One of the first developed activity tracers is

the Mt. Wilson S-Index [246]. The S-Index traces heating in the chromosphere of a star by
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measuring the ratio of emission in the cores of the Ca II H&K doublet lines to the nearby
continuum [112, 74]. The S-Index is computed by measuring the the photon counts within a
narrow, triangular bandpass centered around the H and K lines at 3968.469 A and 3933.663
A, respectively. The sum of counts is then divided by the counts in a nearby region of the
continuum. An increase in chromospheric heating, which the S-Index traces, has been linked
to an increase in magnetic activity [215], which further drives the creation of phenomena
like starspots, faculae, and plages. A similar metric, the log R, is a re-parametrization
of the S-index where the value is normalized by bolometric luminosity and presented as a
logarithm. The advantage of log R/, is that it is easier to compare values across stars [167].
Another tracer is the Ha line. By measuring variation in the depth of the line surrounding
6564.6 A, magnetic activity can be traced [194, 188]. This tracer is especially suited for late
type stars with more flux in the red portion of the visible spectrum, and almost no flux in the
bluer regions where Ca Il H&K resides. Furthermore, the Ha absorption line is generated
at a different depth in the chromosphere from Ca II H&K and therefore can be valuable as
a tracer of slightly different physics even when Ca II H&K have sufficient flux to make a

measurement of the S-value.

Additional activity tracers come from diagnostics of the spectrum as a whole, particularly
tracing the shape changes of a variety of absorption lines. These tracers include the bisector
inverse span (BIS) metric, full width at half max (FWHM) measurements, and the differential
line width measurements (dLW). Each of these are byproducts of the reduction from a
spectrum to a RV measurement. The BIS, first introduced in [185], measures the wavelength
center of an absorption line at many depths within the line. The average value from the top
of the line, near the continuum, is subtracted from the value near the bottom of the line.
Because the line bisector’s shape, hence slope, should not change with true radial motion of
the star, an activity metric is created. The other three metrics are tuned to similar logic: line
shape variations can be tracked and be made distinct from line shift variations. The FWHM

metric is constructed from fitting a Gaussian to the cross-correlation function (CCF) of a

19



Delta Function mask to the stellar spectrum and tracks the way in which the CCF flexes
over time, in ways that a true velocity shift would not induce. Similarly, the dLW metric is

computed from the second derivative of the spectrum to track shape changes [255].

In the early days of exoplanet searching, spot/plage/faculae-driven activity was mitigated
by trying to avoid it. Large planet-searching surveys would simply pass over stars that
were deemed to be sufficiently active based on computing the activity tracer levels in a
reconnaissance spectrum. This strategy was very effective and these surveys were able to
successfully search only the quietest stars for planets. To this day, a “quiet” star is one
that exhibits activity signals with an amplitude of about the same order of magnitude as
the single measurement precision of the spectrograph in use. When instruments were only
capable of ~10 m/s precision, many stars were sufficiently quiet and activity was more
obviously diagnosed in a quick look. As instrumentation has gotten better, down to ~1 m/s
in the past decade, we learned that even the stars once thought to be quiet by the previous
standards, are now quite noisy with activity. And now, in the Extreme Precision Radial
Velocity (EPRV) era, where instruments capable of 30 cm/s precision are coming online, we
are learning that there is, in fact, no such thing as a quiet star. All stars exhibit activity
signals below the 1 m/s level. In cases where activity cannot be avoided, historically the first
strategy for mitigation was detrending the computed RVs with the activity tracers. Now,
more sophisticated techniques have been developed; see §1.4.1 below and throughout this

dissertation.

A large effort of the exoplanet community has been spent on understanding stellar activity
signals in RV data sets. We must be able to consistently and confidently identify, model, and
then remove them from a time series if we hope to discover smaller planetary signals hiding

underneath. My contribution to this effort will comprise a large portion of this dissertation.
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1.3 Time Series Analysis

Any data set that consists of at least two measurements recorded at timestamps is a time
series. In astronomy, and especially in the sub-field of exoplanet detection, we expect to
find periodic patterns in our time series data. Therefore, determining the presence and

periodicity of a signal in a time series is an important task in itself.

A periodogram is a measurement of the strength of a periodicity in a time series data set.
For a given data set of timestamps, velocities, and error bars, a periodogram computes the
strength of the periodicity in the data set at a large number of test periods. As I will
demonstrate below, the result of the most commonly used periodogram in astronomy, the
Generalized Lomb-Scargle Periodogram [132, 206, 252], is a plot of “power,” a non-physical,
statistical quantity, versus period. In a periodogram, at the periods where tall peaks appear
there are most likely periodic signals. The taller the peak, or the greater the power, the
stronger the fit of that test period to the data. See Figure 1.5 for an example of a time series
data set and its resulting periodogram from the Generalized Lomb-Scargle construction (see

below for details).

Here I will describe the theory and development of generalized periodograms used in exo-

planet detection.

When the periodogram was first developed based on Fourier Analysis in [209], it was used
to describe evenly sampled and evenly weighted weather data. A more modern version is
called the Least Squares Periodogram. This periodogram is constructed by first taking the

sum of the squares of the residuals of a sinusoidal fit to a data set:

n—1
S = Z wy [y, — Ay sin(wt,) — By, cos(wt,)] (1.5)
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Figure 1.5: An example time series (top) and resulting GLS Periodogram (bottom). The tall
peak at 14.5 days indicates a strong periodicity is recovered in the data set at this period.
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where n is the number of observations, ¢ are the timestamps of those observations with
weight w, (where w, = 1/0, with o as the measurement error of all observations), and w is a
test frequency. Minimizing this sum S by taking partial derivatives with respect to A, and
B,, and setting equal to zero leads to orthogonal functions. Then, under the assumption of

evenly spaced data where

2mmr
w =
NAt

(1.6)

with IV equal to an oversampling factor and m is an integer (ranging from 1 to the number of
frequencies to be tested) ensuring that frequencies are evenly spaced apart from one another.

The orthogonal equations can be re-arranged to solve for the coefficients:

n—1 n—1
2 . 2rmr 2 2rmr
A, = erznyr sin ( I ) B, = ergnyr cos ( N > (1.7)

from which the power of the spectrum for frequency w is computed as

P, = (A2 + B%)3. (1.8)

This procedure is identical to a Fourier transform. It is very easy to program and run, and
carries many useful statistical properties. However, it is not all that applicable to astronom-
ical data sets. In the field of astronomy, our data is hardly ever evenly sampled or evenly

weighted. This is especially true for RV observations, where spectra are obtained sporadi-
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cally throughout months to years, with large gaps in observations subject to human-designed
scheduling of the telescope, and the natural seasonal rising and setting of a particular star

of interest.

The requirement to be capable of finding periodicities in unevenly sampled (but still evenly
weighted) data led to the development of what is now referred to as the Lomb-Scargle Peri-
odogram (LSP) [132, 206]. The LSP is a procedure similar to the Least Squares Periodogram,

but accounting for a zero point offset, 7, to re-align the data in time:

Aszm( [t, — 7]) + By, Zsm [t, — 7] cos(w[t, — T]) Zyrsm [t —7]) (1.9)

A, Zsm( [t, — T]) cos(w[t, — 7]) + By, Zcos wlt, — 7] :Zyrcos(w[tr—ﬂ) (1.10)

Then, 7 is chosen so that off-diagonal elements in the matrix of orthogonal equations are

equal to zero, the equations are re-arranged to give:

gy

tan(2wr) =

so that 7 depends on w. Then the coefficients become

oy sin(wlt, — 7)) _ Yr 2 cos(2wlt, — 7))
A = S R wlt, — ) and Bo = 5N ol — ) (L.12)
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However, because now the variances of A, and B, are no longer equal:

-1

04, = 0[S sin*(wlt, — ] T o S cowlte — )] = o, (1.13)

the noise is no longer from a simple distribution. This can be circumvented by the Lomb-

Scargle Power:

1 A2 1B

PLo = > .
205 203,

(1.14)
The LSP is a powerful tool but it still operates under the assumption that all data points
have the same weight, i.e. the same error bar. This is almost never true when it comes to RV
time series observations. For example, because the conditions across observing nights vary
dramatically, different observations will have different SNRs (perhaps a cloud passes over the
star one night while exposing), which leads to different error bars on a given observation’s
calculated RV. Similarly, different spectrographs have different noise properties and precision
limits. To account for this, the LSP was extended further in [252] to become the Generalized
Lomb-Scargle Periodogram (GLSP). This version is generalized in the sense that it allows
for uneven error bars on the data and it does not assume that all frequencies tested have the

same mean value of the independent variable.

It begins in the usual way by wanting to minimize the equation

n—1

S = Z wy [y, — A, sin(wt,) — By, cos(wt,) — ¢, (1.15)

r=—mn
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but now with an extra offset term ¢, unique to each frequency. Additionally, now weights
are determined by w, = o, 2 with o, as the measurement error for the rth observation. By
setting the partial derivatives equal to zero, orthogonal equations similar to earlier results
can be derived. But now there is a third partial derivative with respect to ¢, which can
be used to eliminate the variable from the other two partials. Then, we must choose a
displacement in time dependent on frequency, 7, to eliminate the off diagonal elements of
the matrix. This allows us to solve for A, and B, which combine to represent the power of
the GLSP, Pgrs, via the same form as Eqn 1.14. But now the variances of each A, and B,,

are described differently:

T Swrcostlult, =) = S w cosfulty — ) (116)
and

P Sl — 7)) - 5wl — ) (L17)
where

02 - n i 1 Zwr(yT - <y>)2' (1.18)

The third partial derivative, as well as this treatment of the noise, both allow for the GLSP

to be the most general of periodograms, suitable for application to RV time series data sets.
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Beyond the GLSP, many other periodograms have been proposed and developed. I summa-

rize a few of the most notable and relevant to my research here, in chronological order.

Bretthorst 2001 [38] developed what they referred to as a generalized Lomb-Scagle peri-
odogram (not to be confused with what I denote as the GLSP from [252]). They applied a
Bayesian approach to the LSP and included a function that weights the sinusoidal fit, effec-
tively allowing for it to be modulated by a Gaussian wrapper apodization function. However,
this technique requires uniformly spaced data points, otherwise it reduces down to the LSP.
Furthermore it does not fit for the variables that comprise Z(t), defined within as a function

describing the signal, rather it assumes they are known.

Next, [160] builds upon this idea and develops a fully Bayesian periodogram, the Bayesian
generalised Lomb-Scargle periodogram (BGLSP). The motivating goal is that the GLSP
power metric is purely statistical and therefore it is not possible to compare peaks in the
GLSP. Under their Bayesian treatment, they derive P(f|D, ), the probability finding a
sinusoid with frequency, f, given the data, D, and our prior knowledge, I. Then, peaks can
be directly compared to one another and model comparison is straightforward. That said,
this sort of model assumes a periodicity is in the data, so it is only effective in comparing

models which include different numbers of planets.

As part of a community data challenge, [97] developed the Apodized Keplerian Periodogram
(AKP). By wrapping Keplerian functions in Gaussian apodization envelopes, these functions
more accurately model stellar activity induced signals. The apodization timescale becomes
a free parameter to fit. Then signals can be better categorized based on their apodization
timescale: signals with apodization timescales longer than the baseline of observations are
most likely to be planetary in origin. Signals with short apodization timescales, where they
grow and decay within the baseline of observations, are most likely to be due to stellar
activity. The AKP fits for periodicity and timescale using MCMC sampling to calculate

likelihoods, which are used to produce a Bayesian periodogram.

27



In [77], the authors describe Agatha, a Bayes Factor periodogram built on a moving average
algorithm. The moving average effectively smooths the data with respect to a red noise
correlation timescale, 7. The result is that non-white noise models are included in the
computation of the likelihood, which is ultimately used to determine the significance of

peaks in the periodogram.

Next, as a modification to the GLSP, [159] describes the Stacked Bayesian GLSP. It attempts
to identify non-coherent signals in RV data sets. They start with a continuous subset of the
data starting from the first observation and the subsequent N observations, where N is enough
data points to compute a meaningful GLSP. Then they add the next subsequent observation
in time to the subset and recompute the GLSP, continuing this method until the entire time
series is included. They track the power of all peaks as data is added. Signals that are
coherent should monotonically increase in power while incoherent signals will flatten out or

fall in power.

Lastly, in [100], the authors develop the L1 Periodogram built on a compressed sensing algo-
rithm that leverages an L1 minimization penalty. As this is the framework upon which I've
built a substantial portion of my dissertation via my software package, Lia, I will only briefly
introduce the concepts behind the L1 Periodogram and defer details to §4. Compressed
sensing algorithms generate a “dictionary” of functions, evaluated at the timestamps of the
real observations. The intention is that a small number of these functions, when linearly
combined, recreate the observed data to within an allowed tolerance. The L1 minimiza-
tion enforces the idea that only a small number of functions should be selected out of the

dictionary (sparsity) by penalizing choosing additional functions.
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1.4 A History of Exoplanets by RV Detection

From my academic lineage, I have been passed down a saying, “In Astronomy, we do two
things: collect stamps and physics.” That is to say, there is a strong urge within astronomy
of simply finding new objects and attempting to classify and categorize them. This is the
stamp collecting phase, and it is somewhat unique to the field of astronomy for the simple
reason that astronomy is perhaps the only field of physical sciences that cannot perform an
in situ experiment on its subject matter. We cannot split open a rock from an exoplanet
and run a mass spectroscopy analysis to determine its chemical composition. We cannot set
up a collider experiment to smash stars together and reveal what comes out of the collisions.
We cannot poke and prod a galaxy, subject it to extreme environments of heat or pressure
or more, in hopes of revealing its secrets. The only experiment an astronomer can perform
is to observe; to catch a few photons from a subject of interest and then cleverly squeeze
out as much information as possible. For this inherently observational aspect of the field,
discovering truths only wherever we happen to look, one can compare astronomy to stamp

collecting.

For the longest time, the field of exoplanets was firmly in this stamp collecting phase. We
sought out new discoveries primarily for the sake of discovery and the sense of wonder for
what else was out there. We began to classify them in the same way that one would classify
stamps. Big vs. small, hot vs. cold, this or that host star, etc and we were enamored by
superlatives of the hottest or the biggest or the the place it rains liquid iron or the first

binary host system.

Driving this stamp-collecting phase was simply that we did not have enough information to
understand the physics behind exoplanets. This is where stage two comes in. In astronomy,
once a large enough population of objects is discovered (a large enough collection of stamps),

and their properties measured to a sufficient precision, the physics begins. When statistically
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significant sample sizes are known, and known to good precisions on relevant parameters,
that is when we are ready to take our analysis tools deeper to reveal and understand trends,
to uncover truths and begin to ask even deeper, more insightful questions. Now we have
begun to understand different populations of planets, how they form, how often they form,
what they are made up of, and what forces shape planetary systems as a whole. With a
sufficiently large collection of exoplanets within any given area of parameter space, we can

truly explore deeper questions and reveal a greater understanding of our subject.

1.4.1 Past

The exoplanet era jump-started in 1995 with the discovery of 51 Pegasi b [148], the first
exoplanet confirmed around a Sun-like star, for which authors Michel Mayor and Didier
Queloz shared the 2019 Nobel Prize in Physics. This strange discovery of what we now
call a Hot Jupiter was completely unexpected and set the tone for our field: the galaxy is
full of strange worlds. This discovery was made using the ELODIE spectrograph [18] at
Haute-Provence Observatory in France. At the time, they boasted that their instrument
was capable of 13 m/s single measurement precision. Soon, more exoplanet teams began
announcing discoveries; see [43, 168] and many more. Meanwhile, RV precision took a huge
leap to as little as 3 m/s precision through the development of the iodine cell technique
[44]. By passing the starlight through a cell of iodine gas, the absorption spectrum of the
molecular iodine gas becomes overlaid onto the stellar spectrum. These iodine absorption
lines, with precisely known wavelengths, act as a measurement stick for all of the stellar
absorption line features in the spectrum, as well as tracking variations on the instrument
profile for calibration purposes. This greatly increases the precision to which the lines can
be measured in wavelength space, and therefore increases the precision of the resulting RV.
That said, there is a trade-off: the total amount of starlight reaching the detector in a given

exposure time is reduced. Given that at the time no spectrographs were purpose-built for
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precision RV detection of exoplanets, another huge advantage to the iodine cell technique
was that it was cheap: it was possible turn almost any high resolution spectrograph into a

planet searching machine by sticking this tube of iodine gas in the light path.

With these new capabilities, RV teams continued to monitor the brightest stars in the sky,
but chose their targets strategically. They purposefully tried to avoid stars that were deemed
to be active. Armed with ~3 m/s precision and all the bright stars in the sky to be explored,
many Jupiter-analog planets were discovered [57, 45] and more. Between 1996 and 2010, of
414 total planets discovered, 227 were Jovian planets on orbits longer than 100 days. This
would be the last time that distant giant planets would overtake close in small planets in

terms of raw number of discoveries in a time frame, at least for now.

The entire reason for this shift in the type of planet most commonly discovered is the Kepler
mission [34]. Launched in 2009, the mission was designed to search for exoplanet transits by
staring, nearly unblinkingly, for 4 years into a small patch of sky in the space between the
constellations Cygnus and Lyra. The primary goal of this mission was to build up statistics
of exoplanet populations. In this regard, and many more, the mission was a massive success.
In seminal works, [68] showed the occurrence rate of small planets in M dwarf systems, [180]
estimated the general occurrence rate of planets, and [42] related stellar metallicity to planet
occurrence. Suddenly, multi-planetary systems were becoming the norm, not the exciting
exception. Now the exciting systems were the rare, strange, and/or unexpected: systems
like Kepler-10 which hosts the first rocky exoplanet discovered [23], the first circumbinary

“Tatooine” system [67], and the smallest radius planet about the size of our Moon [19].

Now the RV method had come to be seen more as a tool of mass measurement than one
of pure discovery. All of the Kepler systems which were amenable to RV follow up were
targeted by RV surveys. Masses were needed so that we could begin to probe the relationships
between planet radius and planet mass, as well as calculate planet density to begin to infer

what might make up these far-off worlds. Around the same time, as spectrographs were
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being built for the sole dedicated purpose of exoplanet detection via the RV method, new
techniques for calculating the RV from a spectrum began to emerge, including template
matching [10, 255, 213]. In this technique, a template spectrum is obtained, either by high
SNR observations of the star with the same instrument, or a synthetic spectrum is created,
and the RV is computed by matching the observed spectra at different times to the reference
template spectrum. Later, new techniques for computing RVs from spectra all under the
umbrella term “Line-By-Line” emerged. These techniques evaluate the shift in wavelength
space for each individual absorption line in the spectrum [69]. Generally, if an individual
line’s measured RV is far off from the average, it is thought to be a contaminated line and it
can be discarded. Different methods of the line-by-line technique involve different line lists

or changes in how the final RV is computed [56, 27, 13].

Along with better and novel reduction techniques, time series modeling and analysis has
played a large role in addressing the challenge of stellar activity. Early efforts to identify
stellar activity signals in RV data sets including fitting for a correlation between the RVs
against one or more activity tracers [185, 102]. If a strong correlation was found, usually by
simple linear regression, then that correlation could be removed from the RVs [72]. Activity
identification and modeling have grown more creative and complex since then. In [187],
the method of employing a Gaussian Process (GP) was first described. GPs are a highly
flexible framework amenable to modeling unknown functional forms, like stellar activity.
They generally model activity through the correlations of each single RV to all other single
RVs in a data set through a pre-described covariance matrix. The application of GPs to
RV data sets has been expanded due to enhancements in software from [78] and [79]. They
have also been applied to identifying stellar rotation signals in [11] and to pull out planetary
signals in activity-riddled data sets [103]. Next, GPs have been instrumental in studies
showing how signals once thought to be planetary in nature are instead activity-driven
signals [33]. Lastly, additional new activity modeling techniques have been developed. In

[5], the authors describe a novel method for estimating the variation in RVs from observing
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starspots in photometry.

With the new era of RV-dedicated instruments and new activity modeling underway, in
2018 NASA’s Transiting Exoplanet Survey Satellite (TESS) [191] launched, providing us
with thousands of new planetary systems to go after with our new techniques. The TESS
mission is in many ways the spiritual successor to the Kepler mission. TESS is an all-sky
survey where each hemisphere of the sky is partitioned into 13 “sectors”. Each one of these
sectors is observed for 28 days at a time so that throughout one year, TESS observes the
entire hemisphere. At that point, it flips to the other hemisphere and continues. This
survey design prioritizes discovering as many planets as possible around preferentially bright
stars. This design also biases towards the detection of short period (<28 d) planets, with
exceptions for the regions of overlap in the sectors towards the celestial poles where there is
a continuous viewing zone. In its nominal two year mission, TESS discovered thousands of

exoplanet candidates.

1.4.2 Present

At the present time, the sub-field of RV detection of exoplanets is entering a renaissance.
TESS, beyond its nominal two year mission, is continuing to deliver many thousands of
new transiting exoplanets candidates each year, each just waiting for their masses to be
measured. The Kepler mission’s survey of staring blankly into a small slice of the sky for
four years was ideal for building up statistics of the planet population across the galaxy, and
did so very successfully. However, this “deep” (at least for exoplanetary science standards)
field design inherently included many stars that are relatively dim in apparent magnitude.
So while thousands of exoplanets were discovered over the lifetime of the mission, the vast
majority of these orbit stars that were too dim for meaningful follow up with RVs, and

especially not suitable for large RV surveys to homogeneously measure masses. Now, TESS
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is helping us make up for lost time. The survey design of TESS is strategic for large-scale
discovery of exoplanets orbiting preferentially bright host stars, which are ideal for further
characterization with RV follow up. TESS is delivering targets in line with our statistical
understanding of the true population of exoplanets, but with the added bonus of stellar host
brightness. Now, there are far more targets than there is telescope time available for the few
dedicated ground-based RV teams across the globe. In this regard, RV teams can choose to
dedicate their resources of personnel/team effort and telescope time to only the very best

targets among a wide variety of science cases.

In this regard, RV teams have been choosing to provide invaluable follow up characteriza-
tion to prepare for the coming golden age of atmospheric studies. With the launch of the
long-awaited JWST having finally taken place on December 25, 2021, as well as its highly
successful deployment and commissioning period, the field of exoplanet science is more than
ready to take full advantage of this new observatory’s capabilities. But JWST cannot per-
form transmission spectroscopy on just any target. In order to break degeneracies in the
interpretation of transmission spectra, it is crucial to measure the planet mass to less than
20% uncertainty (> 50 precision) [21]. In today’s hyper-competitive proposal environment,
where the JWST Cycle 2 over-subscription rate was ~7:1, it is a non-starter to ask to mea-
sure atmospheric properties for a planet if it does not already have a 50 mass secured. For
this reason, the primary focus for ground-based RV follow up teams has been to measure
such precise masses as a stepping stone for eventual atmospheric characterization for JWST.
In this effort, many new planets are achieving this mass result and therefore, almost as a
bonus effect, the mass-radius diagram is tightening up. New trends and populations are
emerging from these better mass measurements. For example [137] describe how the popu-
lation of planets orbiting M Dwarfs may be cleanly bifurcated by density: water-rich worlds

and rocky terrestrial worlds.

This effort is all greatly assisted by the dawn of the “Extreme” Precision Radial Velocity
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(EPRV) era. Since the year 2020, four new spectrographs capable of ~30 cm/s single mea-
surement precision have seen first light: MAROON-X [211], EXPRES [116], NEID [210], and
the Keck Planet Finder (KPF) [92]. These represent a huge leap in the technical abilities of
our field. While KPF is currently still in commissioning as of the writing of this dissertation,
the other three EPRV instruments are making good on their promises of stability, precision,

and abilities to yield high impact science.

However, as discussed above in §1.2, even before these instruments came online, we expected
that there would be no such thing as a quiet star anymore from an activity standpoint and
this impacts the standard stars that instrument teams use. Standard stars are ideally stable
stars observed during commissioning and engineering time to determine instrument stability
and performance. Since they are standardized, all instrument teams use them and therefore
it is easy to compare to other instruments’ data. For two reasons, new spectrographs are
increasingly using fewer standard stars. First, there are simply fewer stars where we under-
stand all of the RV signals for that star and consider them “stable”. Second, to understand
a star more thoroughly, one must take more observations of that star with higher cadence
than before, therefore there is less time to be spread out among more stars. It is better
to have a smaller number of standards that can be observed more frequently. Additionally,
instrument teams are becoming more clever with standard star selection. For example, all
four of the above instruments have been observing HD 3651, a system with a highly eccentric
Jovian believed to have dynamically cleaned out the inner system of any small planets [40].
Therefore, the only signal to model and remove is the planet, and all that remains in the

residuals is any stellar noise and instrumental noise.

In the effort to understand stellar activity signals, instrument teams are increasingly collab-
orative. Teams are sharing standard star targets and producing public data nightly. Along
this line, there is a strong push for an all-hands-on-deck approach to the activity problem.

Recently, the EXPRES team led a public data challenge using some of their proprietary data.
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The results were published in [258] where they invited teams to do their best in identifying
and removing non-Keplerian signals from a few data sets. In all, 22 different techniques
were applied to each of the sample data sets. They use the metric of residual RMS of the
velocities to compare these techniques and determine best practices. Overall, they find that

no one technique consistently performs better than the others.

There has also been a large push to include solar telescopes with all new EPRV instruments.
Following the HARPS-N team’s installation of a solar telescope [71] and publication of
Solar RVs to the community [70], the value of Sun-as-a-Star observations with dedicated RV
instruments was solidified. Next, the EXPRES team included a solar feed to the instrument
and has been taking daily RVs. Then, the NEID team included a solar feed in their design
and implementation [127]. Now, the KPF team has just installed their solar calibrator and
will soon begin producing solar RVs. With solar feeds strategically spread out on the Earth
across different longitudes, near continuous observation of the Sun from dedicated EPRV
instruments is finally underway. These data sets, mostly public but at least periodically
released in batches, are crucial in two ways. First, because the values of the RVs at nearly
the same timestamps can be directly compared across instruments, they allow for greater
understanding of the individual systematics for each instrument. And second, these data sets
are invaluable for developing and training new techniques and methods for understanding
stellar activity. Because the Sun is so close to us, it is an unparalleled opportunity to
study it like no other star. The Solar Dynamics Observatory (SDO) [179] provides high
resolution spatially-resolved spectra of the Sun as well as high definition imaging of the solar
face. Therefore, at any time, we can compare our ground-based solar RVs to space-based
observations and know for certain what activity features may be present on the solar face at
a given time. All this combined with our historical knowledge of the Sun’s various activity
cycles, when we analyze the new ground-based RV solar data sets, it is like having the
answers to the problem at the back of the book. We can use all this information to develop

new strategies for identifying, characterizing, and mitigating the effects of stellar activity in
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stellar data sets. In this dissertation, I will make use of the HARPS-N Solar data set as
a common barometer to test new methods and techniques for identifying stellar activity in

realistic RV data sets.

1.4.3 Future

What does the future of the field of exoplanets look like? Where will we be spending the
majority of our efforts and our telescope time? While the answers to these questions are
unknowable in certainty, there are a few trends at the current time that do not show signs

of slowing. Here I will hypothesize how I see the near-term evolution of the field.

First, one cannot talk about the future of exoplanets without talking about JWST. The
successful launch, deployment, and commissioning has the community very excited. Some
early science from JWST transmission spectroscopy has returned mixed results. The Early
Release Science of the Hot Jupiter WASP-39b data set was a huge success and fascinating
atmospheric features are revealed [204, 9, 4, 76]. Then a totally featureless spectrum came
through for observations of the 1 Rg planet LHS 475b [138]. I believe continuing to mea-
sure atmospheric features of exoplanets, and the supporting work required to make those
observations possible like mass measurements via RVs, will dominate the efforts of exoplanet
scientists for the next decade. As mentioned above in §1.4.2, dedicated mass measurement
efforts from RV teams are needed to field suitable JWST targets. But before that, suitable
RV targets will continue to be discovered by TESS. Meanwhile, as more transmission spec-
tra are taken and analyzed across pre-selected bins of planet parameter space, theorists will
enter a golden era of atmospheric data and will begin to build up a deeper understanding
of the physics of planet formation. All through this effort, we will collectively hold our
breath for a JWST transmission spectrum that definitively shows evidence for an oxygen

and nitrogen-rich atmosphere of a rocky planet.
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Beyond supplying 50 masses for JWST atmospheric characterization, the RV method will
continue to thrive as a detection tool in itself. In the quest to discover an Earth-twin planet,
that is, an Earth-mass planet orbiting a Sun-like star at a distance of 1 AU, the RV method
stands the best chance of discovering one that is also amenable to all kinds of follow-up
characterization. The transit method via the Kepler mission has already delivered Earth-
radius planets in 1 AU orbits. However, due to survey design, these planets all orbit very
distant and therefore dim stars which are not amenable to detailed follow-up characteriza-
tion, including even mass measurements with RVs. This creates a bottleneck. Discovering
Earth-like planets is fastest and easiest with large transit surveys. However, combining the
inherently small geometric transit probability of an Earth-like planet and the likelihood of
that planet orbiting a bright host star amenable to direct imaging follow up is very small.
This is where RVs will shine, as they eliminate both of these burdens: there is no geometric
alignment of the planet required and RV surveys already preferentially target bright, nearby
stars highly amenable to follow up characterization. It will be the RV method that supplies
the target lists for future investigations of Earth-like planets, including future space-based

direct imaging surveys.

On the horizon of the field is a new fleet of space-based “Great Observatories”. First,
and most importantly fully funded and built, is the Nancy Grace Roman Space Telescope
(NGRST) [7], planned for launch in May 2027. NGRST will perform a microlensing survey
of the galactic bulge as well as use a coronagraph to directly image planets while perform-
ing slitless spectroscopy. Looking further ahead, the 2020 Astronomy Decadal Survey [169]
recommended a new flagship observatory, now referred to as the Habitable Worlds Obser-
vatory (HWO). While this mission is still unfunded and any suggestion of a launch date
is nothing more than a guess, a primary science goal of this mission would be to directly
image Earth-like planets. But neither of these missions will be discovering the Earth-like
planets that they wish to directly image. It is far too expensive in telescope time to conduct

a blind survey with a space-based observatory. Instead, they will be leveraging decades of
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preparation to build their target lists, which will be defined before the observatories are even
launched. These target lists will be filled with planets first discovered by the RV method.
In order to be ready for these missions, RV surveys must be working now to build up data

sets, extend observing baselines, and find these planets in time.

Next, it is my belief that in the near future we will begin to characterize exoplanet systems
in the same way that we have characterized our own Solar System. The post-Kepler era was
dominated by studies between systems. These include comparing planetary systems to each
other and building up statistics in a broader sense. After all, statistics was the goal of the
mission from the start and in that sense it was a highly successful mission. However, I believe
the post-TESS era will be defined by studying within systems. TESS is delivering the same
populations of planets that Kepler revealed, but with more amenable host stars to follow
up. In the years after TESS’s mission ends, we will finally begin to investigate deeper within
single systems. For example, we will perform intra-system atmospheric characterizations by
obtaining transmission spectra for multiple planets in the same system. In these efforts, we

will start to really see exoplanet systems in the same way we see our own Solar System.

Lastly, the EPRV era will flourish in the next decade. The fleet of ground based spectrographs
dedicated to RV measurements will deliver on their promises of stability and precision. We
will continue to find smaller and smaller signals, measuring Earth-like masses with tighter
error bars. We will measure smaller Rossiter-McLaughlin signals now that we have EPRV
instruments on the largest aperture telescopes. We will leverage the new regime of precision
to better understand the challenge of stellar activity. And we will continue to build ever
more precise spectrographs. And someday we will wonder, what was so “extreme” about 30

cm/s precision RVs?
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1.5 Dissertation Organization

My dissertation is organized into three main chapters. §2 concerns the discovery and char-
acterization of the exciting 5+ planet system HD 191939. This work was first published in
The Astronomical Journal, Volume 163, Number 2 as [135] and appears here unchanged. T
have added a foreword beforehand to set the context for this paper. Next, in §3 I describe
the stellar activity of Barnard’s star and show how the proposed planet is instead a false
positive detection. This work was first published in The Astronomical Journal, Volume 162,
Number 2 as [134] and appears here unchanged. I have also included a foreword beforehand
to set the context for this paper. Then §4 I describe a new software package I developed for
identifying and characterizing quasi-periodic stellar activity signals in RV data sets, the ¢,
Apodized Periodogram, or Lia. This work will be submitted to The Astronomical Journal
and appears here as a draft version. I have also included a foreword describing the greater

context for this work. Lastly, in §5 I conclude by tying together all of this work.
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Chapter 2

TESS-Keck Survey I1X: Masses of
Three Sub-Neptunes Orbiting HD
191939 and the Discovery of a Warm
Jovian Plus a Distant Sub-Stellar

Companion - Lubin et al. 2022

2.1 Foreword

NASA’s Transiting Exoplanet Survey Satellite (TESS; [191]) is an all-sky photometric survey
searching for new planetary systems. To cover the entire sky, TESS observes in “sectors”,
portions of the sky 24° x 96° in size, for 28 days at a time. Over the course of a year,
TESS observes 13 sectors in one hemisphere of the sky, then flips to the opposite hemisphere

for another year of 13 new sectors. Due to this observing strategy, TESS is finding many
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exoplanets in short period orbits (< 28 days), and it is increasing the number of known
planets around bright stars. Through its 2-year nominal mission and the ongoing extended
mission, TESS continues to discover many thousands of new planetary systems ripe for

detailed investigation.

The TESS-Keck Survey (TKS) is a collaboration among exoplanet astronomers at Keck
partner institutions. We combine telescope time and efforts to follow up TESS discoveries
of transiting planets with precise RVs. Our primary goal is to measure the masses for 100
planets first identified by TESS. This will allow us to gain greater understanding of the
relationship between planet mass and radius, to measure bulk densities to provide insight
into possible planet compositions, and provide valuable mass measurements for future JWST
targets. To date, we have published 12 individual system papers (see [60, 243, 59, 203, 207,
140, 61, 136, 58, 231, 141, 238]) with more on the way. Our survey is further concerned
with the formation, evolution, and dynamics of various types of exoplanetary systems. The
four sub-goals of TKS are characterizing systems with multiple planets, those with possible
distant giant planets, planets orbiting evolved host stars, and those that show promise for

high-quality atmospheric characterization [50].

This work concerns a system that crosses three of these goals. HD 191939 is a solar-like
star (G9V) that hosts a multi planet system. TESS observed the star for 252 days in 9
non-consecutive sectors during its primary mission, allowing for a long baseline (326 days)
of photometry and enabling discovery of longer-period planets. Badenas-Agusti et al. 2020
[14] had already announced three transiting planets, two of which would not have been
discovered without multiple sectors of coverage. The following work includes the first mass
measurements of the transiting planets as well as the discovery of an additional Jovian planet

and a super-Jovian planet.

Bright systems with multiple planets like HD 191939 are invaluable to the exoplanet commu-

nity. They are amenable to precise RV monitoring and are natural laboratories of planetary

42



astrophysics. With multiple planets forming from the same protoplanetary disk, such sys-
tems allow for comparative exoplanetology investigations, as we can assume a similar history

of formation conditions for each planet.

We find that the transiting planets of HD 191939 fall into some of the patterns uncovered by
statistics papers on the Kepler planets. They have nearly identical radii, as is typical of the
Kepler planets [245], yet their spacing is irregular. They have similar masses, consistent with
the pattern found in [157], but the planets have low masses for their sizes [244], implying
lower than average densities. In all, HD 191939 will be a touchstone system studied for a

long time.

2.2 Observations

2.2.1 TESS Photometry

Due to the star’s high northern declination, TESS observed HD 191939 for a total of 9
sectors in Cycle 2. Data were obtained with a 2-minute cadence during sectors 15-19, 21-22,
and 24-25, spanning a total baseline of 326 days from 2019-07-18 to 2020-06-08, though the
star was not observed for the entirety of this time [219]. We downloaded data processed
through the Science Processing Operations Center (SPOC) pipeline through the Mikulski
Archive for Space Telescopes (MAST), and used the Pre-search Data Conditioning (PDC)

light curves for our analysis. [114].

2.2.2 Radial Velocities

We acquired 73 RV observations with Keck/HIRES at the W.M. Keck Observatory on Mau-

nakea, Hawaii between November 2019 and December 2020; see Table 2.3. We reduced the
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spectra in the standard procedure of the California Planet Search [108]. We used a high SNR
template from Keck/HIRES to generate a deconvolved stellar spectral template (DSST). We
took all RV observations with a warm iodine cell in the light path for wavelength calibration

(232, 44] with median SNR of ~216 per pixel at the iodine wavelength region of ~500 nm.

We also acquired 104 RV observations with the Automated Planet Finder telescope (APF)
[240] at Lick Observatory in California between December 2019 and December 2020. At
the beginning of the baseline, we observed twice per night and binned the two observations.
After February 2020, we changed our observing strategy to obtain one spectrum per night
due to time constraints within our survey. We used the same Keck/HIRES template to
calculate the APF RVs because it produced a higher-quality DSST than the APF template.
The median SNR for APF observations was ~76 per pixel at the iodine wavelength region
of ~500 nm. To maintain only high-quality data points, we removed all (7) RVs from the
APF time series that had SNR < 31, equivalent to an RV error of 9 m/s. We also removed

1 APF observation that was taken within 5 minutes of 12° twilight in the morning.

2.3 System Properties

2.3.1 Host Star

We analyzed our iodine-free HIRES spectrum with the SpecMatch-Syn code [181] to derive
the T, log g, and metallicity [Fe/H] of the host star, and we list our results in Table 2.1.
We then derived stellar mass, radius, and age according to the approach described in [81].
We incorporated Gaia DR2 parallaxes [87], 2MASS apparent K magnitude, and the MIST
models [48] using the isoclassify package [111, 30]. Following [226], we inflated the error
bar on the stellar mass measurement by adding a systematic error term of 0.03 M in

quadrature. Given the limited spread in the HR diagram at HD 191939’s T, (5348 £+ 100

44



Table 2.1: HD 191939 System Parameters

Stellar Parameters

Parameter Value Source
General

Other Names TOI 1339, HIP 99175

RA 20:08:06.15 87)
Dec +66:51:01.08 [87]
V mag 8.97 [14]
Astrometry

Parallax (mas) 18.71 + 0.07 [14]
Proper Motion in RA (mas) 150.26 + 0.04 (14]
Proper Motion in Dec (mas) —63.91 £ 0.05 [14]
Radial Velocity (km/s) —9.5+0.2 [87]

SpecMatch Spectroscopy

T (K) 5348 + 100 SpecMatch-Synthetic

log g (cm s72) 43 +0.1 SpecMatch-Synthetic

[Fe/H] (dex) —0.15 £ 0.06 SpecMatch-Synthetic

vsini (km/s) <2.0 SpecMatch-Synthetic

logRjy e (dex) —5.1140.05 SpecMatch-Synthetic

Spectral Type GV [175]

Isochrone Modelling

Radius, R.(Ry) 0.94 + 0.02 Isoclassify

Mass, M, (M) 0.81 + 0.04 Isoclassify Before following Tayar et al. 2020, error was + 0.03 [226]

Luminosity, L,(Le) 0.65 + 0.02 Isoclassify

Age (Gyr) >8.7 Isoclassify

Stellar Abundances (Dex) from KeckSpec

[C/H] ~0.1240.07 [N/H] —0.17 £ 0.09

[0/H] 0.09 % 0.09 [Na/H] ~0.18 £ 0.07

[Mg/H] —0.09 +0.04 [Al/H] —0.02 4+ 0.08

[Si/H] ~0.11 4 0.06 [Ca/H] ~0.17 4 0.07

[Ti/H] —0.07£0.05 [V/H] —0.1240.07

[Cr/H] ~0.26 4+ 0.05 [Mn/H] —0.38 4 0.07

[Ni/H] —0.21+0.05 [Y/H] —0.17 +0.09
Planet Parameters

Parameter Planet b Planet ¢ Planet d Planet e Planet f

Orbital Period (days) 8.88029 =+ 0.00002 28.5805 % 0.0002 38.3525 £ 0.0003 101.5+0.4 1700-7200

Time of Conjunction (BJD)

2458715.3561 £ 0.0004

2458726.0534 £ 0.0006

2458743.5518 £ 0.0007

2459043.6 £0.3

Duration (hours) 31+0.1 45402 55+0.3 - -

Impact Parameter 0.62 £ 0.02 0.63 £ 0.02 0.48 +£0.04 - -

Inclination (degrees) 88.06 £ 0.08 89.09 £ 0.03 89.43 +0.04 88.0-89.4 -

R,/R, 0.0336 £ 0.0007 0.0306 £ 0.0007 0.0302 £ 0.0007 - -

Radius (Rg) 3.3940.07 3.08 4+ 0.07 3.0440.07 - -

Semi-major axis (AU) 0.078 £ 0.001 0.170 £ 0.002 0.207 + 0.003 0.397 & 0.005 2.6-7.0

*Equilibrium temperature (K) 893 £ 36 605 £ 24 549 £22 397 £ 16 -

Eccentricity 0 (fixed) 0 (fixed) 0 (fixed) 0 (fixed) 0 (fixed)

RV semi-amplitude () 3.8+0.3 1.8+0.3 0.6+0.3 17.2+04 >23.0

Mas Iy) 10.4+£0.9 72+14 < 5.8 at 20 108 +3 /sini  630-3500

Density (g/cc) 1.5+£0.2 14+03 0.5+0.3 — —
Model Parameters

Parameter Value

Linear Limb Coefficient, u; 0.42 £+ 0.06

Quadratic Limb Coefficient, u, 0.0540.08

HIRES Zeropoint, yuires () —22.26

HIRES Jitter, ops () 17402

APF Zeropoint, yapr () —8.01

APF lJitter, oapr () 3.7+0.6

Trend, ¥ (d7') 0.114 % 0.006

Curve, § (d7?)

(—6+2) x10~°

*Equilibrium Temperatures assume zero bond albedo

K, G9V), isochrone ages have large uncertainties. However, they indicate this star is older

than 8.7 Gyr (20 confidence).

We determined the abundances for 15 individual elements using KeckSpec [190] finding the

composition of HD 191939 is generally sub-solar for most elements. We determine the Mg/Si

ratio to be consistent with both the solar value and most local stars [39]. C/O, however,

is found to be 0.34 + 0.09; 20 lower than the solar value implying the assumption of solar

abundances for these elements may not be applicable to stellar atmospheric models. We

obtain [Y/Mg] = —0.08 + 0.1 and use this with the abundance-age relation of [166] which
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Figure 2.1: GLS periodograms of the combined time series of Keck/HIRES and APF data.
The two data sets were first filtered by removing instrumental offsets as well as the trend and
curvature according to the best fit parameters from our preferred model. In each descending
panel, we have removed one planet at a time. The bottom panel shows the window function
of the time series.

gives an age estimate of 743 Gyr. Although this is consistent with the lower bound obtained
from an isochronal fit, HD 191939 is 400K cooler than the Sun-like stars used for this relation

and should be treated with caution.

HD 191939 is a chromospherically inactive star with log R} = -5.11 £+ 0.05. We computed
the Ca II H&K index (Sgk) as described in [113] for both our Keck/HIRES and APF time
series, see Table 2.3. We find no significant correlations between the Sy values and RVs.

Additionally, we find no statistically significant periodicities in the Spx time series.
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Figure 2.2: a) Our complete RV time series with our preferred model (blue) as well as b)
residuals including trend and curvature. Data collected from Keck/HIRES are shown as
black circles while data from the APF are shown by green diamonds.

2.3.2 RV Model

Soon after beginning our RV observations, we saw evidence of an additional planet beyond
those identified by TESS, including observations which showed a ~ 40 m /s change in the RV,
consistent with a massive planet. Continued observations further traced a large amplitude
periodicity near ~ 100 days. The Generalized Lomb-Scargle (GLS) periodogram [253] of the
RVs is dominated by this signal which we attribute to a fourth planet (e) (Figure 2.1, top

panel).

To discern the architecture of the system, we performed a model comparison analysis. Using
RadVel [82], we tested a variety of RV models: 3-5 total planets and either allowing eccen-
tricity to vary for each or fixing it to zero, as well as allowing or prohibiting trend and/or
curvature terms. We used Markov Chain Monte Carlo (MCMC) to explore the parameter

space and estimate uncertainties; all planet models discussed here converged by the default
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Figure 2.3: The phase folded RV time series for each planet with periods less than our
baseline. Red circles are bins of size 0.08 phase.
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RadVel criteria unless otherwise stated.

In all models, we fixed the periods and times of conjunction of the transiting planets to
the values found from our TESS photometry model. We set uniform priors on the Doppler
amplitudes (—oo, o), allowing negative values for all planets to avoid biasing the masses
to higher values. We set a uniform prior from 1 to 1000 days on the period of planet e and
a uniform prior on its time of conjunction (2459000, 2459100) BJD. For both instruments,
we set a prior on the instrumental jitter as uniform (0, 10) m/s. Lastly we set a prior on

the trend term uniform from (—1, 1) m/s/d and on the curvature term uniform (—0.1, 0.1)

m/s/d?.

Our preferred RV model has an Akaike Information Criterion (AIC) [6] of 858 and contains
four planets on circular orbits, as well as both a trend and curvature term, which models
a subset of a sinusoid as a quadratic to represent a 5th body in the system. The closest
neighboring model, in terms of AIC, is one with 4 planets plus a trend but no curvature
term (AIC = 866). Our preferred model is very strongly preferred over a model with 3
transiting planets (did not converge, AIC = 1332) and a 4-planet model with no trend and
no curvature (AIC = 1202). Our full RV timeseries can be seen in Figure 3.1, and phase-
folded RV time series for each planet can be seen in Figure 2.3. The orbital parameters and
masses of all planets can be found in Table 2.1. We searched the residuals of our preferred

model for additional planets but found no statistically significant signals.

2.3.3 Photometry Model

We pre-whitened the TESS photometry by using a Gaussian process model to subtract out
low amplitude stellar and instrumental variability from the light curve. We then performed
a blind transit search using Transit Least Squares (TLS; [106]). This recovered three

transiting planets with period, depth, and duration values and errors consistent with the
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Figure 2.4: Phase folded light curves for each of the transiting planets with our best fit
model overlaid and residuals below.

previously published values in [14]. We also performed a more targeted search with TLS for
transits of planet e but found no evidence of any such events. We then modeled the transits
of planets b, ¢, and d with the Exoplanet package [80] and re-derived planet parameters

using our updated stellar parameters and the TLS output as priors (Table 2.1).

To calculate this model, we assumed circular orbits and fit for seventeen parameters: (1.)
Orbital periods, with Gaussian priors informed by our TLS search values, (2.) Times of infe-
rior conjunction, with Gaussian priors informed by our TLS search, (3.) Planet-to-star radius
ratios, with a log-uniform prior from 0.01 to 0.1, (4.) Impact parameters, with a uniform
prior from 0 to 1, (5.) Stellar radius, with Gaussian priors defined by the updated stellar
parameters, (6.) Stellar mass, with Gaussian priors defined by the updated stellar param-
eters, (7.) Quadratic limb darkening parameters calculated using Python Limb Darkening
Toolkit [173], and (8.) A white noise scaling term for the TESS light curve. Exoplanet
implements MCMC algorithm, which we ran with 2000 iterations and a 500 step burn in and
found that all chains converged. Additionally, we derived transit midpoints for each transit

of each planet which is discussed further in §2.7 (see Appendix, Table 2.2). Figure 2.4 shows
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Figure 2.5: TESS photometry from sectors 15-19, 21, 22, 24, and 25 highlighting the transits
of the three sub-Neptunes which are indicated by color-coded arrows. Our RV model’s
predicted transit midpoint times for planet e are shown by vertical dashed red lines along
with 30 error windows as light red shaded regions. The predicted ~ 8 hour transit duration
(for a central transit) is shown by dark red shading. An additional transit window occurred
in Sector 23 when the star was not visible in any TESS cameras.
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our modeled phase-folded light curves for each planet and Figure 2.5 shows the full reduced

TESS light curve of the star with transits color coded.

Given our weak detection of planet d in the RV time series, we returned to the photometry to
confirm the period and transit times. Due to the positioning of data gaps in the light curve,
there are 4 “odd” transits and 1 “even” transit of planet d. We considered the possibility
that the single even transit, occurring at 2458781.89 BJD, comes from a different source than
the four odd transits. In such a scenario, the orbital period of planet d would double to 76.7
days. However, comparing between the transits, including matching depths, durations, and
ingress/egress shapes, we found no inconsistencies between the single transit and the other
four. Furthermore, we find no evidence for a ~76 day periodicity in our RV time series. Thus
we conclude that all five transits do originate from a single planet with an orbital period of

38.4 days.

2.4 Composition of Transiting Planets

How do the transiting planets in this system compare to other known transiting planets?
We find planet b imparts a Doppler semi-amplitude of 3.8 & 0.3 ms™!, corresponding to a
mass of 10.4 & 0.9 Mg; planet ¢ imparts 1.8 & 0.3 ms™!, corresponding to 7.2 & 1.4 Myg;

. corresponding to 2.8 & 1.5 Mg,. The placement of the

and planet d imparts 0.6 + 0.3 ms™
three transiting planets on a mass-radius diagram reveals that they exist at the periphery of
the known planet population (Figure 2.6). Planet b fits more consistently with previously
known planets, while planet d is a low-mass outlier. The relatively low masses for their radii

implies small densities. We find planet b has a bulk density of 1.5 + 0.2 g/cc, planet ¢ has
1.4+ 0.3 g/cc, and planet d has 0.5 £ 0.3 g/cc.
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Figure 2.6: A Mass-Radius diagram highlighting the HD 191939 transiting planets. Larger
marker sizes correspond to more precise mass measurements, excluding the HD 191939 plan-
ets. Planet d’s marker represents the 2o upper limit, and its arrow points back to the median
value. Grey points are from the NASA Exoplanet Archive as of 2021-07-01, with cuts to
include only 20 masses or better.

[84] and [237] described the radius gap as a region of radius phase space from 1.5-2.0 Rg
where relatively few planets are found. Studies have explained this gap as most likely due
to a transitional phase between planets with and without extended H/He envelopes, which
may be due to photoevaporation [133, 172]. Given that all three transiting planets in the
HD 191939 system have radii above the gap, it is likely that the best description of their
compositions is that of a volatile rich envelope surrounding a rocky core [244, 198, 84].
Employing Smint [182], which interpolates the model grids from [133] and [256] and samples
posterior space with MCMC, we explored the possible fractions of H/He by mass for the

three transiting planets assuming a dry, Earth-like, rock-iron core. Using a flat prior for the

53



age from 9 to 13 Gyr, we find H/He envelopes of 6.5 + 0.5% for planet b, 5.7 + 0.6% for

planet ¢, and 6.4 & 0.5% for planet d.

From our RV model, we place a 20 upper limit on planet d’s mass at 5.8 M. This corre-
sponds to 20 upper limit on planet d’s density of 1.1 g/cc. While this density upper limit
places it within the range of planets b and ¢, the potential low density for planet d is note-
worthy. In the literature, there is a population of low density planets: the Kepler-51 system
[146], Kepler-79d [115], and Kepler-87¢ [170], which are collectively described as ”super-
puffs” for their inflated radii (4-8 Rg) and low masses (2-5 Mg ), which implies densities of
~0.1 g/cc. While HD 191939 d is not a super-puff since its radius is smaller (only 3 Rg), it
does share a notable characteristic with the super-puffs: they all exist in or near resonance
with another planet in their systems. The super-puff planets may have low masses for their
sizes as part of a selection bias: the planet masses are derived from transit timing variation
(TTV) interactions, which are most prominent for planets in or near a resonance chain. HD
191939 d’s potential low density, combined with its placement as the outer member of a
near 4:3 resonance with planet ¢ (see §2.7 for more detail), draws some comparison to the

super-puffs and brings forward questions on its possible formation history.

Two different mechanisms have been proposed for explaining the prevalence of highly inflated
plants in or near resonance. [125] showed super-puff planets most easily gain their extended
atmospheres in dust-free environments at distances beyond 1 AU before migrating inwards.
As part of this migration, they are more likely to form the outer companion of a resonance
chain with another interior planet in the system. Under this formation scenario, planet d
would likely contain a large fraction of water, a composition which we do not explore in
this paper. [156] describes how super-puffs that exist just wide of resonance with another
planet are thought to have preferentially high obliquities, which could drive heat dissipation

through obliquity tides resulting in inflated planet radii.

HD 191939 d represents a unique opportunity to study a possible low density planet and to
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test the above theories for two reasons. The mass measurement we provide comes from the
RV method rather than TTVs. The location in the system interior to the Jovian planet e
can provide dynamical constraints for any potential migration history. Of the super-puffs
listed above, only Kepler-79d has a confirmed planet exterior to its orbit in the system, and

this planet is another sub-Neptune.

The relatively small masses, low densities, and high equilibrium temperatures of these planets
might combine to drive atmospheric escape on some or all of the three inner planets. By the
Jeans escape mechanism, to first order approximation a gas will eventually completely escape
if its thermal velocity exceeds one sixth the planet’s escape velocity. Planet b’s temperature
is likely high enough to allow the steady escape of atomic and molecular hydrogen. Fixing
each planet’s radius to the median values of our photometry model, we calculated whether
molecular hydrogen would escape each planet for a grid of every combination of planet mass
and equilibrium temperature out to 30 of each value. We find that molecular hydrogen
escapes planet b in 84% of combinations, 52% for planet ¢, and 94% for planet d. Following
the same procedure, planet d’s small mass means it may not even be able to retain helium
as 47% of combinations allow this gas to escape. If any of these planets are experiencing

atmospheric escape, transmission spectroscopy with JWST might show evidence.

2.5 Planet f Constraints

What is the nature of the 5th planet in the system? Our RV analysis favors both a trend
and curvature in the residuals of the preferred 4-planet model, suggesting a 5th planet with
an orbital period much longer than our 415-day observing baseline. The presence of this
planet can be further constrained by the change in HD 191939’s proper motion over a period
of 24 years. Using these independent data sets, we can place constraints on the mass and

semi-major axis of planet f.
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We derived these constraints using a novel method which compares model orbits using just 3
free parameters. We quantify long-period signals in the RV residuals through trend (%) and
curvature (4) terms; and astrometric motion through Ay, the difference in proper motions
at two epochs. We generated a set of randomly-sampled orbits and computed these three
parameters for each. A high-likelihood orbital model is one that reproduces the true values

of 4, 4, and Ap.

To produce a set of model orbits, we first defined our search range for both mass and semi-
major axis. We started with 7,;,, the lower bound on orbital period. Planet f produced
only a small detected curvature over our observing baseline, a feature that we estimate
would require an orbital period >4 times the baseline. This yielded a lower semi-major axis
limit of 2.6 AU. We limited our search to semi-major axes within 50 AU. We used a similar
argument to obtain a lower bound on M,. We took the maximum ARV from the residuals
of fitting for planets b-e and set it equal to the semi-amplitude of a planet with a period of
Tmin, again assuming a circular orbit. From this amplitude, we calculated a minimum mass
of 2.05 Mj. We chose 200 Mj as the upper limit of our mass search, reasoning that more

massive objects would be luminous enough to detect in high-contrast imaging.

We marginalized over four additional orbital parameters: inclination 7, eccentricity e, argu-
ment of periastron w, and mean anomaly M. In total we drew 10® random samples from

this 6-dimensional parameter space using the following prior distributions:

o log (t45) ~ U(2.62,50)

log (24 ~U(2.05,200)

e cos(i) ~U(0,1)

w ~ U(0,2m)

M ~ U(0, 2r)
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o ¢~ B(0.867,3.03)

where B is the two-parameter [121] beta distribution for e. We used the same samples to

generate both the RV curves and the astrometric proper motions.

To impose RV constraints, we computed for each sample the first (§) and second () time

derivatives of the stellar radial velocity. We began by differentiating the true anomaly v:

1

v =2tan" (2.1)

1+€t E
an [ —
1—e 2

o 2my/1 — €2 (2.2)
o7 [1— ecos(E)]W :

where 7 is the orbital period calculated from Kepler’'s Third Law and £ is the eccentric

anomaly, which we obtained by numerically solving Kepler’s equation:

M=FE—esink. (2.3)

The second derivative of v is also needed to compute 7:

b=t (2.4)
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With the derivatives of v, we can write the equations for 4 and 4. We start with the RV

value itself, v:

v = K [ecos(w) + cos(v + w)],

where

G M, sini
K=/ :
1—e*,/a(M,+ M,)

The derivatives of v are:

4 =—K[psin(v + w)]

and

Y =—K [0?cos(v+w) + isin(v 4+ w)] .

We evaluated the sample likelihood according to

58

(2.5)

(2.6)

(2.8)



b al | G2nP)] (2.9

2072 * 202

v ol

To obtain the 2D a-M,, joint posterior, we marginalized over {e,,w, M}. The results from

the RV only constraints can be seen in Figure 2.7 in green with 1- and 2-0 contours.

We next incorporated astrometry to further constrain the characteristics of the fifth planet.
[37] aligned the reference frames of Hipparcos [2] and Gaia EDRS [128] to produce a self-
consistent catalog of stellar proper motions measured at epochs 1991.25 and 2015.5. [37]
reported the proper motion based on the difference in position between these epochs. The
Gaia and position-derived proper motions, jig = (150.19 + 0.02, —63.99 £ 0.02) mas/yr and
fre = (150.314+0.03, —63.94 £ 0.03) mas/yr, were the most precise, and indicated a change
in proper motion Au = |fic — figc| of 0.13 & 0.03 mas/yr over the 24 years separating the

two epochs.

Using the same orbit models as in the RV analysis, we first computed the average proper
motion vector in the Gaia EDRS3 epoch. We also used the change in astrometric position
between the Gaia and Hipparcos epochs to obtain an average proper motion over the 24 year

baseline. We then computed the magnitude of the difference vector Apu, and evaluated the

likelihood via

(2.10)

P(Ap|Apy,) o exp (—M> :

2
20,

The detected proper motion difference rules out high mass models that were permitted by

our RV-only analysis. The blue region of Figure 2.7 shows the range of a-M, values that are
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allowed by astrometry at the 1 and 20 levels.

Because the RV and astrometric data sets are independent, we may evaluate the joint RV-
astrometry likelihood by multiplying Equations 2.9 and 2.10. Figure 2.7 shows in red the
region of a-M,, space that is allowed by both the RV and astrometric constraints. We find at

95% confidence that planet f has a mass of 2-11 Mj and orbits at a distance of 2.6-7.0 AU.

Throughout this paper we refer to this companion as a “planet” because these current
mass constraints place it most likely below the generally accepted upper mass limit for
planets of ~ 13 Mj; but we caution that the high-mass tail of the probability distribution
includes objects that would typically be characterized as brown dwarfs. Such high mass
objects on the planet-brown dwarf boundary are thought to form by one of two general
formation pathways: core accretion [184] or gravitational instability [35]. Core accretion is
more successful at producing low mass objects and is the most plausible formation channel
for planets b through e. [208] showed a transition point in formation mechanism at 10 Mj,
which may represent a mass upper limit for objects formed via core-accretion. Therefore,
more massive objects more likely formed via gravitational instability and are therefore not
planets. If planet f is at the upper end of its mass range, gravitational instability becomes
a plausible pathway. This raises the possibility that both mechanisms were active in the
HD 191939 system. We advocate for continued Doppler/astrometric monitoring of the HD
191939 system to fully resolve this companion’s orbit and measure its mass more precisely

to identify which formation channel is more likely.

2.6 Planet e is Nearly Coplanar

What is the inclination of planet e? Given the emergence of planet e in our RV data, we

searched the TESS photometry for evidence of its transit. We would expect this 0.34 +
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Figure 2.7: Constraints on the mass and semi-major axis of planet f. The green region shows
values that are consistent with the measured RV trend and curvature. The blue region shows
values that are consistent with the Hipparcos/Gaia astrometry. The red region shows the
values consistent with both RV and astrometry. Dark and light regions indicate the 1 and
20 confidence intervals, respectively. Planet f is likely between 2-11 M, orbiting between
2.6-7.0 AU.

0.01 M;/sin¢ Jovian planet to have a radius of ~ 1 Ry, implying a transit depth on the order
of 1%. At a 101 day orbital period, assuming zero eccentricity and an edge-on orbit, we
expect the duration of its transit to be ~ 8 hours. Such a transit event should be obvious in

the data by visual inspection. We do not see planet e’s transit (see Figure 2.5).

Within the error bars of our period and time of conjunction for planet e, it is possible that
TESS missed the transits of planet e by unlucky timing. Still, the most likely explanation
for the missing transits is that the planet is non-transiting. We did not search for a transit

of planet f because its transit event should be a similar depth but even longer than planet
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Figure 2.8: Details on the Laplace-Lagrange analysis. Left: The inclination curves for
each planet when planet e is given a starting value of I, = 0.5° vs I, = 6.0°. When the
mutual inclination of the three is small enough for all three to transit together, the line is
opaque. Right: The percent of time during which the inner three planets transit depends on
the inclination of planet e. The vertical black dashed line indicates the nominal maximum
inclination for which we would expect planet e to still transit. The horizontal red dashed
indicates the 10% threshold for our conservative estimate on the upper limit to the giant
planet’s inclination.

e’s and it was not near its expected time of conjunction at the time of TESS’s observations.

Assuming planet e is non-transiting and has a radius of 1 R;, we place an upper limit on
the inclination at 89.5°. To place a lower limit, we explored the dynamics of the system
with Laplace-Lagrange secular perturbation theory [145]. Following the methods in [161],
we analytically derived equations for the time dependence of the inclination for each of the
planets in the system. We chose to ignore effects from planet f. Due to planet f’s large semi-
major axis relative to the other 4 planets, the inner 4 will move together under its influence.
Additionally, any of effects from planet f will play out over much longer timescales than we are
interested in (~2 orders of magnitude longer). For the four planets in question, we used the
median values for mass and semi-major axis from Table 2.1. Within the Laplace-Lagrange
framework, eccentricity and inclination become decoupled; for simplicity and consistency

with our preferred RV model, we assumed circular orbits.

The Laplace-Lagrange secular perturbation theory is built on the foundation of the disturbing
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function, where I is the inclination, 7 and k are planet indices that run from 0 to N with N

being the number of planets in the system:

ol; 1 OR;
-1 = 5 — (2.11)
at njajfj 8Q]
where R; is the disturbing function
1
Rj = TL]'CZJZ' §Bjj[]2 + BjkIj[k COS(QJ' — Qk) (212)
and
1 G(M*+m) 2 mp (1)
B, = - J RPN/ ; 2.13
ik 4 |: CL? :| M*+mja]kajk % (Oé]k>, ( )
and
G(M, ;
ny = |G ) (2.14)
a’
J
where Bj, = —B;;. Terms ajj, and @, are constants determined by semi-major axis ratios

of the jth and kth planets, b(;)(ajk) is a definite integral also dependent on semi-major axes
2

[161], and €2 is the longitude of ascending node. From the disturbing function we constructed
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the B matrix. The eigenvalues of the B matrix, fi, represent the periodicity of the oscillations
of the planets’ inclination and the eigenvectors (which are unscaled and must be normalized)
along with the initial conditions of the system’s configuration represent the amplitude of the

oscillations.

In the normalization process we calculated both a scaling factor and a phase angle for the
oscillation periodicity of each planet, v,. This is accomplished by implementing the initial
conditions at t = 0 (both I, and €2,) to generate a set of set of 2N equations from which we
can solve for N scaling factors and NV phase angles. With these scaling factors in hand, the

final amplitudes of the oscillations, Vj, are determined.

Then we calculated the inclinations of each planet at a given time:

1
I = (p} +¢7)?, (2.15)

where p; and ¢; are parameterized variables:

Nplanets
pj = Vigsin(fit + vx), (2.16)
k=0
Nplanet.s
g = Vi cos( fet + 7). (2.17)
k=0

Within this framework, we derived I;(t) for each planets j € {b, c, d, e} for various initial
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configurations of the system.

For each configuration, planets b, ¢, and d were initialized at 0°, corresponding to placing all
three on the same plane. Note that the plane from which we are measuring inclinations is 90°
transposed from the conventional plane of reference for inclinations, the sky plane. For ease
of reference, we call this plane the LL-Plane. We also initialized all four planets’ longitude
of ascending node, €2, to the same value, arbitrarily 0°. We tested various trials where €2,
was initialized at different values between 0°-360° and found it had little to no effect on the
outcome of our experiment. In each configuration we set the starting inclination for planet

e to different values, stepping in 0.5° intervals from 0° to 12.0°.

We computed I;(t) for an 8,000 year span, roughly double the longest eigenfrequency. For

every year in a configuration, we computed the mutual inclination of the three planets [46]:

cos I, = cos I cos I, + sin I, sin I, cos(§2, — §2). (2.18)

We determined a maximum limiting angle for mutual transiting of the inner 3 planets by
geometric reasoning. We calculated the minimum transiting inclinations for both the inner-
most and second innermost planets, by i, ~ R./a. Then the sum of these two angles is
the limiting angle. This corresponds to placing the innermost and second innermost planets
at the opposite limbs of the star. For a given timestamp, if the mutual inclinations of all
pairs of planets are less than the limiting angle, then all planets transit together at that

timestamp.

Figure 2.8 shows the [;(t) curves for two examples from our trials as well as the results of all
trials. For each trial of planet e’s starting inclination, we computed the percent of timestamps

within the 8000 year time span during which all three of the inner planets transited with
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respect to an arbitrary line of sight. As expected, the farther from the LL-Plane that we
start planet e’s inclination, the smaller the percent of the timestamps during which all three
inner planets will transit. There is a range of starting inclinations for which we would expect
all three inner planets to transit 100% of the timestamps, from 0° to 2.0° in the LL-Plane.
We nominally rule out inclinations less than 0.5° based on the absence of a transit for planet
e, although this limit does not take into account the uncertainty in planet e’s radius and
the simplification that all three inner planets start at 0°. In sample tests where we included
planet f with mass and semi-major axis values drawn from results in §2.5, we find the results
to be similar. Including planet f, the value for the percentage of timestamps where the inner
3 planets are all transiting for any given inclination of planet e is within 5% of the value as

when we exclude planet f.

Above 2.0° in the LL-plane, the percentage of timestamps where all three are transiting
together falls sharply and then decreases asymptotically towards 0%. From these results, we
conservatively place a upper limit on the planet e’s mutual inclination at 10°. This angle
corresponds to a lower limit for absolute inclination of 80° in the conventional sky-plane frame
of reference. For starting inclinations above 10°, the amplitudes of the planets’ oscillations
in inclination space become large enough that it is rare for all three to transit together from
an arbitrary line of sight: < 10% of the timestamps tested. Mutual inclinations of planet
e larger than 10° are viable solutions. However, in those scenarios, the decreasingly short
windows in time where all three planets transit make Earth observers increasingly lucky to
have caught the system at one of these rare moments in its dynamical periodicity. This
investigation suggests that planet e is likely to be nearly coplanar with the three transiting

planets.
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2.7 TTVs and MMR

Planets ¢ and d have orbital periods very near to 4:3 mean-motion resonance (MMR). But do

they indeed reside in MMR? We explored this possibility and the implications which follow.

In general, planets which reside in MMR are characterized by period ratios of

P, J
2 J 2.19
P i1 (2.19)

where 7 is an integer and subscripts 1 and 2 denote the inner and outer planet of the pair,

respectively. We quantify the “proximity” to MMR by

(2.20)

following [130].

Applying this formula to planets ¢ and d, A,y = 0.6432 4+ 0.0001%. Following [25], the

resonant bandwidth can be approximated as:

IXI <5 (2.21)

J— 1M+ My\2/3
()

For planets ¢ and d, x4 = 0.662 £+ 0.001%. Because A < |x|, we cannot rule out that the

two planets are librating in MMR.
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Under the assumption that planets ¢ and d are close to but not in MMR, we calculated the
period and amplitude of TTV oscillations of the pair following [130]. TTV oscillations will

be oppositely-phased sinusoids, each at a period designated as the super period (SP):

P
Psp = ——, 2.22
o= (2.22)

with amplitudes

(37) 37
TV, = P, 70 — 1)A (—f — ﬂ) , (2.23)
and
(31 37

TTVy = P2 | —g — — 2.24

where f and ¢ are constants associated with the MMR ratio, in this case 4:3, and Z is a

linear combination of the free eccentricities of the two planets.

We calculated the super period of planets ¢ and d to be 1490 4+ 10 days. In the circular orbit
limit, Z = 0 and the amplitudes of planet ¢ and d’s TTV oscillations are 15.5 + 9.1 minutes
and 59.2 + 13.8 minutes, respectively. If the phase of the oscillations is near an inflection
point, Planet d’s oscillation would be large enough that it could be detected even though

TESS has only sampled about a fifth of the super period.
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To further investigate, we calculated the TTV associated with each transit event. We gen-
erated model transits offset from the expected transit time by between +60 minutes and
calculated the chi-squared (x?) fit of these model transits to the light curve. We adopted the
offset that minimized the y? statistic as the value of the TTV. The 1o error bars are calcu-
lated from the offset where the x? increased from its minimum value by 1.0. We performed

this process for each transit of each planet.

Figure 2.9 as well as Table 2.2 shows all of the TTVs for each planet. Planet d’s 5 transits
cover ~230 days of time, or about 15% of the super period. Its TTVs do not show a trend.
Planet ¢’s transits similarly span only ~230d. Due to TESS’s observing strategy, planet
¢ transited just hours before sector 24 observations and hours before and after sector 25
observations, at times when the star was not visible to TESS. It is noteworthy that the two
planets behave similarly in that when one is late, the corresponding transit of the other is
similarly late and vice versa for early transits. Planet b’s TTVs are consistent with zero,

showing no trend or significant sinusoidal variation.

These results can be interpreted in two ways. First, and most likely, TESS has not sampled
enough of the 1500 day super period to make a conclusive finding. Alternatively, we could
be sampling TTVs very near the maximum or minimum of the TTV signal’s phase, so the
ATTYV over the baseline is too small for a significant detection. TESS’s extended mission

cycle 4 will shed more light onto these three possibilities.

2.8 Gap Complexity
Could there be an additional planet hiding in the gap between planets b and ¢? With

planets ¢ and d very near MMR, it is noticeable that there are not more pairs of planets also

spaced in near resonant orbits. Following the peas-in-a-pod architecture where multi-planet
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Figure 2.9: TTVs of the transiting planets over the duration of the TESS photometry. We
do not detect significant TTVs for any of the transiting planets over the observing baseline.

systems show similarly sized planets in regular orbital distance spacing, we might expect
more than just one pair in this system to exhibit near-resonance, especially considering that

the transiting planets have very similar radii [126].

In the residuals of our GLS periodogram (Figure 2.1), there is a noticeable peak between
planets b and ¢ at 17.7 days. A planet at this period would be particularly interesting as
it would be near 2:1 resonance with planet b and 8:5 resonance with planet c¢. A planet at
this period would also fill the gap in log Period space of this system well. Given that we
have a strong RV detection of planet ¢, any additional planet in this gap between planets b
and ¢ must be less massive than planet ¢ and inclined. When we add a fit for a 17.7d planet
in our preferred model, we find a 20 upper limit to its mass to be 6 Mg. In order to be

non-transiting, its inclination must be at least 2° from the LL plane.

We followed the methods in [93] to calculate the Gap Complexity, C, for the HD 191939
system. C describes the deviation from uniform planet spacing in a system. C = 0 indicates
uniform spacing in log Period space, while as C — 1 the less uniform the spacing. For Kepler

systems, C peaks at 0 with the majority (~75%) of systems having C < 0.2. Systems with
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larger C values are more likely to have additional planets hiding in the gaps between known
planets. We calculate Cyp 191939 = 0.846 considering the transiting planets only, as planet e
does not fall into the peas-in-a-pod configuration. We interpret the high value of C to mean
that there is a significant gap, which could be the site of an additional planet. When we
include a hypothetical planet on a 17.7 day period with the known transiting planets, we
calculate Cyp 191939 = 0.18. This value is consistent with the findings of [93] for the general
pattern of multi-planet system configurations. Adding a 17.7 day planet to our preferred
model does not improve the likelihood enough to justify the extra three parameters. Never-
theless, this planet candidate is interesting and deserves continued attention with additional

RV observations.

2.9 Follow Up Prospects

How well suited is this system for further follow up? We identified HD 191939 as a key TKS
target for atmospheric follow up with the target selection algorithm described in Scarsdale
et al. (in prep). As a bright (J = 7.6 mag) multi-planet system, space-based spectroscopic

observations offer a unique opportunity for studies in planet formation and evolution.

We use the Transmission Spectroscopy Metric (TSM; [120]) to quantify the expected signal-

to-noise ratio of JWST-NIRISS observations for the transiting planets:

3

R3T,
TSM, = S x MP—R‘; x 1070-2m7 (2.25)
Pk

where S is a dimensionless normalization constant, equal to 1.28 for planets 2.75 < R, <
4.0 Rg. The TSM is a proxy for the expected SNR from a 10-hour observing program
with JWST-NIRISS assuming a cloud-free, solar-metallicity, Ho-dominated atmosphere. For

reference, HD 3167 ¢, a sub-Neptune orbiting an early-K dwarf with a recent water vapor
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Figure 2.10: All multi-planet systems with 50 masses and radii for small planets (R, <
10Rg, M, < 100Mg) with TSMs ; 20. Planets are plotted by mass and arranged vertically
in order of host star effective temperature (hotter at the top). HD 191939 b and ¢ have TSM
values that are individually among the best in the sub-Neptune population, and are unique
in having the same host star. Due to Planet d’s weak mass measurement, it appears in this
plot unfilled. HD 191939 is the only system to date with multiple planets with TSMs greater
than 100 that also does not saturate JWST.

detection from five HST-WFC3 transits [153], has a TSM of about 100.

Using the derived planet parameters from Table 2.1, we find HD 191939 b has a TSM of
151 £ 18, which places it in the top quartile of targets in the 2.75 < R, < 4.0 Rs range
from the statistical sample in [120]. HD 191939 ¢ has a TSM of 106 4 24, placing it in the
third quartile from the top of TSM values for planets between 2.75 and 4.0 Rg. We place
a lower limit on the TSM of planet d, finding TSMy > 72 at 20 confidence. For the transit

durations reported in Table 2.1, our TSM values scale to an expected single-transit SNR
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with JWST-NIRISS of 84 4+ 10, 71 £+ 16, and >53 for planets b, ¢, and d respectively, where

the lower limit for planet d represents 20 confidence.

We used PandExo [22] to estimate the nominal heights of molecular features in a single-transit
JWST-NIRISS transmission spectrum for planet b, assuming a cloud-free, solar-metallicity
atmosphere. In this ideal case we find feature heights of ~100-300 ppm between 1 and 5
pum. In reality, clouds and/or enhanced atmospheric metallicity will probably reduce these
amplitudes by a factor of three or more [241]. Additionally a sub-Solar C/O ratio, which
may be implied from the host star’s abundance measurements, also disagrees with the ideal

case of a solar-metallicity composition and would produce spectra dominated by CO, HyO,

and COas.

A spin-orbit measurement for this system would be particularly informative to planetary
formation theories. Only 8 systems with three or more planets have had their sky-projected
obliquity angles, A, measured. In the HD 191939 system, the three inner planets all lie in
nearly the same orbital plane, while we have shown that the giant planet should lie close to
this plane. If they are misaligned with respect to the stellar spin axis, that could inform the
dynamical history of the system and the roles that planets e and f have played in shaping
the system. However, the low vsini (see Table 2.1) of the host star might be prohibitive to
a Rossiter-McLaughlin (RM; [201, 150, 91]) measurement of even the largest expected signal
from planet b. A simulation using arome [36] finds that for vsini = 1 km/s and A = 0°,

planet b’s expected RM amplitude is 1.5 m/s.

HD 191939 will be observed again by TFESS in Cycle 4. Nominal dates for observations
include 6 sectors of additional coverage: 41, 48, 49, 51, 52, and 55. These observations will
extend the total baseline of photometry observations to 2022-09-01 for a a total of 1142 days,

about 76% of the super period between planets ¢ and d.
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2.10 Conclusions

The overall architecture of the HD 191939 system — multiple small planets, then a warm
Saturn, followed by a high mass planet — seemingly stands alone among known systems.
Sub-Neptunes are near ubiquitous [109, 180], but the a priori occurrence rate for warm sub-
Jovians (30 — 300 Mg at 0.1—1.0 AU) is much smaller at ~3%, and similarly at ~5% for
cold super-Jovians (300 — 6000 Mg at 3—10 AU) [85]. We cannot simply multiply together
these occurrence rates to discern how rare it is for such a system like HD 191939 to exist, as
[245] found that adjacent planets tend to have similar sizes, and some studies have found a

relationship between sub-Neptune occurrence and giant planet occurrence [259, 41]

We searched the literature for analog systems by performing cuts on the known population
for systems with 4 planets, with three sub-Neptunes (M, < 25My) interior to a warm Saturn
(50Mg < M, < 300Mg, with orbital period of 50—360 days) and a long period high mass

planet. However, there are a few systems that stand out as notable.

Mills et al. 2019 [158] describe three systems, Kepler-65, Kepler-68, and Kepler-25 with high
mass outer planets. Kepler-65 has a tight inner system of three sub-Neptunes and a 0.28
Mj planet with an orbital period of 258 days, similar to the inner system of HD 191939, but
there is no evidence for a trend over a ~2000 day baseline. Kepler-25 is similar in having
two inner sub-Neptunes in/near resonance (2:1) and a Saturn mass planet at just over a 100
day orbit; but again, no evidence for a long period companion represented by trend over
its ~3000 day observing baseline. Kepler-68 may represent the most similar system to HD
191939. It has an inner system of of two sub-Neptunes, then a Jovian with an orbital period
of 634 days, and then strong evidence for curvature in the residuals. [158] attribute this
curvature to an object with a period much longer than the ~3000 day baseline and place
a lower limit of 0.6 Mj, but no upper limit. Lastly, Kepler-129 [257] bears resemblance to

HD 191939 in having two inner planets at < 45 Mg and a high mass Jovian (8.3 Mj) on
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~T year orbit. [257] also discusses the perturbations of inclinations of the inner transiting
planets due to the long period Jovian. Each of these systems has pieces of the HD 191939

system, but none have the full architecture.

Bright, multi-planet systems are invaluable to the exoplanet community due to their en-
hanced follow up opportunities and comparative planet prospects. With photometry from
TESS and RV data from both Keck/HIRES and the APF, we have characterized the HD
191939 system: 3 transiting sub-Neptune planets, a fourth Jovian, and 5th high mass planet.
We have measured the planets’ masses, as well as their radii and densities where applicable.
Because of our strong mass measurements of 3 of the 4 inner planets (> 50), we are able to
explore and further investigate many aspects of the system to answer more detailed questions

about the system. Our main conclusions are as follows:

e The bulk densities of the transiting planets are p, = 1.5+0.2 g/cc, p. = 1.4+£0.3 g/cc,
and pg = 0.5 £ 0.3 g/cc. We find the compositions of the planets are best explained

by extended H/He atmospheres.

e By a new technique for constraining the mass and period of distant companions using
both RV and astrometric data sets, we find planet f to be between 2-11 Mj on a

1700-7200 day orbital period at 95% confidence.

e Through a dynamical analysis using Laplace-Lagrange secular perturbation theory, we
constrain the inclination of the non-transiting planet e. We find it most likely orbits
within a plane less than 10° from the plane roughly shared by the three transiting

planets.

e By investigation into the potential mean motion resonance of planets ¢ and d, we
predict their TTV amplitudes to be 15.5 & 9.1 minutes and 59.2 + 13.8 minutes, re-

spectively over a super period of 1490 + 10 days. However, we find no evidence for
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significant TTVs over the short observing baseline (326 days) compared to the super

period of the interaction (1500 days).

e We analyze the RV residuals and Gap Complexity of the system to investigate the
potential for additional planets in the system, identifying a possible planet candidate

at 17.7 days which deserves continued attention.

e We evaluate the transiting planets’ prospects for atmospheric characterization through
transmission spectroscopy with JWST. HD 191939 is the only system that does not
saturate JWST-NIRISS where two planets both have TSMs greater than 100, making

it an excellent candidate for comparative atmospheric studies.

With its three transiting mini-Neptunes, one non-transiting Jovian planet, and distant high
mass planet surrounding a bright, nearby host star, HD 191939 provides a rich natural

laboratory for detailed atmospheric characterization and dynamical studies.

2.11 Appendix
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Table 2.2: HD 191939 Transit Mid-times

Planet

Epoch # Mid-time (BJD)

Error (BJD)

b 1 2458715.3552 0.0023
b 3 2458733.1156 0.0028
b 4 2458741.9962 0.0023
b 6 2458759.7587 0.0024
b 7 2458768.6376 0.0029
b 9 2458786.3987 0.0021
b 10 2458795.2825 0.0026
b 11 2458804.1602 0.0026
b 12 2458813.0424 0.0041
b 13 2458821.9181 0.0023
b 14 2458830.8014 0.0029
b 15 2458839.6806 0.0018
b 19 2458875.2017 0.0018
b 21 2458892.9626 0.0020
b 22 2458901.8430 0.0020
b 23 2458910.7222 0.0023
b 24 2458919.6017 0.0024
b 29 2458964.0028 0.0036
b 30 2458972.8837 0.0021
b 31 2458981.7649 0.0021
b 32 2458990.6450 0.0020
b 33 2458999.5248 0.0029
b 34 2459008.4056 0.0023
c 1 2458726.0546 0.0033
c 2 2458754.6340 0.0028
c 3 2458783.2116 0.0031
c 4 2458811.7992 0.0031
c 5 2458840.3758 0.0029
c 7 2458897.5359 0.0038
c 8 2458926.1168 0.0031
d 1 2458743.5531 0.0038
d 2 2458781.9029 0.0029
d 3 2458820.2645 0.0031
d 5 2458896.9613 0.0038
d 6 2458973.6648 0.0031

Table 2.3: HD 191939 RV Time Series

BJD RV (m/s) RV err (m/s) S-Value S-Value err Instrument
2458795.832  —20.961 1.225 0.146 0.001 HIRES
2458802.800 —9.760 1.291 0.146 0.001 HIRES
2458815.779  —14.967 1.241 0.142 0.001 HIRES
2458834.647 1.901 3.891 0.141 0.002 APF
2458834.661 8.670 3.813 0.145 0.002 APF
2458837.734 —6.977 4.347 0.176 0.002 APF

The full data set in a machine readable format is available online.
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Chapter 3

Stellar Activity Manifesting at a One
Year Alias Explains Barnard b as a

False Positive - Lubin et al. 2021

3.1 Foreword

In the 105 years since its discovery by E.E. Barnard as the star with the largest proper motion
[20], Barnard’s star (GJ 699) has become one of the most studied and heavily scrutinized star
systems. Adding to its distinguishing characteristics, it is the nearest star to our own Sun in
the Northern Celestial Hemisphere, and the second-closest star system overall [86, 15]. This

proximity has engendered fascination by astronomers in many sub-fields of astronomy.

All these qualities have made the star attractive to astronomers in exoplanet science for
decades. In 1963, Peter van de Kamp believed he had detected an astrometic wobble of
Barnard’s star using Swarthmore College’s 24-inch refractor at Sproul Observatory [233],

which he attributed to a planet. He later updated his findings three more times, proposing
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a second planet in the system [234] and then revising the orbital parameters of both planets
twice, finally concluding the system was comprised of 0.7 M; and 0.5 M, planets orbiting

with periods of 12 and 20 years, respectively [235, 236].

The 1975 and 1982 revisions were published in spite of two earlier results challenging the
validity of those planets’ detections. In the first, [105] used van de Kamp’s photographic
plates to determine that all the stars in the field of Barnard’s star appeared to wobble in
concert, and the source of this variability could be traced to telescope and instrumentation
upgrades at times concurrent with the shifts in the data. Additionally, [89] reported no
astrometric wobble of Barnard’s star using the Van Vleek and Allegheny Observatories at
Wesleyan University and University of Pittsburgh, respectively. More recent studies have
confirmed that van de Kamp’s planets are not recoverable by instruments which ought to

have detected them easily [28, 123, 49, 189].

More recently, Barnard’s star is often referred to as a Doppler standard star for its relatively
quiet nature, RV stability, high apparent brightness, and equatorial declination. Through
this combination of factors, it is widely considered as the RV standard for fully convective
stars [e.g. 26, 10]. Such standard stars are vital to the exoplanet community for instrument
commissioning and calibration. As our instruments become more precise, we may find planets
and /or activity signals for all stars. It is crucial that we fully understand and characterize
the signals associated with whichever stars we designate as standards so that we can continue

to have standard stars at all.

The Habitable-zone Planet Finder (HPF) began observing Barnard’s star in the Spring of
2018 for engineering purposes. At the time, the star was not known to host a planet. Shortly
after, [189] (hereafter R18) announced a super-Earth planet candidate orbiting Barnard’s
star with a 232.8 &+ 0.4 day orbital period. Metcalf et al. 2019 [152] presented early HPF
observations of the star to demonstrate the near-infrared RV precision achievable with HPF

and its laser comb, but did not discuss the planet candidate due to the relatively short
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observational span compared to the period of the signal. As we continued to observe the
star, we still did not find clear evidence of a signal at 233 days. This, combined with the
findings from [123] which found a correlation between the RVs and Ha values for Barnard’s
star, prompted us to revisit the full RV data set and the corresponding activity tracer time

series.

After our own analysis of the original discovery data set and the addition of new data from
HPF, we find that the signal at 233 days is transitory in nature and is an alias of the 145
+ 15 day rotation period as reported by [229]: (EIE) — %)71 = 240. The 233 day proposed
period is well within the 1o uncertainty on the rotation period. We are therefore compelled

to conclude that the RV data of Barnard’s star is best explained without the planet Barnard
b proposed by R18.

3.2 Data

3.2.1 Discovery Data

The claim by R18 of a 233-day planet candidate orbiting Barnard’s star was based on a data
set that was assembled over a 20 year span using multiple Doppler spectrometers. These
instruments included those which employed the iodine-cell (I5) method [232, 44]: 186 points
from the High Resolution Echelle Spectrometer [HIRES; 239] installed on the 10m Keck I
Telescope at Maunakea in Hawaii; 43 points from the Automated Planet Finder [APF; 240]
installed on the 2.4 m telescope located at Lick Observatory on Mt. Hamilton outside of San
Jose, California; 75 points from the UVES spectrograph installed on the 8.2m VLT UT2
at Paranal Observatory in Chile [64]; and 39 points from the Planet Finder Spectrometer
[PFS; 54] installed on the 6.5m Magellan II located at Las Campanas Observatory in La

Silla, Chile. Other instruments used for data collection include 187 points and 40 points
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from the HARPS [147] and HARPS-N [53] spectrometers respectively, installed on the ESO
3.6m at La Silla in Chile and the 3.5 m Telescopio Nazionale Galelio at La Palma, and lastly
201 points from the visible channel of the CARMENES spectrograph [186] installed on the

3.5m telescope at Calar Alto Observatory in Spain.

In all, 771 RV points were used. Further detailed information on the data sources and
reduction methods can be found in R18. For ease of reference herein, we have dubbed this

the discovery data set.

In addition to RV data, R18 provided time series of Calcium II H&K (Suk) and Ha indices
for the instruments where either or both of these activity tracers are available. Syk and the
Ha index are known tracers of stellar activity which measure the filling in of the photospheric

lines from heating in the chromosphere due to increased magnetic flux.

3.2.2 Updates to Data

We made a few updates to the discovery data set. The first concerned the UVES Ha time
series. R18 published 21 Ha points alongside 75 RV points, originally from [254]. We noticed
a non-uniform offset in time between Ha epochs and seemingly corresponding RV epochs
of ~0.5 days. Therefore, we manually changed the Ha timestamps to equal the nearest

corresponding RV timestamp for consistency.

Next, we substituted more recent reductions of the RV data for certain instruments for the
(now) older reductions used by R18. First, we used the velocities from the reduction of
HIRES data provided by [224]. Additionally, we split the HIRES data into “pre” and “post”
with respect to the instrument’s CCD upgrade in August of 2004. This was motivated by
[224], who fit an offset, but we kept this as a free parameter when modelling for complete-

ness. As several nights in this reduction contain multiple observations, we performed a
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nightly binning by taking a weighted average with weights O'P_{\%. This binning preserved the
sampling used by R18, except the updated time series includes one additional epoch at BJD
= 2453301.74204. We excluded the last observation at 2456908.73079 since the associated
velocity of 53.319 m/s makes it a ~5.5 o outlier. We confirmed that this data set had been

corrected for secular acceleration.

We similarly used the velocities from the reduction of HARPS data as performed by [230].
We used the RVs which had been corrected for secular acceleration, nightly zero point offsets,
and drift. Again, we maintained “pre” and “post” designations with respect to the HARPS
fiber upgrade in 2015 for completeness [131]. These data included more observations than
were originally included in R18, with 108 observations occurring within an 11 day period in
May 2013. These observations were taken as a part of the Cool Tiny Beats (CTB) program
[29]. Comparison between the CTB observations and the original HARPS data suggested
that R18 performed a nightly averaging to compile their data set, but they do not describe
exactly how they performed this binning. We chose to use a nightly weighted average with

the same weights as described above.

The last modification to the discovery data set was the addition of the HPF data (§3.2.3).
For ease of reference herein, we have dubbed a new data set as the updated data set. This
updated data set includes the original, unaltered APF, CARMENES, HARPS-N, and PFS
data, the UVES data with timestamps adjusted, the new data reductions of HIRES and

HARPS (both split into pre and post domains), and the new HPF data, see Figure 3.1.

3.2.3 HPF Data

HPF is a high-resolution (R ~ 55,000) near-infrared (NIR) spectrograph on the 10m Hobby-
Eberly Telescope (HET), covering the Doppler information rich z, ¥ and J bands from

810-1280 nm [142, 143]. To enable precise RVs in the NIR, HPF is temperature stabilized
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Figure 3.1: The entire Updated RV time series spanning 23 years. Our three time windows
of interest are noted along with their number of observations. Excluding HPF, the After
window has 343 observations. Instrumental zero point offsets have been applied.

to the sub-milliKelvin level [221]. HET is a fully queue-scheduled telescope [212], and all
observations were obtained as part of the HET queue. HPF has a NIR laser-frequency comb
(LFC) calibrator which has been shown to enable ~ 20 cms™! calibration precision in 10
minute bins and 1.53 ms™ RV precision on-sky on Barnard’s star [152] over an 3 month
baseline. In this paper, we extend this baseline to 856 days. [220] further discusses our drift
correction algorithms. To enable maximum RV precision with HPF, we obtained all of our

Barnard’s star observations using the HPF LFC simultaneously with the on-sky observations.

To test the on-sky RV measurement performance of HPF, we observed Barnard’s star as part
of HPF Commissioning and ongoing Engineering time due to its brightness, overall known
Doppler RV stability, and its rich RV information content in the NIR. Due to the restricted
altitude design of the HET, the HET can only observe Barnard’s star at certain times of

the nights, or “tracks”, for approximately 68 minutes at a time. In total, we obtained 1016
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Figure 3.2: GLS periodograms of the discovery data time series broken down in to three time
windows. The middle column is the 1000 d window. The 233 day signal is only present at
significant power in the 1000 d window in both the RVs (black) and CaHK S-values (blue).
The Ha Index (red) traces the rotation period. The Window Function for the RV time
series in each window is the last row in gray. The orange line indicates 145 days, the stellar
rotation period, and the green line indicates 233 days, the proposed planet period.

high-quality spectra in 118 HET tracks with a median S/N of 479 per extracted 1D pixel
evaluated at 1 gm. Due to a planned instrument thermal cycle in August 2018 which led to
a minor RV offset before and after the cycling, we place an explicit RV offset before and after
this event in our RV modeling. Before the thermal cycle, we generally obtained 6 exposures
of Barnard’s star with an exposure time of 300 s in each HET track, while we generally
obtained 10 exposures with an exposure time of 183 s in each HET track after the thermal
cycle. This change was made in order to harmonize the observing strategy of Barnard’s star
with that employed for the rest of the HPF 5-year blind Doppler survey. This standardized
the observing for different targets according to their brightness, minimizing any potential risk
of saturation for bright targets such as Barnard’s star. The observing setup for Barnard’s

star has remained the same since the thermal break installation.

Overall, the 1016 high-quality spectra had a median exposure time of 191 s, and a median
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photon-limited RV precision of 2.36 ms™!. After performing a weighted average of RV points
within a given HET track, we obtain a median RV precision of 0.77 ms~! per binned RV
point. We use the binned RV points for subsequent analysis, which can be found in Table

3.1 in the appendix.

The 1D HPF spectra were reduced from the H2RG up-the-ramp data using the algorithms
and procedures described in [165], [118], and [152]. Following the 1D spectral reduction,
we calculated precise radial velocities of Barnard’s star using an adapted version of SERVAL
(SpEctrum Radial Velocity Analiyzer) [255], optimized to analyze HPF spectra as further
discussed in [152] and [220]. To derive precise RVs, SERVAL uses the template-matching
algorithm, which has been shown to be particularly effective at producing precise radial
velocities for M-dwarfs [10]. To estimate accurate flux-weighted barycentric velocities, we
used the barycorrpy package [117], which uses the methodology and barycentric-correction
algorithms presented in [248]. Following [152] and [220], to derive the RVs we only use the 8
HPF orders cleanest of tellurics, covering the wavelength regions from 8540-8890 A, and 9940-
10760 A. To minimize the impact of telluric and sky-emission lines on the RV determination,
we explicitly mask out such lines as described in [152] and [220]. We subtracted the estimate

sky background from the target spectra using the dedicated HPF sky fiber.

3.3 Analysis

We have taken a three-pronged approach to our investigation of the 233-day signal, largely
performing the same experiments on both the discovery and updated data sets. First, we
model the system’s activity and/or potential planet with Gaussian Process (GP) regression
models to identify a preferred model. Next, we perform a periodogram analysis to show the
transitory nature of the signal. Finally, we analyze subsets of the data to show how the

signal power is concentrated in time.
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3.3.1 Model Comparison

We began our analysis by modeling the stellar activity and/or planet signals for both the
discovery and updated data sets. We chose to model stellar activity signals with GP re-
gression because the GP framework has proven especially adept at modeling quasi-periodic

signals associated with stellar rotation [103, 187, 222, 33].

In order to better constrain the stellar rotation signal, we first modeled the activity tracers
using GP regression. We used a modified version of Radvel [83] which uses logarithmic
priors for the GP hyperparameters, setting broad priors as advised by [11]. We used the
Celerite package [79] for its efficiency. Specifically, we use the celerite-compatible replace-

ment for the quasi-periodic kernel for the covariance between the i and j** observations:

kij = QJ% exp (%) [COS(%) +(1+ C)] + 0%0;j,

equivalent to Equation 56 in [79]. The hyperparameters of this kernel have similar interpre-
tations to the quasi-periodic kernel function: B is related to the signal amplitude, L is the
decay timescale for the exponential term in days, C is a scaling term, o is the jitter from ad-
ditional white noise beyond what can be accounted for in the formal measured uncertainties,
and P,y is the recurrence timescale of the signal in days; in this case our astrophysical inter-
pretation is closely related to the stellar rotation period. Each instrument received its own B

and ¢ hyperparameters, but all instruments shared global C', L, and P,y hyperparameters.

We first performed a GP regression model to the discovery dataset’s Ha values. Table 3.4
shows our priors and subsequent maximal posteriors from this fit. The resulting posterior
value for log C' = —5.85 indicates that the signal in question, i.e. the stellar rotation, is highly

periodic in nature. [229] states a rotation period of 145 £ 15 days, and from the results of
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our GP model of the Ha data we are able to achieve a consistent result at 143.771753 days.

Performing a GP with the same priors on hyperparameters for the Syk time series yielded

similar results.

Using the Ha posteriors of the log L, log C', and P,y terms as the priors in the RV model,
we ran a suite of models on the RVs from the discovery data. In all of these RV models, the
log C' posterior value continued to prefer negligibly small values. We quickly found a similar
behavior with the log B hyperparameter for APF as we had for the log C' parameter. We
believe that, due to the small aperture and iodine calibration on such a faint and red target
star, the variability in the APF data is due primarily to photon noise rather than correlated
astrophysical variability. We therefore opted to perform all analysis without a GP term for
the APF RVs. When modelling activity, APF was allowed only an instrumental jitter and
offset term, while when considering a planet, APF data were modelled with a Keplerian and

instrumental jitter and offset only.

We computed three models on the discovery data set’s RVs: a GP fit only, a 233d planet
fit only, and a GP + 233d planet fit. Table 3.2 in the Appendix shows the resulting
Bayesian information criteria (BIC) and the number of free parameters in each model. We
compare models by their ABIC, preferring more complex models to simpler models when
BICimpie—BIC comprex > 10 [119]. For the discovery data, this criteria is satisfied for the GP-
only model compared to the Planet-only model, but it is not satisfied for the GP+Planet
compared to the GP-only. Thus the GP-only model is our preferred model. We then re-
peated this experiment of model comparisons using the updated data set. We used the same
priors as for the discovery data set and we achieved a similar result, as shown in Table 3.3.
The GP+233 d model has the smallest BIC, but the ABIC between this model and GP
only model does not justify the more complex model’s additional free parameters, and so
therefore the GP-only model is once again our preferred model. The posteriors for all models

using the discovery data can be found in Tables 3.4 and 3.5, and using the updated data in
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Table 3.6 in the Appendix.

3.3.2 Periodograms

After finding the preferred model to be one which accounts for stellar activity only, we set
out to determine how the activity signal might have revealed itself as a planetary signal in

the GLS periodogram of the RV time series.

In an attempt to show coherence of the planetary signal, we split the discovery data into
roughly equal thirds by observation number (taking care to not cut in the middle of an
observing season) and computed the generalized Lomb-Scargle periodogram [GLS; 252] of
each block of data. The 233-day signal is strongly present in the middle third, as shown
in Figure 3.2. Given some idealized data set which has comparable quality data, sampling,
and white noise in all subsets of time, a true planetary signal must persist in all subsets. It
will stay in phase across the entire observational time baseline, and the loss of power from
removing a fixed number of data should be consistent regardless of which specific data are
removed. While this data set is not such a perfect data set, the result of this test was the

first indication that the 233 d signal is not planetary in nature.

We then divided the corresponding Sy values in the same manner and, after computing
GLS periodograms for each block, we saw similar behavior. Notably, in the time window
when the RV signal at 233 d is strongest, there is a matching peak in the Syk periodogram.
This result is similar to [101] where it was shown that activity signals changing over seasonal

time spans can imprint planet-like periodicity into the RV time series.

From these early results, we performed a season-by-season, instrument-by-instrument analy-
sis of the discovery data in an effort to identify tighter, more scientifically grounded bound-

aries for splitting the data. We found that for both the Ha and the Syk time series, the
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Figure 3.3: Top: The HPF RV time series split into “pre” (blue) and “post” (red) with
respect to the thermal break. Middle: The GLS periodogram for the HPF RVs. The green
dashed line is at the proposed planet period. Bottom: The accompanying window function
periodogram. The blue dashed line denotes 365 days.

rotation period of the star, 145 £ 15d [229], is recoverable in the 2011 season by visual
inspection when plotting out the data. Through this, we realized that the 233 day signal
persisted with significant power only for a 1000 day stretch of time —from BJD 2455600 to
2456600, 211 observations (see Fig 3.1 — during the observing seasons of 2011, 2012, and
2013). For ease of communication, we have subsequently designated this time span as the
1000 d window. From here on, we begin referring to time with respect to the 1000 d window:
the before, during, and after epochs. The RV and activity periodograms in Figure 3.2 show

the behavior of the 233 d and 145 d signals in each of our three epochs.
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Figure 3.4: A comparison of the GLS periodograms for two different data sets. The addition
of HPF data to the original discovery data set only marginally increases the strength of the
peak at 233 days, while the peak at 77 days, the first harmonic of the rotation period, greatly
increases. The horizontal blue dashed lines are set at the height of the peak at 233 days in
the discovery data set, and are intended to guide the eye.

When we stitch back together the Before and After RVs of the discovery data set to create
a data set with 560 points, albeit with a noticeable gap in the center, we still do not see any
significant power at the 233 day period. In fact, the GLS power of the 233 day signal drops
from ~ 31 down to ~ 15. As GLS power scales exponentially with significance, this loss in

power corresponds to a large loss in statistical significance. Additionally, the 233 day signal

loses its place as the top peak in favor of a 45 day signal.

With this in mind, we turned to the new HPF data. Figure 3.3 shows the time-series HPF
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RVs as well as its periodogram and window function. We do not see evidence for a signal
at 233 days. This could be due to a combination of the fact that HPF is a NIR spectro-
graph, which is less susceptible to spot-dominated stellar activity than a visible spectrograph,
and/or the star could have been less active in the last few years than it was in 2011-2013.
The top peak in the HPF data’s GLS periodogram is at 92 days. We believe this peak is

part of a comb of aliases of the ~75 day (second peak) first harmonic of the rotation period.

With the addition of 118 new data points, we would have expected the power of the signal
at the proposed planet’s period to increase. Adding the HPF RVs to the discovery data set
(note this is not the same as our updated data set since it still includes the original reductions
of the HARPS and non-split HIRES data sets), we recover the signal at 233 days in a GLS
periodogram at nearly the same power as is found when only considering the discovery data
alone (A Power ~ 3) while the signal at 77 days has a large increase in power (A Power
~ 10), see Figure 3.4. As explored in detail in §3.3.3, the HPF RVs do not increase the
power at 233 d as much as would be expected for a genuine exoplanet. When we exclude
the 1000 d window observations from this combined data set, the 233-day signal again loses

significant power and no longer retains its place as the top peak in the periodogram.

Lastly, we have chosen to demonstrate the transitory nature of the 233-day signal with the
Lomb-Scargle periodogram due to the broader community’s common understanding of the
algorithm. Regardless of the periodogram we used (Bayes Factor, Marginalized Likelihood
[77]; Compressed Sensing [100]), when we remove the observations in the 1000d window we
see the same result. The strength of the 233 day signal is almost entirely contained within

the 211 data points which compose the 1000 d window.
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3.3.3 Sampling Sensitivity

Such a dramatic reduction in signal significance by the exclusion of certain data prompted
us to ask if it was reasonable to remove 27.6% of the data (the percentage of the RV time
series which is inside the 1000 d window for the discovery data set) and still expect a signal
to persist. In an effort to address this, we created subsets of data where we removed RV

points from the time series, and computed the GLS periodogram of the resulting subset.

Random Removal

First, we experimented with an approach of randomly removing data. We created 2000
different subsets of the discovery data where 211 observations—the same number as are found
in the 1000 d window—were randomly removed. For the first 1000 subsets, we allowed the
randomizer to choose any observations for removal (except for the first and last observation,
as we did not want to change the baseline of the time series in any subset). In the second
1000 subsets, we enforced that the randomizer not choose any observations that were taken
during the 1000 d window (as well as first and last observation again). This is an important
distinction because it tests how localized the signal is by keeping the data where we believe

all of the signal power lies.

For each subset, after removing the randomly selected observations, we re-calculated and
removed zero-point instrumental offsets and then computed the GLS peridogram. In each
subset’s periodogram, we tracked how the power of the signal at 233 days was affected by
the removal of data. Figure 3.5 shows the fractional power (normalized by the true power of
the signal when all discovery data is included) of a signal peak nearest to 233 days within a
+ 3 day span (in fact, we see the same results when expanding this as far as + 20 days) in

each of these two rounds of subsets.
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Figure 3.5: Histograms of the GLS Power from randomly removing 211 observations from the
discovery data set in 1000 subsets via two different methods: where we allow for observations
within the 1000 d window to be part of the random removal (blue) and for when we do not
allow those observations to be part of the random removal (red). The green line indicates
the subset which corresponds to removing only the 211 observations that make up the 1000
d window. Gaussian best fit parameters are shown in their respective colors.

For the those where we allowed for any observation to be removed, the average loss in power
of the 233-day peak is 25%. By fitting a Gaussian distribution to the ensemble of subsets,
we see that when we remove the specific 211 observations which make up the 1000d window,
the resulting subset constitutes a 2.50 outlier. For those subsets where we do not allow for
removal of any observations from the 1000d window, the average loss of power is less, only
16%. This result is consistent with our hypothesis that the power of the 233 day signal lies
mostly in the 1000 d window. A Gaussian fit to this ensemble shows the removal of the
specific 1000 d window observations is a 3.250 outlier. Furthermore, and equally important,
for both methods of removal there are subsets of the discovery data where the significance of
the 233-day signal actually increases, by up to 20%. These increases are notable because they
indicate there are subsets where the removal of data significantly strengthens the proposed

planet signal.
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Figure 3.6: Above: The results from the rolling omission tests in observation number
space. Black points are the true updated data set, gray points are an average of 10 synthetic
data sets. The green line is the simulation which matches the removal of the 1000 d window
points exactly, with green shading to indicate the duration of the 1000 d window. The
red line indicates the simulation where the first observation of the 211 consecutive removed
observations corresponds to the first CARMENES observation. Below: The same results
but in time space.

Consecutive Removal

Next, we performed a similar analysis wherein we removed 211 consecutive data points, by a
process we call rolling omission. First, we fit for instrumental zero point offsets. We created
an algorithm to start with an observation, remove the subsequent 211 points, compute the
GLS periodogram for the subsequent subset of the data, and track the fractional power of
the signal (data subset power at 233 d / full data set power at 233 d). Then increment to
the next starting observation and repeat for the next subsequent 211 observations. Since
we did not want to create a subset with a different baseline than the full data set, the first

iteration began with the removal of the second observation and the last iteration began with
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the observation equal to N — 211 — 1, where N is the total number of observations in the
time series. We performed this test on both the discovery and updated data sets, but the
results are more illuminating with the addition of the HPF data in the updated data set,
primarily because with more data points, the algorithm is able to run longer before reaching

the end.

To show the results’ deviation from expectation more clearly, we performed the rolling omis-
sion test on synthetic data in which we include a planet signature. We created synthetic data
sets where for each timestamp and associated error of the real observations, we calculated
the corresponding expected velocity for a planet with the same parameters as published in
by R18. Then we added a white noise term to each velocity. Noise was drawn from a Gaus-
sian centered at zero with width equal to the error measurement for the observation at that
timestamp. We created 10 of these synthetic data sets and ran the rolling omission test on

each one, averaging the results.

Figure 3.6 shows the result of the rolling omission test on the updated data set (black points)
and the averaged synthetic data sets (gray points) as function of both observation number
and time. The vertical green line indicates the iteration of rolling omission where the subset
removed matches exactly the removal of the specific 211 observations of the 1000 d window.
The green shading shows the width of the 1000d window in index and timestamp space.
The red vertical line shows the iteration of rolling omission where the first point of the
consecutive removal is equal to the first observation in the CARMENES time series. Like
in the random removal experiments, this experiment shows that the loss in fractional power
when we remove the specific 211 observations that make up the 1000 d window is far greater

than the average (black dashed line).

In addition, the tests on synthetic data sets track a nearly horizontal line, showing that for
a signal which persists throughout the span of the data the loss in power from removing

consecutive chunks of data is nearly agnostic to the window that is removed. When the
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Figure 3.7: The time series of RV, Syk, and Iy, in the 1000 d window with GP functions
overlaid with 1o uncertainty regions. In the first of these observing seasons, 2011, the
rotation period of the star is recoverable by eye in Syx and Ha.

data is dense in time, as it is toward the end of the data set, the fractional power begins to
decrease. However, for the real data set, we see just the opposite behavior: the fractional
power increases dramatically after the red vertical line, even going above 1.0. This means
that as we remove some of the best data, in terms of nightly cadence, RV precision, and
redder instruments less susceptible to spot-dominated stellar activity in the case of the HPF
and CARMENES data, the signal becomes stronger and more significant than if we include
all of the data. This is because we are removing data which does not actually contain a
signal at 233 days, thus concentrating the subset on the observations which truly contain

the signal.

Through these tests we became convinced that not only does nearly all of the signal power
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of the proposed planet lie in the particular 211 RVs that make up the 1000 d window, but
also that if the signal were persistent in time, our analysis suggests that the most recent
observations from CARMENES, HARPS, HARPS-N, and HPF should add power to the 233

d signal if it is caused by an exoplanet, when in reality they do not.

3.4 Discussion

This result is both novel and concerning. It is novel in the sense that there are no examples in
the literature of a false positive exoplanet detection created by a stellar rotation alias longer
than the rotation period. [32] showed that confidently disentangling planetary signals from
stellar activity induced signals requires a few circumstances, primarily that the period of the
planet signal not be near the stellar rotation period or one of its harmonics. Harmonics, by
definition being integer multiples of the frequency, are shorter periods. While false positive
exoplanet signals have also been identified at rotation period aliases, they too tend to fall
towards shorter periods [195], and the same is for true planets where the period is uncertain
between two aliases [63, 192]. This result has farther reaching implications for the field of

RV exoplanet discovery than just this one system.

Equally, this result is concerning. The exoplanet science community will now have to be
as vigilant in scrutinizing the longer aliases of the stellar rotation as it has been for shorter
aliases and harmonics. Similarly concerning, this result seems to contradict Extended Data
Figure 2 in R18 where they show a stacked periodogram in the fashion of [159]. The figure
shows a monotonically rising confidence in the 233 day signal with increased observation.
How can we reconcile this figure with our own Figure 3.6 where we see the signal is localized
to a relatively small time and observation space window? An alias is, in itself, a signal
which can increase in significance monotonically in the same manner as a planetary signal.

Additionally, the periodogram of the first X observations should achieve similar results to
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the periodogram of the first X + 1 observations. A better approach would be to stack
periodograms of disjoint time spans of the data, similar to our rolling omission test. Along
those lines, our rolling omission test is better suited for tracing the localization of a signal in
time, which, when used in concert with a stacked periodogram, can provide a more holistic

understanding of the nature and veracity of a signal.

We have described the false positive 233 d exoplanet signal as an “alias” of the 142-day
rotation period due to its apparent connection to the stellar rotation and the location of
the periodicity near the 1-year alias of said rotation: (% — %)71 = 240. However, this
signal cannot be explained as simply as the result of a pure 142-day sinusoid sampled at

the irregular cadence and precision of the RV time series. Instead, we believe several factors

explain why the rotation signal manifested as observed in RV, Ha, and Sgk:

e During the 1000 d window, the sampling between Ha and Sy observations was not
identical but also not too different. Yet the resulting periodograms are very different.
In the 1000 d window, the Har values track a decaying and coherent-across-instruments
stellar rotation signal, while the Syk values generally do not, see Figure 3.7. The Suk
shows the rotation period only in the first season, 2011, and in one instrument, HIRES.
This might be explained by the low SNR in the continuum of this very red star near
the Ca II H&K doublet [193].

e Ha and Suk often trace different astrophysical phenomena [96]. The activity and
periodicity associated with one or the other—or even both—can imprint through to the

RVs.

e The decaying aspect of this signal would make aliasing worse. As shown in Figure
3.7, the rotation signal during the critical 1000-day window is prominent in the first
season, and then slowly decays. Irregular sampling of this decaying, non-sinusoidal

signal, alongside any unknown true low-amplitude planet(s) might have created the
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perfect storm resulting in the false positive detection of Barnard’s star b.

It is crucial that we have a strong understanding of Barnard’s star if we are to continue using
it as a standard star for commissioning and monitoring red-optical and NIR RV instruments.
The star is often considered to be the RV standard for the mid-to-late M dwarf class. As our
spectrometers become capable of breaking through ever smaller instrumental noise floors,
we will need a thorough understanding of the astrophysical variability of any standard star.
Barnard’s star has always been considered a quiet star, and this is still largely true for signals
on the order of a few meters per second and up. But we now see that the stellar activity of
Barnard’s star will play a factor at amplitudes near and below 1 m/s. If we do not properly
understand this stellar activity, then we may not be able to use the star as a standard for

commissioning new, ever more sensitive instruments in the future.

As astronomy enters this new era of highly precise instruments capable of detecting exo-
planets with RV amplitudes < 1 m/s, we are excited by the outlook of finding more low
amplitude planets, be they low mass or long period or both. However, long period planets
with small amplitudes in particular will need extra care when the proposed period is close
to, not only the rotation period of the star or its harmonics, but also its longer seasonal
aliases. This will be even more important when the period of a proposed signal is nearly as

long as the duration of an observing season.

Planetary companions to Barnard’s star would be very interesting, not only for their relative
proximity to our Sun and therefore enhanced follow-up opportunities, but also because the
star belongs to an old stellar population. [95] classified the star as an “Intermediate Popula-
tion II” star, which places it somewhere between the halo and the thin disk population of the
Milky Way. That said, it would be strange if Barnard’s star did not host a planet. We know
from planet occurrence rate studies like [68, 110] that planets are common at short periods

in M Dwarf systems, though clustering of planets in multi systems is also seen in both FGK
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stars [104] and M dwarfs [16]. Therefore, we might expect Barnard’s star to host a planetary
system, although, despite ~850 RVs, we may still not be sensitive enough to detect planets.
It is also possible that Barnard’s star hosts a nearly face-on planetary system, which would
effectively hide any planets from transit or RV searches. Direct imaging with the next gen-
eration of large telescopes might help resolve this. R18 states that the separation between
the proposed planet and the star would be great enough for Hubble to detect an astrometric
signal, which [225] confirms and goes on to include Gaia DR2 as an instrument capable of
making this measurement. If such measurements are undertaken, based on the result we
have presented in this paper we would not expect a significant signal corresponding to the

planet candidate proposed by R18.

With all this in mind, we put effort into searching for a planetary signal in the updated
data. We investigated a signal at 45 days, which is seen when removing the 1000d window
observations. However, this signal is concernedly close to the second harmonic of the rotation
period, it disappears in the residuals of the GP only model, and when treated as a planet it

is not favored by the model comparison tests (either with or without a GP).

3.5 Conclusion

The addition of new data from HPF, as well as a suite of tests on the discovery data set,
have shown that the 233 day signal is not planetary in origin, rather a transitory one year
alias of the stellar rotation period which took place over a 1000-day time span from 2011 to

2013.

In summary:

e The 233 day period of the planet candidate proposed by R18 is a one year alias of

the rotation period, (Els + %)71 = 240 days. The claimed period of 233 days is well
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within the 1o error bars of the rotation period found by [229], and consistent with our

own analysis of the Ha time series.

We created various models of the system, taking into account stellar activity and/or a
planet. For the updated data set, we have strong evidence (A BIC =~160) to reject
the planet only model in favor of an activity only model. Then, while we can never
rule out one or more planets in the system, our analysis finds that the updated data

favors the activity only model over the activity+planet model (A BIC =~1).

The RV signal at 233 days does not persist through all the tested time windows.
Rather, it appears strongly in the middle window, dubbed the 1000d window from JD
2455600 to 2456600, comprising of 211 observations, while statistically insignificant in

the the other two windows.

The coincidence of the 233-day peak in the RVs and Sk values in the 1000 d window
while absent otherwise suggests a common stellar activity origin for both signals, aliases

of the 145 +15 day stellar rotation period.

Ha and Syg clearly trace out the stellar rotation period at the beginning of the 1000
d window during the 2011 observing season. The Ha time series in all windows con-

sistently shows a signal at the stellar rotation period.

Removing observations from a data set will typically weaken any signal, regardless
of its astrophysical origin. We created subsets the data by randomly removing 211
observations and find that in nearly all simulations the loss of power resulting from
this removal is much less than when we remove the specific 211 observations that make

up the 1000 d window.

Similarly, we removed 211 consecutive RV observations from the full data set, by a

process we call Rolling Omission and found that, again, it is the particular 211 RV
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observations in the 1000 d window which have the most impact on the strength of the

signal. Removing later chunks of data actually increased the power of the signal.

The addition of new data can, and should, change our understanding of any system. Barnard’s
star is listed in the Guaranteed Time Observations (GTO) lists for the ESPRESSO [177]
and NEID [210] exoplanet surveys. The HPF team will also continue to monitor this star.
Barnard’s star has long fascinated and continually surprised astronomers; we expect this to

continue.

3.6 Appendix - HPF RV extractions

We extract precise RVs from the HPF 1D spectra using the SERVAL template-matching RV-
extraction code [252], which we have tailored to work for HPF data as discussed in [152] and
[220]. To test the robustness of our extracted HPF RVs and accompanying estimated RV
uncertainties at these high precision levels, we performed an additional RV extraction test.
For this test, we performed an RV extraction where we split each HPF spectral order into four
separate segments along the four different readout channels on the HPF H2RG detector. We
then compared the standard deviation of the RVs derived from the four different segments
to the expected standard deviation from our estimated RV uncertainties. In doing so, we
noticed that for some observations the standard deviation across the four different segments
was slightly higher than than expected from our RV uncertainty estimates derived from the
inherent RV information content in the HPF spectra and RV template. We suspect this
increased level of scatter is due to additional sources of systematic noise in the HPF H2RG
detector. H2RGs are known to have a number of systematic noise sources that affect precision
RV extractions including bias-level fluctuations, persistence effects, and cross-hatch patterns
[see e.g., 165, for a discussion on some of these effects in the HPF H2RG]. To account for the

additional source of systematic noise we see between the different HPF readout channels,
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we took the following steps to conservatively increase the estimated RV error bar from the

normal SERVAL pipeline.

e First, as the SERVAL pipeline has been demonstrated to be accurate at the 1m/s level
in [252], we extract the HPF RVs order by order using the full RV order. This results
in an RV value and RV uncertainty estimate per HPF order. We follow [252] and [152]

and perform a weighted average per RV order.

e Second, we independently reduce the same spectra by splitting each spectrum into dis-
joint segments along the four HPF readout channels (512 pixel wide). This yields four
independent RV estimates and accompanying RV uncertainties for a given observation
after performing a weighted average across all of the orders analyzed (independently

for each segment of the spectrum).

e Third, we modeled the four readout channel RVs (v;) as statistically independent draws
from a Gaussian distribution with the mean equal to the full order RV (vs). The
Gaussian model’s width was set to what we would expect from the reduced information
in the readout channel level spectra if the expected error in the full order RV (o) is

multiplied by an unknown inflation factor k. i.e,

v; ~ N(vg,0;), where o, =C; x (koy). (3.1)

The reduction in the information-content (C;) due to reducing the size of the spectra
into four chunks is ~2. This Bayesian model was implemented in the pymc3 package
[205] and fitted to each epoch of data. For most of the observations, the inflation
factor k was found to be consistent with 1 (implying the scatter in RVs across the four
readout channels is consistent with the full order RV and its derived RV uncertainty).

For those epochs where the inflation factor k is greater than 1 with a probability of 95%,
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we inflated the full order RV uncertainty by the median of the posterior distribution

of the inflation factor k.

e Lastly, using the newly derived RVs for all of the epochs we perform a final weighted
average of RVs within a given HET track to give a binned RV point and accompanying

RV uncertainty per HPF visit.

Using this methodology, of the 1016 unbinned observations, we found that 89 observations
have sufficient evidence to increase the RV uncertainty by the inflation factor. Figure 3.8
compares the RVs and the RV uncertainty of the binned HPF RV before and after applying
this correction to the RV uncertainties. In this binned-by-track view, although a few of
the observations have their RV uncertainty increased, the median RV uncertainty remains
similar before and after applying this correction. As an additional test, we also tried running
all of the same analysis presented in this work with the un-inflated RV uncertainties, and

achieve the same results.

8 :' @  HPF RVs Binned, RMS(RV)=2.06m/s, Med(Err)=0.77m/s
[ i HPF RVs Binned, inflated RV error, RMS(RV)=2.07m/s, Med(Err)=0.79m/s

o 4 :

L} o.’c?é doo F Jf““’

ARV [m/s]
°
.0

2018-04 2018-07 2018-10 2019-01 2019-04 2019-07 2019-10 2020-01 2020-04 2020-07 2020-10
BJD

Figure 3.8: HPF RVs of Barnard’s Star before and after accounting for additional RV noise

between the different HPF readout channels. We use the inflated RV uncertainties for the
final RV analysis.
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Table 3.1: HPF RV measurements of Barnard’s Star

BJD RV (m/s) Err (m/s) Flag®
2458234.87812 —3.715 0.709 1
2458236.87809 —1.930 0.893 1
2458237.87424 —0.881 0.755 1
2458262.94194 —1.188 1.043 1
2458264.78751 —2.212 1.640 1
2458265.93688 —2.328 1.498 1
2458266.80097 —1.148 0.826 1
2458267.94149 +0.206 0.898 1
2458284.89214 —3.246 1.199 1
2458288.87073 —1.726 0.796 1
2458289.86962 —0.891 0.792 1
2458291.72340 —0.889 0.804 1
2458293.71806 —0.480 0.704 1
2458295.70498 —0.211 0.839 1
2458295.85022 +3.193 0.747 1
2458299.84260 —1.729 1.002 1
2458301.84403 —0.354 0.982 1
2458307.81476 —0.696 1.184 1
2458313.66578 —5.974 2.702 1
2458316.64416 —1.463 1.335 1
2458320.65702 —3.021 1.325 1
2458561.98905 -+0.090 0.693 2
2458565.96692 —1.016 0.743 2
2458567.96441 +1.071 0.648 2
2458593.89213 +3.663 0.616 2
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2458594.88889
2458598.88624
2458611.85165
2458615.83819
2458617.83549
2458619.82476
2458620.81519
2458621.82486
2458625.80795
2458630.93991
2458641.90046
2458642.76256
2458650.87920
2458652.73437
2458654.87231
2458655.87345
2458656.86163
2458667.69533
2458670.82515
2458672.68754
2458675.81356
2458677.81057
2458678.80473
2458679.79854
2458680.65540
2458681.78999
2458682.79255
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+3.146
+2.639
+0.930
—1.103
—1.941
—1.250
—0.300
—1.764
—0.390
—0.824
—2.952
—2.080
—0.539
+1.401
—0.121
—0.318
+1.070
+0.104
—1.833
—1.615
—2.007
—1.258
—0.164
+0.771
—1.618
—0.499
—2.132

0.676
0.643
0.871
0.658
0.752
0.655
0.882
0.770
0.696
0.750
0.784
0.649
0.703
0.837
0.687
0.697
0.898
0.716
0.773
0.758
0.977
0.814
0.803
0.668
0.802
0.782
1.912



2458683.64977
2458683.78730
2458684.78188
2458685.78554
2458702.73098
2458704.73015
2458705.72662
2458706.71574
2458708.72053
2458710.71091
2458711.71354
2458713.70287
2458728.66701
2458729.67255
2458740.63395
2458914.00923
2458919.00205
2458925.97803
2458926.97803
2458928.98375
2458930.97168
2458931.97305
2458947.92495
2458950.91341
2458958.89271
2458966.87951
2458973.84711
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—3.297
—2.179
—0.464
—2.246
—2.371
—6.277
—6.487
—2.014
—4.194
—4.877
—4.288
—7.541
—3.039
—3.774
+1.628
+0.622
—0.020
-+0.460
+1.513
+1.038
+0.146
+0.050
—0.435
+0.753
+1.274
—1.109
—1.664

0.891
0.877
0.745
0.730
0.721
2.492
0.797
3.080
0.665
0.704
0.675
1.115
1.034
0.985
0.673
0.704
0.743
1.178
0.755
0.761
0.947
0.780
0.684
3.190
0.724
0.832
0.866



2458975.85009
2458978.84716
2458980.83324
2458984.95797
2458986.96208
2458987.95142
2458991.94310
2458994.94212
2458997.93706
2459001.77769
2459004.91390
2459007.75067
2459007.89829
2459011.88773
2459022.85758
2459032.69635
2459035.82506
2459037.68397
2459037.82959
2459042.80748
2459046.65818
2459054.76850
2459057.76746
2459063.74665
2459066.73442
2459068.73500
2459076.71518
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—1.540
—2.391
—2.696
—1.25

—0.72

—0.582
—2.193
—1.64

—2.288
—3.742
+0.161
+1.526
—0.696
+0.744
+0.047
+1.477
—0.964
+1.132
+1.293
—1.091
—0.630
+3.898
+2.900
+0.908
+0.511
+0.867
—4.375

0.849
0.95

1.056
0.880
0.784
0.739
0.844
0.794
0.777
0.836
0.710
2.199
0.918
1.094
0.890
0.802
1.973
0.726
0.837
0.809
0.818
0.773
0.717
0.795
0.792
0.788
0.875



2459077.71313
2459078.70214
2459079.70819
2459082.69876
2459084.69172
2459085.68536
2459086.68122
2459087.67943
2459088.67738
2459089.67546
2459090.67292
2459091.66643

—2.679
—3.740
—2.645
—3.184
—3.295
—3.649
—3.077
—2.309
—3.406
—3.998
—1.971
—2.310

0.748
1.122
0.834
0.792
0.769
0.732
0.695
0.760
0.773
0.762
0.773
0.778

NOTES

® 1 indicates Pre and 2 indicates Post split
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3.7 Additional Tables

Table 3.2: Discovery Data Model Comparison

Parameters ABIC
Model Free Parameters BIC GP only GP + Planet Planet only
GP only 26 3485.0785 - 2.040 99.814
GP + Planet 31 3487.1186 - 97.774
Planet only 21 3584.8938 -

NOTES

Our preferred model, taking into account ABIC, is in bold

Table 3.3: Updated Data Model Comparison

Parameters ABIC
Model Free Parameters BIC GP + Planet GP only Planet only
GP + Planet 40 4021.3900 - 1.354 160.970
GP only 35 4022.7433 - 159.616
Planet only 27 4182.3590 -

NOTES

Our preferred model, taking into account ABIC, is in bold

Table 3.4: Priors and Posteriors for Discovery Ha Data Sets

Model Parameter Prior Posterior

GP log L Uu0.1,6)  1.917077
logC U(-6,6)  —5.4475%
Prot G(145,15)  142.9671,%9
log B U-9,6)  —4.2875¢"°

Instrument  oapr 2(0.001, 1) 0.01 40.001
ocarMmENEs U(0.001, 1) 0.01 £0.001
OHARPSN 4(0.001, 1) 0.01 +0.001
OHARPSpre U(0.00L 1) 0.01 £0.001
OHARPSpost 4(0.001, 1) 0.01 £0.001
OHIRES 4(0.001, 1) 0.01 £0.001
OPFS 4(0.001, 1) 0.01 £0.001
OUVES 4(0.001, 1) 0.01 £0.001
YAPF U(-5,5) —0.51 £0.001
YcARMENES U(=5, 5) —0.52 £0.001
YHARPSN U(-5, 5) —0.52 40.001
YHARPSpre U(-5, 5) —0.51 £0.001
YHARPSpost Z/[(_57 5) —0.52 +£0.001
VHIRES U(-5,5) —0.51 £0.001
YPFS U(-5,5) —0.52 £0.001
YUVES U(-5, 5) —0.51 +0.001
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Table 3.5: Priors and Posteriors for Discovery RV Data Sets

Model Parameter Prior GP only Planet only GP + Planet
GP log L G(1.91, 0.19) 1.6070:15 - 1567018
log C U(—6, 6) 5851527 —5.8810-33
Pot G(142.96, 11.65)  141.18%739%  — 139.757139%
10g BCARMENES Z/{(—Q, 2) 0561_8%:61 - 0491_815
log BHARPSN U(-2, 2) 0.5170-25 = 0.5610%%
log Buarpspre ~ U(—2, 2) 0.05%44 5 - 0.364 95
log Buarpspost ~ U(—2, 2) 0.2170-39 - 0.2710-28
log BuirEs U(-2, 2) 0.8570 15 - 0.74+01
log Bprs U-2, 2) 0.26%073) —0.01+023
log Buves U-2, 2) 0.70*911 - 0.671013
Instrument  oAp U(0.5, 10) 2.9570-92 2.86170-93 2.880:60
OGARMENES U(0.5, 10) 1.16f§é§ 1.88f§é§ 1.17t§;§§
OHARPSN U(0.5, 10) 0.90t8-_22 2.08t8;2g 0.90t8;%zsl
OHARPSpre U(0.5, 10) 0.63}8:%) 0'9528:23 0.6618:%%
o U(0.5, 10 0.771%: 1.18%0 0.7510:
OHIRES (0.5, 10) +94_0.32 90_p 19 90 _0.34
OPFS U(0.5, 10) 0.79t§;§§ 1.17t§;§;§ 0.83t§;;%
OUVES 1(0.5, 10) 0.7518-_% 2.33}8;421§ 0'7518&%
U(-10, 10 0.4770:3 0.2171%: 0.1919:
o u(—10 10) 5,407 058 2,09+ 017 2.36+0.24
YCARMENES ( , 10) . _8'% . —8.%; : —8.§g
YHARPSN U(-10, 10) 1.67i0+;%528 2.37i0+1%713 1.88t0+;80721
re U(—10, 10 —0.750 —0.4370 —0.617
S u(—m 10) 2.07H0RE g 4yr028” 3301058
YHARPSpost ( , 10) . _8'%’ . —0.20323 : —04%544
YHIRES U(-10, 10) 0.89t8;jllg —0.65;2%23 —0.89;&44
YPFS U(-10, 10) 0.38f8:33 0.36J_f8;gg 0.25t8;ig
YUVES U(-10, 10) 1.467550 1.757530 1.457559
Planet Period G(233, 15) - 232.8670%9 232.641052
T. G(2454937.92, 20) — 2454934.03745°  2454936.117423
Ko U(0.3, 10) - 1.167012 1.1670-32
Jesinw U(-1, 1) - 0.53t§f§§ 0.59i§f§§
Vecosw U-1, 1) - —0.167519 —0.0875:2
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Table 3.6: Priors and Posteriors for Updated RV Data Sets

Model Parameter Prior GP only Planet only GP + Planet
GP log L G(1.91, 0.19) 1567008 1527011
log U U(-6, 6) ~5.925006 - 5927016
Prot G(142.96, 11.65 142.78%%3'_‘91:1,) - 139_36%%3%
log BcarmENEs  U(—2, 2) 0.5415-15 - 0.48+0-18
log Buarpsn U2, 2) 0.4810-22 - 0.57+0:19
10g BHARPSpre Z/{(_Q, 2) O25t§iz _ _011;282%:8))
log Buarpspost  U(—2, 2) 0.521“8'_18 . 0'62t8:%
].Og BHIRESpre Z/{(—2, 2) 0941LO%7 — 085i017
log BHTRESpost U-2, 2) 0,814_“8&3 _ 0_594:8:%2
log Bprs U-2, 2) 0.2870-28 - —0.017019
log Buves U(-2,2) 0715 - 0677010
log Buprpre U-2, 2) _1,91;183:(1)’; _ _1'935184(1)2
10g BHPFpost Z/{(—Q, 2) 064t011 _ 064t011
Instrument oapp U(0.5, 10) 2.9710-58 2.88+9-53 2.8910-61
OCARMENES U(0.5, 10) 1151020 1.861518 1161520
OHARPSN U(0.5, 10) 0.91703 2.07033 0.8970-31
OHARPSpre U(0.5, 10) 0.9370-18 1.43%513 0.967011
OHARPSpost U(0.5, 10) 1.0470-33 1.677022 1.02792°
OHIRESpre U(0.5, 10) 158102 2.8270 30 1.65+0:24
OHIRESpost U(0.5, 10) 1.517932 2.461033 1.611532
OPFS U(0.5, 10) 0.771050 1.3019:3¢ 0.77103
TUVES U(0.5, 10) 074707 2.39%05) 071707
OHPFpre U(0.5, 10) 1.3870:51 1315037 1.27+0-43
OHPFpost U(0.5, 10) 0.5970-1 1.8715 12 0.5970-53
TAPE U(=10, 10) 048%05  0.237050 0.28+040
YOARMENES U(-10, 10) 2.437030 2.99+9-17 9.37+0:50
YHARPSN U(-10, 10) 1.681518 2.2170-37 1.8210:50
YHARPSpre U(—-10, 10) —0.677537  —0.257018 —0.501522
YHARPSpost U(-10, 10) —0.867000  —0.3770-2> —0.4715:22
YHIRESpre L{(fl(), 10) 7140;"8;8 71551'81‘; 71451—8;(5)
VHIRESpost U(-10, 10) —0.34%40  —0.147023 —0.3210-%
U(-10, 10 0.3410:35 —0.3775-30 0.2670-33
YPFS (_ ) +8.‘g8 +0.§)03(] +812é
YUVES U(-10, 10) 1467050 1787030 1447038
VHPFpre U(-10, 10) ~1.207939  —0.907939 —0.991042
VHPFpost U(-10, 10) 0517035 —1.047(33 —0.581021
Planet Period G(233, 15) - 231937050 232361035
T, G(2454937.92, 20) — 2454920.9175:3  2454935.871330
Kamp U(0.3, 10) - 1191513 1.2870:28
Vesinuw U(-1, 1) - 0.10+020 0.60+0 12
vecosw U-1,1) - 0.28+016 —0.247021
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Chapter 4

Lia: Finding a Sparse Representation
of an Exoplanet RV Time Series in
the Time/Frequency Domain - Lubin

et al. (in prep)

4.1 Foreword

The first goal of the exoplanet-searching astronomer is to identify periodic signals in their
data sets. This is the foundation upon which all subsequent scientific inquiry is performed,
as it is the prime evidence for the very existence of a planet in the first place. When using the
RV method to search for planets, the periodic signal in question originates from the Doppler
shift of light from the star’s motion around the shared center of mass with its planet(s).
Through the corresponding change in wavelength of known absorption lines in the stellar

spectrum, we compute the RV. Ideally, each absorption line in the spectrum will shift linearly
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and equally in wavelength space only due to the physical, radial motion of the star. However,
the physical motion of the star is not the only way to induce a shift, or at least an apparent
shift, in the stellar spectrum. Stellar activity can also induce real and/or apparent shifts in

the stellar spectrum. In turn, this affects the computed RV.

The processes that produce stellar activity induced signals are quasi-periodic; they have a
general periodic nature but they come and go in a characteristic timescale, potentially re-
turning with minor period and/or phase changes. Therefore, the resulting computed RVs
will be contaminated with quasi-periodic signals. With exception of long, multi-year mag-
netic cycles, like our Sun’s 11 year cycle, all stellar activity signals are transient and exist on
a wide variety of timescales. But the signals associated with spots and plage are inherently
tied to the rotation period of the star. Therefore, they manifest in the data at periodicities
at or near the stellar rotation period (depending on the strength of differential rotation), its

harmonics [32], or their associated aliases.

Depending on the length of the time baseline of RV observations, a quasi-periodic stellar
activity signal can look a lot like a planetary signal. For example, if a quasi-periodic signal
grows and subsequently decays over a two thousand day time span, but observations only
sample this signal for 200 days in the middle of its life, the resulting signal in the RVs will
appear strictly periodic. This is exacerbated by the way we look and test for periodic signals
in RV data sets. Many computational methods have been proposed for identifying periodic
signals in a RV time series but they all make the same underlying assumption: periodic

signals in the data, regardless of their origin, will be strictly periodic.

Here we introduce a new periodogram, one which is designed to further characterize the

properties of candidate signals, the ¢; Apodized Periodogram, or Lia'. By leveraging ¢,

minimization techniques [47, 228, 66], which fit for all signals in a time series simultaneously,

'For installation instructions, documentation, and tutorials, see the GitHub repository here:
https://github.com/jluby127
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Lia can help distinguish between strictly and quasi periodic signals. In the process of
identifying signals, it provides estimates of the signal’s periodicity, the decay lifetime, the
phase, the apodization window center, and the amplitude, all in astrophysically motivated
units. Through this more holistic picture of a candidate signal with Lia, we can be more
confident in determining a signal’s astrophysical origin, which helps us better understand

our data before more complex analysis methods and minimize false positive detections.

This work is organized in the following manner. First we outline our methods and describe
the theory behind the algorithm in §4.2. Next, we demonstrate the application of Lia in
three stages: first in synthetic data, §4.3.1, then in well-studied Solar data, §4.3.2, and lastly
in the Keck/HIRES archival data set for HD 26965, §4.3.3. Then we discuss use cases and

limitations of the software in §4.4 before concluding in §4.5.

4.2 Methods

For all following descriptions, convention will denote a set or array of values with bold text
and a single value with standard text. Additionally, we assume a typical RV time series data
set consisting of N observations as a set of timestamps, t, with sets of associated velocities,

y, and errors, e.

4.2.1 Review of method in 1D

Lia is built a upon an #; minimization algorithm. This technique has been applied many
times in astronomy before [218, 31], but was first brought to the exoplanet community in
the ¢; Periodogram from Hara et al. 2017 [100], from which Lia draws inspiration and some
code. A complete description of the /1 minimization technique can be found therein, but a

short overview is provided here, keeping consistent notation.
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Generally, the ¢; minimization technique is a minimization problem. Given a dataset y(t),
we wish to recreate the data using a linear combination of a small number of vectors,
A = (a;(t))jer from a larger set of vectors, I, called the dictionary. We find this small
solution set of vectors by minimizing the ¢; norm of a set of coefficients, one per vector in

the dictionary, to an allowed tolerance, €, with the data:

z* = arg min [z, 5. |W(Az — )|, < (1)

The solution set, x*, is the set of coefficients matching one-to-one the with the vectors in A.
One major advantage of this method is the assumption of sparsity. Most elements of a* will
be zero, leaving a small number of non-zero coefficients whose corresponding vectors linearly

combine to approximate the data to within the allowed tolerance.

The ¢; minimization is performed using an implementation of the Least Angle Regression
(LARS) algorithm from [73]. LARS sequentially finds the vector most correlated with the
data and begins to increase that vector’s coefficient, computing residuals to a fit until a new
vector is most correlated with the residuals. It then increases both coefficients in their joint
least squares direction until a third vector is most correlated and so on until the residuals
are smaller than the pre-determined tolerance. Lia uses the same LARS implementation

from [100] and more information on the method can be found in the source code.

One of the main advantages of the ¢; minimization technique is that it estimates all the
amplitudes of a discretized Fourier spectrum at once, as opposed to fitting sines at one
frequency at a time like the GLSP. Fitting all signals helps decrease the problem of aliasing.
Another advantage of this method over a GLSP is the final coefficients estimate the strength

of the signal in the same units as the dataset’s y-axis units. This provides a more meaningful
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solution to this astrophysical problem of identifying periodic signals in RV data sets.

4.2.2 Grids and Dictionary

No periodogram can test every imaginable parameter. For example, in a 1D periodogram,
a grid of frequencies is constructed and then those frequencies are tested in the algorithm.
In the 1D case, frequency is the only parameter and therefore the only required grid. In
Lia, there are 4 parameters, each requiring its own grid: frequency (w), decay lifetime (1),

apodization window center (T0), and phase (¢).

First, as the problem for creating a well-sampled grid of frequencies is solved, we adopt the

conventional logic:

WEie0..n = ki1Aw (4-2)
where
27
Aw = 4.3
“ Tbaser ( )

Where Tjqs. is the baseline of the timestamps and N, is the oversampling factor for frequen-
cies. We generally adopt an oversampling factor of 8 for frequencies. Finally, n is the desired

length of w, best determined by:
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n=——H———#—#¢ (4.4)

where the parameter w,,,, is defined as

(4.5)

and w,,;, is a user-defined minimum frequency parameter.

Next, the phase grid, ¢, is determined by a single oversampling factor, Ny, which sets

evenly-spaced phases between 0 and 7:

k?gﬂ'

Pryc0..N, = N, (4.6)

In practice we adopt a standard Ny of 4, as a compromise between grid density and algorithm

speed.

Next we create the grid for the decay lifetime parameter, 7. This grid represents the apodiza-
tion timescales to be tested by the algorithm. Here we adopt a modified version of the logic

for an exponential-spaced grid determined by the baseline of the time series from [? |:

Tkzel.. N, = &ks X Tbase (47)
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where « is the “downscaling of the timescale” and N, is the desired number of decay lifetimes

in the grid. Note that in all cases, k3 begins at 1, not 0, because we set

To = 10 x Tbase (48)

so that the first element in 7 is always a decay lifetime that is much longer than the baseline
of the time series. This will represent an “infinite” decay lifetime, analogous to a robust
sinusoid. In practice, weighing computational limits and speed with grid density, we suggest

a maximum N, of 8 but most often work with a value of 5.

Once T is chosen, we can then create a grid of apodization window center offsets, TO. We
want to evenly sample offsets across the time baseline, but simultaneously not oversample
offsets. To achieve this, each 7 € T is assigned its own grid of offsets. The spacing, AT0,,
between offsets for a given decay lifetime, 7,, is a proportion of the lifetime, determined by

a single user-chosen density factor, d:

ATOy, = %*. (4.9)

Smaller density factors create more dense T0 grids where the number of offsets within one

TO grid is computed as:

Tbase

NT0k3 = ATOkg (410)
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Then the resulting T'0 for a given 7 € 7 is computed as:

TOp e 1. Npogs1 = ks ATO (4.11)

Note the limits that k; runs. This formation is designed in such a way that offsets are
evenly spaced throughout the baseline with an additional offset allocated one AT0 beyond
the baseline at both sides of the baseline. In a practical example, for a decay lifetime 7 = 100
across a 1000 day baseline (from day 0 to day 999) and d = 2, this prescription would create
grid that has offsets every 50 days ranging from -50 to 1050. The advantage of this design
is it will allow the solver to include decaying functions that begin or end slightly beyond the
bounds of the baseline. This prescription is for all 7 € 7T except the infinite 7. Since the
infinite decay time represents a robust sinusoid which has no beginning or end to the wave
packet, we only allow its TO grid to contain a single offset value, set to the arbitrary value
of 0. This ensures that the solver does not have equivalent but competing functions in the

dictionary for modeling robust sinusoids.

With all the grids defined, the last step is to apply a customization of the w grid for each
7 € 1. Qualitatively, for a decay lifetime of 7, the practical frequency resolution is 27”
To eliminate this conundrum, we create sub-grids of w for each 7 € 7. The sub-grids are

constructed identically to w above, but for a given 7, we choose w,,;, so that its corresponding

period is not longer than a user-defined fraction, f, of the given 7:

(4.12)
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Figure 4.1: A schematic of the organization of the dictionary.

With all grids defined, we can begin constructing the dictionary. The dictionary is a set
of functions from which a small number are selected by the solver because their linear
combination reproduces the data to within an allowed tolerance, see Equation 4.1. In theory,
the dictionary has no size limitations and the functions inside may take on any form. This
is an advantage of the Lia method as it provides the flexibility necessary to recover quasi-
periodic signals. No longer do we assume all periodic signals in the data set will follow a
strictly sinusoidal shape. In practice, the dictionary size is limited by computational power
for reasonable run-time and the functions included are written and ordered in a logic that
allows for easy determination of their key parameters during post-processing. The dictionary

exists as an N x M matrix, where M is the number of vectors included in the dictionary.

As stated earlier, many non-strictly periodic functional forms have been proposed as the
best way to model quasi-periodic stellar activity induced signals. We choose to follow [97],
who showed Apodized Keplerians are very successful models for stellar activity. This is the
framework that Lia is built on as well. We employ a similar functional form to [97] for all

vectors, V, in the dictionary:

t+TO)

V= sin(ZE 4 ) x e (4.13)
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The number of entries in the dictionary, M, can be computed from the previously defined

grids:

N,
M =Y N, x Nro, x Ny (4.14)

k=0

The dictionary is constructed in a logic that maximizes the ease and efficiency of locating a
vector with particular set of parameters. This will assist us later when we wish to connect
the solution set’s chosen indices within the dictionary with those vectors’ signal parameters.
In the dictionary, all functions are ordered first by their decay lifetime, then by frequency,

then by offset, and lastly by phase, see Figure 4.1 for a schematic of this design.

As the dictionary is constructed, we want to ensure that each vector going into the dictionary
has a reasonable chance of being represented in the data. By pre-cleaning the dictionary of
vectors that are sufficiently inactive, we can save on compute time later on. For example,
imagine a data set with two seasons of dense observations separated by ~100 days with no
observations, as is typical of astronomical observations. For a relatively short decay time of
50 days, there exist a few TO offsets that bring the wave packet entirely or nearly entirely into
the gap between seasons. Thus, the apodized sinusoid function evaluated at the timestamps
of the data is essentially a flat line equivalent to y = 0. This vector provides nearly no
information in a potential solution set and so we wish to remove it from consideration to
save computational time with the solver. We achieve this by computing the norm of each
vector and if it is sufficiently small (in practice less than 1), then this vector is completely
zeroed out. In the case where a wave packet truly falls entirely in a data gap, the vector will
have been completely zeroed out anyway, so this extra check is primarily designed to remove
vectors where the wave packet only exists in few timestamps at the edge of a data gap or in

a region of time where few observations are recorded and there is no reasonable expectation
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of recovering a decaying signal due to lack of sampling, even if one does exist in truth. The
norms of all vectors are stored for later use in the post-processing steps, in order to better

estimate the amplitudes of vectors that comprise the solution set.

Lastly, to complete its construction, the dictionary is dotted with the covariance noise matrix,
V, then all columns are centered, and then normalized by dividing each vector by the sum

of its /5 norm.

4.2.3 Noise Model

While we are interested in recovering real, quasi-periodic signals associated with stellar activ-
ity, there will still always be an underlying noise to the velocities, for example, instrumental
noise and photon noise. To best model this noise, we construct a covariance matrix, V, for

all observations in the time series.

We assume this noise is Gaussian and that each instrument will have its own white noise
value. Constructing the covariance matrix follows [100] and [17], where the diagonals of
the matrix are equal to the white noise term for that observation’s instrument squared, and

off-diagonals are all zero.

In order to best choose the white noise term for each instrument, we run a cross-validation
analysis. The Lia algorithm is computed for a variety of covariance matrices, each differing
only in the value of their white noise term. To effectively sample, we construct a grid of
white noise values and test each. Then, following [99], the cross validation score is computed.
The white noise value with the smallest likelihood is selected as the best value and Lia is

run in full.

This approaches an interesting question on its own. What does it mean to create a sparse

representation of something, in this case white noise, that is inherently not sparse? If we
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Figure 4.2: Top: A simple synthetic data set consisting of a single decaying signal, well-
sampled across the baseline and without added noise. Middle: The GLSP for the above data
set. It identifies as strong periodicity at the true period, but says nothing of its decaying
nature. Bottom: Lia output on the same data. The red region indicates the a prior:
expected solution. The periodicity is recovered and also identified to be decaying. In one
quick-look, Lia provides a more holistic picture of the signal in question.

were not to enforce sparsity, then we would expect Lia to always include a forest of peaks
at high frequency with the shortest decay time allowed. This is a result of trying to fit noise
as if it has a true functional form. However, we leverage this idea with the cross-validation
analysis as a way to better understand the noise in our data set. Through cross-validation,
as the white noise term is tuned up through trial and error to minimize the likelihood, peaks
associated with noise will fall in height as larger white noise terms in the covariance matrix

suppress these spurious peaks.

124



4.2.4 Post Processing

After the LARS algorithm returns the set of coefficients, we must process and clean it into
a state where it can be meaningfully displayed. The primary output plot of Lia displays
1D slices of amplitude vs period stacked atop one another to create the second dimension of
decay lifetime. To properly display this, for all vectors in the dictionary, we group by pair of
period and decay lifetime. Then all vectors which have different T0O offsets and phases, fall
within a group and all coefficients associated with these vectors are summed to create a single
amplitude value for each period/decay lifetime pair. Note that it is a choice to group by
period/decay lifetime. We could instead reformulate this sum and group any two parameters
(period and TO offset, decay and TO offset, etc), but the most information is gained from
period/decay lifetime groupings. This summation is then plotted as the amplitude, in m/s,
as seen on the primary output plot, see Figure 4.2. This process may have the unintended
consequence of inflating the amplitude of a signal that appears at multiple, distinct offsets,
as would be the case the scenario where the same signal lives and fades in the beginning of
the data set but then returns again later in the data set. Information about all the exact
functions selected by the solver, including offset time and phase, are still saved and outputted

separately from the plot.

4.3 Application

We demonstrate the application of Lia in four stages. First, we demonstrate basic level
injection/recovery of a single quasi-periodic signal through simulated data where signal pa-
rameters are known a priori. Second, we show Lia’s analysis of the solar RV data sets from
HARPS-N. Lastly, we apply the algorithm to an archival Keck/HIRES data set of RVs of
HD 26965.
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4.3.1 Simulated Data

The easiest way to demonstrate the basic ability of any new software is to test it on data
where we know the solution. In this spirit, we designed multiple tests using synthetic data
sets. Figure 4.2 shows the most basic demonstration of Lia’s abilities. Generating a simple
decaying signal over a well-sampled time series, we see that Lia easily and clearly recovers the
periodicity and identifies the decaying nature. Meanwhile, a traditional GLSP also recovers
the periodicity, but without further information about the signal’s lifetime, which can lead

to misinterpretation of the signal’s astrophysical origin.

Next, we scale this test up and generate 1000 synthetic data sets. For each, we create a
time series where 200 timestamps uniformly sample the entire 400 day baseline at nearly one
observation every two days (a small jitter in time, <0.1 days, was added to each timestamp
to ensure that simulated observations were not taken in uniform spacing). We then inject
an apodized sinusoidal signal where the five parameters of period, decay lifetime, TO offset,
phase, and amplitude are each randomly drawn from a distribution, given in Table 4.1. For
each data set, we add noise to each observation drawn from G(0,1) which means we assign
a standard 1 m/s error bar. We generate 1000 of these synthetic data sets and run each
through Lia. Each run has the same parameters (including a 1 m/s white noise component

in the covariance matrix) and grid settings.

After completing the test, for each trial we take all of the recovered signals and assign a
score to each one. The score, S, for each signal is determined according to a bitwise-style

mask:

S=(A-2)+(B-2*)+(C-2")+ (D -2 (4.15)
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Figure 4.3: A histogram of the scoring for 1000 data sets of random signals generated from
distributions in Table 4.1. Scores above 12 indicate both period and decay lifetime as well
as one additional parameter are correctly recovered. Such a score deems a trial successful
and there are 682 such successful trials. Additionally, there are 151 trials that scored below
10, of which for 6 trials no signals were recovered at all.

where

e A =1 if solution period is within 10% of the true value, 0 otherwise. This accounts
for the fact that longer periods are more sparsely sampled in the grids than shorter

periods.

e B = 1 if solution 7 is in the closest 7 bin to true value, 0 otherwise. Close is defined
as the element of the decay grid which minimizes of the difference between the true 7
and the element within the decay grid, as compared to all other elements within the

decay grid

C = 1 if solution TO is within 2 TO0 grid steps from true value, 0 otherwise

e D = 1 if solution phase is equal to true value, 0 otherwise
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In this system, a perfect score is S = 16, and all scores have a unique sum which can be
directly traced back to which parameters are recovered correctly or not. This system also
weights the parameters in order of importance, with period, decay, and T0 taking precedent
in that order over phase. Amplitude is an important metric which is recoverable by Lia, but
¢, minimization methods are known to under-predict true amplitudes [100] and therefore we
have chosen to exclude it from this scoring scheme. We then take the best scoring signal for
a trial and assign its score to the be the score of the trial. We accept successful trials as
scores of greater than 12, which in effect requires period and decay lifetime to be correct, as
well as one additional parameter. In this logic, 682 of 1000 runs are successful. All this said,
in the bigger picture it is not vitally important that Lia recover the exact correct parameters
as much as it is important that Lia helps prevent us from mislabelling time-localized signals

as planetary and robust signals as activity.

Figure 4.4 shows the results along three axes of recovery (period, decay lifetime, T0 offset),
comparing injected and recovered solutions against a one-to-one line. We confirm in panel
a) the strong recovery of the injected periodicity, as would be expected for any functional
periodogram. In our test, any trial that did not recover any solution signal (43 trials)

returned a solution period equal to zero by default.

Next, in the decay lifetime, Figure 4.4 panel b), we see very good agreement with expecta-
tions. Because we cannot sample decay lifetimes in anywhere near as fine a grid as frequen-
cies, a given injected 7 will rarely be equal to any of the allowed 7’s in the decay lifetime
grid. Therefore, it is common, and expected, for Lia to recover a decay lifetime close to the
injected value. Close is a relative term, and sometimes the recovered value is not necessarily
the closest grid value, as is seen in the one-to-one plot. We still deem this a success because
Lia is still recognizing the decaying nature of the signal in question with high confidence.
As for the period parameter, when no signal is recovered in a trial, the solution 7 is set to

zero by default.
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Figure 4.4: Injection/Recovery results for 1000 trial data sets with randomized signal pa-
rameters as drawn from distributions in Table 4.1. One to One lines are shown for frequency
(Top), decay lifetime (Middle), and TO offset (Bottom).

Finally, we see in panel c) of Figure 4.4 that TO offsets are also being recovered well. The
TO grids are a medium level of sparseness, in between the levels of the frequency and decay
lifetime grids. Therefore we see a one-to-one trend but with pockets where the same TO
offset is recovered for many different injected values. Primarily, this is a result of the grid
construction logic. For long decay lifetime signals, very few TO offsets are allowed, as few as
three (left and right edges, and middle of time series). Therefore, we see a large pileup in
recovered TO offsets at the zero value, because the middle of the time series is often the best

fit of these three options for long decay signals.

Next we perform the same experiment again, but with more realistic time series sampling.
We curate a list of stars with archival RV data sets containing at least 100 observations in
an observing baseline of between 365 and 2000 days. In total, twelve stars were selected

for meeting these criteria as well as visual inspection for a representative sampling of RVs
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across the baseline. We collect these archival data sets entirely from the published HARPS
archive [230], see Table 4.2 for the list as well as a few simple statistics about each data set.
Some of these targets have additional observations from other instruments but those were
not included. For this test, 1000 times we randomly choose one of the twelve sample data
sets, taking the timestamps and the true error bar values for each timestamp. We apply
a 2 sigma clip on error to remove outlier timestamps. We then re-center the timestamps
around MBJD = 0, and we inject a signal using the same distributions in Table 4.1 (except
now TO offset is uniform across the baseline of the selected time-series), and add noise to
the velocities from G(0,1). We then run Lia on each set with the same parameters, grid
settings, and scoring criteria as before. We see that only 375 of 1000 are successful. Many
more are nearly successful, off by slightly beyond the period recovery restriction or with decay
lifetime recovered in the wrong rung of the grid. This rate is understandably lower because
of the nature of these timeseries. True astronomical observations are never sampled ideally.
When it comes to time-localized signals, if the density of observations within the signal wave
packet is not sufficient, then Lia will not be able to recover those signals. Similarly, less
dense data within a wave packet will lead to greater uncertainty in the true values of the
signal parameters, meaning many signals will score below the accepted value for success, but

still provide useful information. See §4.4.2 for a more in-depth discussion.

4.3.2 Solar Data

Next we demonstrate the power of Lia on a real and well-studied data set where we know
the true variability structure with high confidence: our Sun. The HARPS-N team provided
a large, public data set of disk-integrated solar RVs [71, 70]. This data set has been the
subject of multiple studies (see below for the relevant findings from each) and furthermore

our Sun is well understood in terms of its rotation period and activity cycles.
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In [52], the authors report strong periodicities at both the rotation period and its first
harmonic in both their RV reduction time series and in their Bisection Inverse Slope (BIS)
time series. But they find no correlation between these two data sets. Additionally, in the
RVs there is a small peak near 150 days and in the BIS there is a long period signal centered

around 500 days.

In [155], the authors find that the HARPS-N Solar RVs do not correlate with activity mea-
surements from the Solar log R}, ;- measurements, the Solar Dynamics Observatory’s (SDO)
Helioseismic and Magnetic Imager (HMI) filling factors, or the Solar Radiation and Climate
Experiment Total Irradiance Monitor’s (SORCE/TIM) total solar irradiance (TSI) factor,
which all correlate with each other. They state that at timescales shorter than the rota-
tion period, we expect RVs to be “modulated to some degree by magnetic region growth
and decay”, but that while their more sophisticated model is not designed to capture this
information, they find both the rotation period and its first harmonic as strong signals in a
periodogram. They further note an unaccounted 1 m/s variation remains after their recon-

structed RVs are subtracted.

In [144], the authors perform extensive periodogram analyses on a variety of activity indica-
tors. They find each indicator provides a slightly different rotation period estimate, ranging
from 26.3 to 31.2 days. They also find, through a Pooled Variance technique, evidence for
a 300 day, or 10 rotation periods, lifetime for the typical plage and faculae complex. They
also perform a sliding periodogram analysis and recover the rotation period strongly in all

windows, and the first harmonic occasionally in a temporally localized window.

In [154], the authors perform a line-by-line RV extraction using a custom line list. They
primarily use lines that exhibit a non-linear relationship of convective blueshift with line
depth, known as third signature lines. Later, they run a GLSP on their reduced timeseries
and find strong signals at both the rotation period and its first harmonic, which they state is

“consistent with some significant RV,,,, contribution”, where RV,,,, is convective blueshift

131



due to photospheric plage.

In [227], the authors construct relative spectra of the HARPS-N Solar spectra by dividing
high activity spectra by low activity spectra. This reveals “pseudo-emission” features that
trace activity. When investigating how these pseudo-emission features behave when a spe-
cific, large spot/plage traverses the solar disc, they find a positive slant. This indicates a
move from blueshift to redshift over the course of a half rotation of the sun. They find strong
periodicities at this harmonic when associated with specific solar events, otherwise they find

strong periodicity at the full rotation period.

Finally, in [? ], the authors construct a new framework to test if a RV signal is strictly
periodic. Their technique makes use of MCMC simulations and the computation of relative
likelihoods. They analyze the HARPS-N solar RVs, finding the dominant signal is at the
first harmonic of the rotation period, at 13.39 days. Furthermore, they find this signal to be
strictly periodic, although with amplitude variations. Additionally, they find signals at the
rotation period of 26 days, a signal at 160 days, and another very long period signal. On

top of this, they find that a phase offset between the RVs and the log R}, measurements.

Running Lia with the same curated data set of HARPS-N solar RVs from [70], we choose to
adopt the same decay lifetime grid as used in [? | for this data set. We recover many of the
same signals as seen in other works, but in much shorter time and less computation power.
Figure 4.5 shows the results, which ran in 140 seconds on a standard laptop. Primarily, we
recover the rotation period and first harmonic signals that so many other studies report.
We find that the rotation period signal decays between 120 and 360 days, corresponding
to between 4 and 12 full rotations. We also find that the first harmonic signal is both
consistent throughout the time series, as reported by many studies, but also we find a
decaying component at a lifetime of 120 days, as also found by [? ]. Lia also recovers the
same 160 day signal that has been widely reported, we find it decays over a 360 day lifetime.

We also find a long period signal, between 400 and 600 days that is split across the strictly
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Figure 4.5: The results of running Lia on the HARPS-N Solar RV data set from [70]. We
recover similar signals as prior analyses.

periodic and the 360 day lifetime grids. See Table 4.3 for a full list of the recovered signal

parameters.

Overall, the performance of Lia on this seminal data set is very encouraging. It is recovering
the same signals as seen in previous studies of this unique and valuable data set, but it is
finding these same results in a much quicker and easier way. For this data set, Lia runs in
~1 minute on a laptop. In line with other studies, Lia finds that the signals associated with
the rotation period, ~27 days and ~13 days, are found in both decaying and non-decaying
bins. We interpret this to mean that the rotation period signal for the Sun in this time frame
was consistent but additionally there were times where the signal grew stronger than and

then decayed back down to its average value.
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Figure 4.6: Applying Lia to the HIRES data set for HD 26965.

4.3.3 Example Stellar Data

Finally, we demonstrate the power of Lia on a real stellar data set. We looked for a system
that was well studied by the community and has a signal in the RV timeseries that has a

disputed origin. We choose to apply Lia to the HD 26965 system.

HD 26965 (40 Eridani A) is a K dwarf that has long been observed by RV surveys due to
its brightness at V=4.4. A super-Earth planet was first announced in the system in [65]
where they report a candidate signal at 42.36 days using a combined data set from HIRES,
HARPS, CHIRON, and PFS. The authors note that the periodicity is uncomfortably close
to a measurement of the rotation period. That same year, [139] also report a signal at 42.38
days using the same data set plus the addition of RVs from TOU. They similarly conclude
the signal to be most likely planetary in origin despite the similarity to the stellar rotation

period.

Then, [199] found the 42d signal to be most likely originating from stellar activity. In the

community data challenge summarized in [258], the results from the many participants vary
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and therefore the planetary designation varies. It is worth noting here again that the authors
of [258] describe how 5 of the 6 lowest RMS results, the primary metric of comparison, find
the 42d signal to be activity related. Finally, in [124], the authors further conclude that the

42d signal originates from stellar activity.

Running Lia with standard parameters and a hand-chosen decay lifetime grid, we recover
the main signals in question. Primarily of interest, we see a 45.79d signal recovered in the
longest decay lifetime grid. This is a noticeably different period than previously reported by
the planet candidate papers (20 frequency grid steps away) but within the window of the
known rotation period (38-45d) from earlier analyses. Also worth noting, the amplitude of
this signal is small at 24 cm/s. Lia is undoubtedly under-reporting the amplitude due to
well understood underestimation of the ¢; minimization technique, but ratios of amplitudes
are still important. Then another similar signal, found at 41.27 days and decaying over 180
days (~4 cycles of the period), with an amplitude ;3x at 86 cm/s is noted. This signal
is well consistent with the rotation period, and its decay lifetime is consistent with a spot
dominated signal that lives and decays away over a timescale that is expected for this stellar
type. Next there is a ~3000d periodicity which decays over 1100 days. This is consistent
with the 10 year magnetic cycle also found by earlier analyses. This analysis favors the

interpretation of the RV signal as originating from stellar activity.

4.4 Discussion

4.4.1 Use Cases

Lia is best used as a quick-look tool in the same way that any other periodogram is a
quick-look tool. It gives a completely new look on the data which can be helpful to diagnose

unanticipated effects. The difference between Lia and other periodograms is the added
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information it provides in that first look. By characterizing all signals in the data further

than just a periodicity, Lia can provide a new perspective to a data set.

Despite providing a holistic picture in a quick-look tool, Lia is not designed to be the only
tool applied to the data. Lia does not replace more complex analyses, like a Gaussian
Process (GP) with MCMC sampling, for example. Rather, Lia compliments these tools by
providing a more informed look at the underlying data set and its noise structure. With
a better understanding of the data, one can set better priors and more complex tools can

search more detailed parameter spaces and/or eliminate other spaces to hasten runtime.

4.4.2 Limitations

Lia does have limitations. Two most notable limits are worth mentioning.

First, the algorithm’s run time is very sensitive to the baseline of observations. By far,
the largest contributor to the size of the dictionary is Tpus. The longer the baseline of
observations, the more offsets go into each TO grid, which is in turn applied to each w € wy
within each 7 € 7. Depending on the desired 7 for a given Tj,se, total dictionary sizes can
exceed multiple millions of entries, which severely slows down the algorithm from seconds
to minutes or even hours. It is recommended that in practice, total dictionary size be kept
under 3 million entries. Trimming down long dictionaries can be accomplished in multiple

ways:

e Eliminate small decay lifetimes from 7. The dictionary is naturally bottom heavy in
that smaller 7 are assigned disproportionally more TO offsets at every tested frequency

than larger 7.

e Split the data set into smaller time spans to be run independently. This is generally

ok in that we do not expect spot/plage/faculae-driven stellar activity signals to persist
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Figure 4.7: The successful (score > 12) recovery rate as a function of the number of obser-
vations in the fixed baseline, a proxy for density of observations (blue). A histogram of how
many trials occurred with each number of observations is over-plotted in red. A minimum
sampling of 60 observations in 400 days (black vertical line) is needed to achieve the standard
70% successful recovery (black horizontal line) as set by the simulated data trial of idealized
data sets.

longer than ~ 1000 days (as was the seen in the extreme case of Barnard’s star, see §3),
and robust sinusoids should be recoverable in all bins, assuming similar data quality

and quantity.

e Increase the density factor, d, that determines AT0. This will create a sparser T'0 grid

for each w in each 7 grid.

e Decrease N,. For example, decreasing from 4 to 2 will halve the dictionary size without

much loss in the solution.

e Decrease the oversampling factor for frequency, N, for a sparser frequency grid.

The second limitation of Lia is data driven. When the number of observations within a given
wave packet is not sufficiently dense, the algorithm has trouble recovering the signal. This

is a unique problem to Lia that other periodograms do not share because when searching
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for robust sinusoids, the signal is sampled in every observation. But with decaying wave
packets, many observations do not sample the signal at all. Therefore, a minimum density of
observations that do sample the wave packet are required in order to distinguish the signal
from noise. While recovering a signal of any kind depends on many factors such as cadence,
SNR, sampling coverage, etc, we attempt to quantify the limit of Lia’s ability with a simple
test. We generate 10,000 data sets where the number of observations is randomly chosen
from U(20, 120) and those observations are randomly sampled across a 400 day baseline. We
then inject each timeseries with the same signal: a 21.5 day period that decays over 200
days with an offset 0 days from the center of the baseline, a phase of 0 degrees, and an
amplitude of 2 m/s. We also add white noise drawn from G(0,1) to each observation. This
test simulates different sampling densities of the same signal and demonstrates a lower limit
in how often we should expect successful recovery for a decaying signal. The results can be

seen in Figure 4.7.

In this test, to achieve a 70% success rate (black horizontal line), on par with results from
our earlier test on uniformly sampled signals, for a 200 day decaying signal, the density

of observations must exceed 60 observations in the 400 day baseline (black vertical line).

60

Therefore, the minimum sampling is 755

= 0.15 observations per day, or ~1 observation
per week, consistently throughout the baseline. Repeating this test for the same signal
parameters except halving the decay lifetime to 100 days, reveals a similar pattern. However,

the minimum sampling to achieve a 70% success rate is now higher, at ~110 observations.

This equates to a cadence of about two observations per week.

4.5 Conclusion

We introduce and describe Lia, a new, first-look tool for identifying and characterizing

decaying signals in RV data sets.
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In the emerging EPRV era, understanding the origin of signals in our data sets will be crucial
in the search for smaller and longer period planets. To do so, we must be able to identify
and characterized true signals originating from activity in our data sets. Lia will assist us

in this endeavor and help us better understand stellar activity cycles.

Lia provides a new way to look at RV time series data by estimating more than just the
periodicity of a signal in question. Through an ¢; minimization technique and a flexible
dictionary, Lia can estimate a signal’s period, decay lifetime, offset in time, phase, and am-
plitude. This holistic picture of a signal provides a more robust insight into the astrophysical

origin of the signal.

Lia is designed to be a first-look tool. It is easy to run, requiring as little input as the
time series itself, but it provides a wealth of insight into the data set. Lia bridges the gap
between uninformed periodograms and over-flexible noise models, occupying a unique niche

in astrophysical software space.

Table 4.1: Randomized Injection/Recovery Distributions

Parameter Distribution

Period (days) U (2, 100)

Decay Lifetime (days) U(1.5 x Period, 600)

TO Offset (days) U (-200, 200)

Phase (radians) Equal odds choosing [0, F, m, 7]
Amplitude (m/s) U(3,5)
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Table 4.2: Sample Timestamps from Archival Sets

Star Name N Obs Baseline Mean Error StDev Error

(days)  (m/s) (m/s)
GJ 1132 128 745 2.07 0.94
GJ 3341 137 1456 2.17 0.96
GJ 361 101 1919 0.97 0.20
GJ 688 102 1675 0.67 0.90
GJ 436 169 1532 1.13 0.39
GJ 279 195 1949 0.76 0.13
K2-32 115 363 3.22 1.44
HD 38677 148 763 0.70 0.17
BD-156276 153 389 1.86 1.20
HD 43834B 219 1308 0.38 0.21
GJ 205 102 1400 0.54 0.29
GJ 3053 208 780 4.37 0.57

All data used was sourced from the [230] reduction of public HARPS RVs. We take only the timestamps
and error bars for the observations. For any target where data from additional instruments and/or where
newer HARPS data exist, those data were not included.

Table 4.3: Signals Recovered in HARPS-N Solar RVs

Decay Lifetime Period TO Offset Phase Amplitude

(days) (days) (days)  (radians) (m/s)
10000 571.65 0 /2 0.25
10000 28.53 0 /2 0.09
10000 28.47 0 /2 0.13
10000 13.39 0 /2 0.80
360 420.58 -186 0 0.30
360 407.13 -186 0 0.27
360 158.61 534 0 0.31
360 27.42 714 0 0.11
120 26.29 -246 /2 0.21
120 13.54 -246 0 0.26
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Chapter 5

Conclusion

The beginning of the EPRV era has brought with it new, exciting discoveries and increased
challenges when it comes to exoplanet detection. We currently stand on the cusp of two new

eras in exoplanet science.

First is the pipeline to advanced and detailed characterization of planetary systems. When
it comes to formation, evolution, and habitability of planetary systems, so many scientific
questions are laid out in front of us. But for the first time, it seems like all the tools needed
to set out for meaningful answers are available to us. TESS is delivering the targets for
EPRV instruments to measure masses for JWST to characterize atmospheres. This pipeline
will build up the collection of stamps required to reveal fundamental truths about planet
atmospheres and how they form and evolve. Furthermore, the pipeline initiated by TESS
will continue to grow into the future as the next generation of Great Observatories, with
goals of directly imaging Earth-like planets, takes flight. The target lists for these missions

will be set ahead of time, by the discoveries and successful characterizations of today.

A prime example of this pipeline in action is the HD 191939 system which I describe in §2. As

a bright star hosting a mini solar system with a wide variety of planet diversity, HD 191939
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will be a touchstone system for a long time to come. The detailed characterization that we
perform sets this target up for further atmospheric studies and beyond. At play are multiple
case studies probing formation, evolution, and dynamics. The system’s long-period super-
Jupiter is massive enough to be on the border of formation mechanisms. If found to have
formed through gravitational instability, unlike the inner planets which mostly likely formed
through core accretion, that would mean two formation mechanisms were at play in the same
system, something not yet explored at large. Next, because the interior sub-Neptunes in this
system have a variety of planet densities, there is a unique chance to perform the first intra-
system atmospheric study which can constrain two planetary evolutions within the same
formation environment. Finally, the interior sub-Neptunes (and possible additional planets)
are shepherded by a warm Jovian, providing an interesting window in system dynamics. The
HD 191939 system will continue to be studied by many researchers whose scientific interests
will span many sub-fields, as this system has something for everyone. Until now, out of
instrumentation and target limits, the field has so long focused on characterization of whole
systems against one another. But I believe HD 191939 will set the standard for future efforts
to characterize all planets within the same system and explore the relationships between
them all. This will open a new era of exoplanetary and bring us closer to studying exoplanet

systems in the same way we study our own Solar System.

Second comes the heart of my graduate research work. The one sentence summary of this
dissertation is as follows. Quasi-periodic signals are real signals; with sophisticated analysis
techniques, we can distinguish them from strictly periodic signals in RV data. This statement
comes after many years of studying stellar activity in RV data sets and through the lessons

learned in the projects described in §3 and §4.

The exploration of stellar activity of Barnard’s star opened my interest in trying to quan-
tify quasi-periodic signals in RV data sets. In this work, we show how the 233-day signal

attributed to a planet is instead a one year alias of the 145-day stellar rotation period. In
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particular, we were able to show how the planetary signal in question was localized in time
to within a 1000-day window of observations in the middle of the baseline. This kind of
behavior is not consistent with a planet but is consistent with spot-driven, decaying stellar
activity. We showed this localization of the signal through a series of tests, each building off

of the last, and building towards new ideas in how to identify time-restricted signals.

My work concerning Barnard’s star as a test subject to identify localized signals began by
breaking down the time series into different chunks of time. Planetary signals should be
robust across all time chunks (assuming similar cadence, instrument precision, etc), but
stellar activity signals should be transient. Therefore, we split the time series into roughly
equal thirds (in terms of number of RVs in each third). In this view, we demonstrated how
the planet signal is strong in the middle third, and essentially absent from the last third,
despite the last third having higher cadence and better precision RVs. This was the first
hint at the transient nature of this signal. Next, in this same format, we showed how in the
middle third, the Ca H&K S-value time-series peaks at the same 233-day periodicity. Given
that the S-values trace the chromospheric heating which in turn tracks the rotation period,
this was the smoking gun that showed how the sampling contributed to generating an alias.
That same alias then appearing in the RVs and in the same time window, led us to conclude
the planet was a false positive. Ultimately, we used this simple test as a foundation for
developing more sophisticated tests for identifying the locality of a signal. We constructed
an algorithm, which we call Rolling Omission, to identify the exact RVs which contribute
the most to the proposed planet signal. This test isolates the locality of the quasi-periodic
signal at the most granular level. The lessons learned through these tests got me thinking

more about ways to find and recognize quasi-periodic signals in RV data sets.

In §4, T describe a new software package, Lia, that I developed based off the ideas first
conceived in my work on Barnard’s star. The work in §3 was wholly bespoke to the system

at hand. It was arduous work, requiring many weeks of trials and tests in attempt to reveal
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the hidden signals in the data set. Through this work, I thought there should be a way to
make this kind of work more homogeneous and applicable across any time series. This idea
was the inception of Lia, which was designed to provide new insights into the signals in a
time series by quantifying each signal’s decay lifetime. Run by the user in the same way
as a traditional periodogram, Lia uses an ¢; minimization framework to model the quasi-
periodic signals of stellar activity as apodized sinusoids. Signals with decay times longer
than the baseline of observations are most likely to be planetary in origin and those with
shorter decay lifetimes are more likely to be stellar activity in origin. Through identifying
and characterizing decaying signals alongside strictly periodic signals quickly and easily, Lia
will help disentangle activity and planets in RV data sets, paving the way for more confident

detections and fewer false positives.

The problem of stellar activity is far from solved. I see the current and future efforts to
understand stellar activity as split into two categories: understanding signals in RV data sets
better, and learning to calculate activity-free RVs. I believe both will be vital in working
towards solving this problem as best as we can. Advancing the first effort was largely the
topic of this dissertation. This work relies on understanding our data better and finding novel
software and analysis techniques to get the very most out of the data we currently have and
currently produce. In this regard, certain data sets are more valuable than others, namely,
ones where we believe we understand the stellar activity of the system well. These systems
act as rulers and guides to testing new methods. Lia is a large benefactor of these data sets.
In particular, perhaps the most valuable, is the growing solar RV data sets of the newest
EPRYV instruments. The Sun will be one of our greatest tools for studying and understanding
stellar activity. The Sun’s cycles and timescales are generally well understood, and we have
the added benefit of observing from many facilities with many unique instruments. For this
reason, all upcoming and seemingly any future RV dedicated facility has or will have a solar
feed to produce solar RVs each day. When we are able to analyze the Sun-as-a-Star RV data

sets and confidently remove stellar activity signals, then we will be ready to apply techniques
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wholesale to stellar data sets, in the same way I have demonstrated with Lia.

And then there is the effort to produce better RVs themselves, ideally RVs without the
contamination from stellar activity in the first place. This effort is predicated on the funda-
mental idea of computing an RV: that gravitationally induced Doppler shifts should move
all the absorption features equally and linearly. Meanwhile, activity should only change the
shape of individual absorption lines, and change each line differently. This is the basis for
Line-by-Line and “shape vs. shift” studies. In this regard, the newer spectrographs with
higher resolving powers mounted on larger mirrors to gather exceptionally high SNR will be
the prime data sets. Leading these efforts will be KPF once it is commissioned as well as
the upcoming iLocator instrument [55]. These efforts go hand in hand with the efforts above
as minimizing activity contamination will only enhance and complement the abilities of our

software.

Only when we understand the physics of stellar activity better, along with the ways in which
we analyze stellar activity from a software perspective will we be able to get the most out of
our RV data sets. Through identifying, characterizing, and removing stellar activity, we will
not only discover new populations of smaller and longer period planets, but also measure
masses of all planets, especially small ones, ever more precisely to set up detailed intra-system
characterizations. In all, I plan to continue my research on both of these paths. I will set
out towards finding new and exciting systems that can be detailed through continued follow
up. I will continue to work towards more ways to disentangle stellar activity from planetary
signals. And I will continue to work in wonder of the Universe and the many wonderful

worlds out there.
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