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ABSTRACT

In this thesis, | have translated a few avors of exoplanet timeseries measurements
into constraints on exoplanet orbital parameters, and used these to make inferences
about planet formation. | begin by introducing the two main observational tech-
niques | used to perform these analyses: optical interferometry and stellar radial
velocity monitoring. | then discuss some of the big open questions of exoplanet
formation, particularly the mechanism for forming giant planets close to and far
from their stars, where core accretion is thought to be too ine cient to form giant
planet cores in time for them to accrete atmospheres.

High cadence radial velocity monitoring enables advances in our understanding
of stellar activity, the fundamental stumbling block in the path to discovering and
characterizing planets like the Earth. In my second thesis chapter, | present an
argument that previously published RV-derived activity models of the PMS star
V1298 Tau su er from over tting, casting doubt on published mass estimates of the
young planets in the system which necessitated rapid contraction after formation, in
tension with formation theory. |1 walk through several potential explanations for this
over tting, pointing out that the star has a strong di erential rotation signal which is
not included in published model ts, and encourage broader use of cross validation
techniques in stellar activity model evaluation.

Optical interferometry, particularly using the VLTI/GRAVITY instrument, enables
astrometry measurements that are orders of magnitude more precise than contem-
porary coronographic instruments, which translates to precise orbital parameters.
In my third thesis chapter, | present and analyze two new VLTI/GRAVITY astro-
metric measurements of a young, widely separated planet and use them to make a
preliminary argument that the planet's eccentricity is low or moderate. This sets an
upper limit on the time (relative to disk dispersal) that the planet attained its current
wide separation, and downweights the possibility of scattering after disk dispersal.

In the next two chapters, | showcase my contributions to two widely used open-
source orbit- tting software toolkits:orbitize! andradvel . | highlight two
major new features afrbitize!  that are available in the main code base as of the
release of version 2: jointly tting radial velocity measurements and jointly tting
absolute astrometry measurements. Inrddvel chapter, | motivate and describe
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an updated Gaussian Process regression model for stellar activity modeling that
reduces the potential for over tting.
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1.2

1.3

1.4

The exoplanet zoo as of May 10, 2023, using data from the NASA
Exoplanet Archive. This gure only includes planets discovered via

one of the three major methods discussed in this thesis: transit, radial
velocity, and imaging. Due to selection e ects, the imaged population

is generally younger, more massive, and more widely separated than
the transit and RV populations. However, some transiting and/or RV-
detected planets are also young. The positions of Jupiter, Saturn, and
Earth are shown forreference. . . . . . . .. ... ... ... 2
The two major possible pathways for the formation of cold Jupiters:
core accretion, the slow build up of material over Myr, and gravita-
tional collapse, the rapid collapse of material due to disk instabilities,
which happens on approximately the dynamical timescale. This
gure was designed by Suchitra Narayanan and Sarah Blunt, and
drawn by Suchitra. Inspired by a gure by Tom Dunne (available at
https://www.americanscientist.org/article/why-does-nature-form-exoplanets-

RVs of the active star V1298 Tau taken with the NEID spectrograph
over 7 hours. While there is a clear increasing RV trend over the time
period due to the spot activity, the RVs are stable at the teasisf!

level over timescales shorter than an hour. This gure hightlights that
active stars are not more activeadittimescales just on the rotation
timescale. . . . .. .. . .. ... 7
This gure highlights the improvement in uncertainties for the inter-
ferometric instrument VLTI/GRAVITY over contemporary corono-
graphic instruments. Each pink ellipse (in various shades) shows the

1f observational uncertainty of a relative astrometric measurement

of HIP 65426 b taken with either SPHERE or NaCo. The two purple
ellipses (small, at center) show the GRAVITY error bars to scale. . . 11
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2.1 A tour of the RVs scrutinized in this study. The CARMENES and
HARPS-N RVs are published in SM21, and the HIRES RVs are
new in this study. Takeaway: the RV variability of V1298 Tau is
hundreds of m/s, which is similar across all three instruments. The
variability is signi cantly greater than the instrumental errors (which
are included, but too small to see for the majority of points on this plot). 20

2.2 SM21 preferred model prediction and contemporaneous observed
data. The HIRES data have been scaled and o set by linear parame-
ters that minimize the residual spread with respect to the GP model,
and the mediadpyga CARMENES data RV zero-point value was
been applied in order to more easily compare both datasets with the
model expectationsTop: mean model prediction (gray solid line),
together with contemporaneous HARPS-N (black), CARMENES
(red), and HIRES (purple) RVs overplotteBottom: model residu-
als, together with 1- and 2-GP uncertainty bands (shaded dark and
light grey regions, respectively)Takeaway: The preferred SM21
model is over tting to the HARPS-N data, which can be seen in
the increased spread about the residual=0 line for both HIRES and
CARMENES data during epochs with contemporaneous HARPS-N

2.3 Another visualization of Figure 2.2. Histograms of the RV residu-
als, given in units of standard deviations from the mean prediction.
Takeaway: The broader and more uniform distribution of HIRES
and CARMENES residuals relative to the HARPS residuals is an-
other hallmark of overtting. . . . . .. .. .. ... .. ....... 26

2.4 Same as Figure 2.2, except that the model prediction is computed by
conditioning on a randomly-selected 80% subset of the HARPS-N
data, as described in the text, as the residuals are computed for the
20% subset that was held-ottakeaway: The e ect seen in Figure
2.2 cannot be explained by instrument- or wavelength-dependent sys-
tematics, because the same larger residuals are seen within the data
taken by only HARPS-N. . . . . . . . . . ... ... L 27
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Xii
Another visualization of Figure 2.4. Same as Figure 2.3, except
computed using the same method as for Zdkeaway: the larger
and more uniform spread of residuals for HARPS-N data on which
the model was conditioned provides more evidence that the preferred
SM21 modelisovertting. . . . .. .. .. ... ... ... ..., 28
Lomb-scargle periodogram of all RV data presented in SM21, and 2-
component sinusoidal t passed through the same window function.
Top: Periodogram of all RVs (solid purple line) and a 2-component
sinusoidal t to the data ( lled grey). Middle/bottom: same, but
zoomed in. The rotation period, its harmonic, and its 1d aliases
are labeled.Takeaway: the dominant Lomb-Scargle periodogram
structure can be explained as harmonics and aliases of a single period
at2.91d. . ... 33
HARPS-N RVs and contemporaneous LCO photometry from SM21,
phase-folded to the rotation period and colored by observation time.
Top: LCO photometry.Bottom: HARPS-N RVs, with tted jitter
values from the preferred SM21 t added to the error bars. 1- and
2-component sinusoidal ts are also showiiakeaway: the presence
of a strong periodogram peak gh#2 results from the higher-order
shape of the RV rotation pattern. This pattern is not present in the
LCO photometry, which is approximately sinusoidal over the rotation
period. . . . ... 34
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2.8 Smoothed activity-only component of the preferred model of SM21,
together with the Keplerian model component@p: 100 random
draws from the posterior describing the planet b Keplerian are also
shown, to illustrate that this e ect holds true across the posterior, and
not simply for one point estimate. The light gray solid line shows the
full activity-only model component, and the darker grey shows this
model averaged over a (randomly chosen) 11.2 d timescale. (Note that
the same pattern holds when choosing a slightly di erent smoothing
timescale; i.e., this is not a result of aliasing.) Shaded grey regions
indicate where there are observatiorBottom: same as top, but
with a zoomed-in y axisTakeaways: the activity-only component
changes suddenly in windows of time where there are observations.
When the activity-only component is averaged over shorter-timescale
variations, the GP contributes to the t on timescales similar to
the Keplerians, even interfering destructively at some times. This
casts doubt on the reality of the Keplerian signals reported in SM21,
indicating that they may be favored because of over tting. . . . . . . 36
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A tour of the relevant photometry of the star V1298 T&anel a:
detailed view of the K2 photometry (purple points), with a beating
envelope over-plotted in solid pink. The beating envelope is drawn to
illustrate the e ect of spot beating on overall variability amplitude,
not to precisely t the data. The envelope drawn is constructed from
the beating of three sinusoids at 2.70, 2.85, and 3.00 d. Signatures of
beating can be seen by eye: two peaks of di erent amplitudes phase
up toward the end of the K2 baseline, producing a single-peaked
variability pattern and a larger overall variability amplitudeanel
b: detailed view of the TESS photometry (purple points). Beating
characteristics are also visible, although the baseline is shorter than
that of K2. Panels c, d, and e:relative views of K2, LCO, and
TESS photometry, emphasizing relative time baseline and variability
amplitude. A typical error bar for each dataset is also shown in the
bottom left corner of each panel. The di erences in wavelength cov-
erage and ux dilution between the K2, LCO, and TESS photometry
largely account for the overall di erences in amplitude of the sig-
nals. Both the K2 and TESS data cover less than one complete beat
period of the two largest-amplitude periodic signals, but the LCO
photometry (which is contemporaneous with the RVs of SM21) cov-
ers a longer time baselin€®anel e: All photometry, plotted on the
same panel to emphasize relative time elapsed between each dataset.
Takeaway: di erential rotation e ects are visible by eye in both the
K2and TESSdatasets. . . . . . . .. .. .. ... ... . ......
Lomb-Scargle periodograms of the photometric data shown in Figure
2.9. Top: Zoom-in on the presumed rotation period, showing several
nearby peaks in all three datasetBottom: Same as top over a
wider period rangeTakeaway: multiple closely-related periodicities
are visible in Fourier space for all three photometric datasets, more
evidence for di erentially rotating active regions. . . . . . .. .. .. 40
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2.11 Demonstration of the impact of constructing separate covariance ma-
trices and adding the log(likelihoods). Compare with Figure 2.12.
The data and best- t parameters are for K2-131, published in Dai et al.
(2017), for demonstration purposes onlpp: GP mean prediction
(black solid line) and X- uncertainties (purple lled), together with
the HARPS-N data points on which the GP is conditioned (purple
points). Middle: Same as top, but for PFS daBottom: Residuals
with respect to the GP mean predictiofakeaway: When separate
covariance matrices for each RV instrument are used, contemporane-
ous data are uncorrelated in the model, allowing additional degrees
offreedom. . . . . . . ... 43

2.12 Same as Figure 2.11 (in particular, using the exact same data and GP
hyperparameters), but here a single covariance matrix is constructed,
following the suggestion in Section 2.4lakeaway: Constructing
a single covariance matrix requires that GP predictions for separate
instruments are scalar multiples of one another, which is more con-
sistent with physical expectations and results in a more constrained
model than one with a separate covariance matrix for each instrument. 44

3.1 Detections of HIP 65426 b with VLTI/GRAVITY. Both periodogram
power maps visualizes the? t to the interferometric observables
assuming a point source, after removing the contribution of the star
using a 4th order polynomial. The outer dashed grey circle indicates
the e ective ber eld of view (60mas in diameter), and the red
circles indicate the most probable planet position at each epoch. The
planet is detected at high con dence in both epochs (periodogram
powerj 500). . . . . ... 54
3.2 Planetary radial velocity predictions from the accepted t (purple

histogram), together with the HDS planetary RV measurement from
Petrus et al. (2021) (dashed black line, with Xange shaded grey).
Takeaway: The planetary RV measurement does not constrain the
orbital parameters, beyond breaking the 188generacy for and
| . A planetary RV of -3 km/s is also allowed, given the astrometry
alone, but is disfavored because of the relative RV measurement. . . . 57
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An example converged MCMC run that was used to determine that
the chains were su ciently burned-in. Arandom subset of 100 chains

are plotted as a function of step number. The similar distribution of
walkers at each step is an indication that the number of burn-in and
total steps is adequate, and that the resulting posterior estimates are
trustworthy. . . . . . . .. 59
An example unconverged MCMC run that was used to determine that
more burn-in steps were needed in order to rule out non-convergence.
A random subset of 100 chains are plotted as a function of step
number. The color gradient from left to right (getting darker toward

the right) indicates that the chains are not fully converged. As an
aside, because they are bimodal for astrometry-only orbiendl

are good parameters to use for assessing convergence. . . .. .. ..
Sky-projected visualization of the posterior of the orbit t #4 de-
scribed in the text.Left: 100 orbit tracks projected onto the plane

of the sky, colored by elapsed time. The astrometric data are visible
as pink points in the bottom left corner of the pan&liddle col-

umn: the same 100 posterior orbits (grey) in separation (top) and
position angle (bottom) vs time, together with the astrometric data
used for orbit- tting. Right column: the same 100 posterior or-

bits (grey), together with earlier (bottom) and later (top) astrometric
measurements taken with VLTI/GRAVITY. 1- andf2error ellipses

are shaded in dark and light pink, respectiveljakeaway: The

two VLTI/GRAVITY epochs are 50x more precise than existing
astrometric measurements of HIP 65426, and reduce the posterior
uncertainty. . . . . . . .. 63
Corner plot of the posterior of the accepted orbit t, using all data
and assuming a uniform eccentricity prior. Diagonal panels show
marginalized 1D histograms of posterior elements, and o -diagonals
show 2D covariances between posterior elements. 1, 2, dnd 3-
contours are outlined in the covariance panels, and individual pos-
terior samples outside of thef3-boundaries are plotted directly as
black dots. Takeaway: the 1D marginalized posterior distributions

of semimajor axis and inclination are well constrained. Strong co-
variances are apparent, in particular between eccentricity, inclination,
and semimajor axis. . . . . . ... i e e 64
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3.7 Relative constraining power of the astrometric data for semimajor axis
(top), eccentricity (middle), and inclination (bottom). The results of
the following ts are shown and compared: (1) only literature as-
trometry (i.e. no GRAVITY data; grey), (2) literature astrometry and
the rst epoch of GRAVITY data (dark pink outline), (3) literature
astrometry and the second epoch of GRAVITY data (light pink out
line), (4) only GRAVITY astrometry (i.e. no literature data), and (5)
all astrometric data (i.e. the accepted t; purple outlinEgkeaway:
most of the constraining power of the t comes from the GRAVITY
data, evident by the similarity between the GRAVITY-only tand the
accepted t. In addition, neither GRAVITY point alone drives the
t, as evidenced by the similarity between ts (2) and (3). In other
words, the posterior preference for moderate eccentricities is robust
to the possibility that one of the two GRAVITY epochs is an outlier. . 65
3.8 1D marginalized eccentricity posteriors for ts with uniform (purple)
and linearly decreasing (pink) priors on eccentricity. The priors
themselves are also plotted as lines of the same colakeaway:

the eccentricity posterior depends on the choice of prior. However,

both the linearly decreasing prior and the uniform prior result in

posterior peaks at moderate eccentricity values. . . . . . .. ... .. 66
3.9 Maximum log(likelihood) as a function of eccentricity. Although the

maximum a posteriori eccentricity is moderated5), the maximum

likelihood occurs at lower eccentricities. This allows us to understand

the shape of the eccentricity posterior (Figure 3.8); the likelihood is

slightly higher at lower eccentricities, but the prior volume here is

lower. The posterior drop-o at higher eccentricities is caused by a

real decrease in likelihood. More eccentric orbits are less consistent

withthedata. . . . . . .. ... .. .. ... ... 67

3.10 GRAVITY and SINFONI K-band spectra comparisdop: GRAV-

ITY (grey) and SINFONI (purple) fL ux con dence intervals are

shown as lled bands. The SINFONI spectrum was resampled onto

the GRAVITY wavelength grid usingpectres (Carnall, 2017).

Bottom: The residuals, with propagated uncertainties, are shown

relative to the ux=0 line.Takeaway: the agreement between these

two independent datasetsisexcellent. . . . . ... ... ... .... 71
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Xviii
Results of forward-modeling the photometric and spectral data of
HIP 65426 b by comparing with ti@T-SETTL CIFISTmodel grid.
Posteriors over the free parameters in the t, as well radius, a de-
rived parameter, are shown. Fits performed using GRAVITY K-band
spectra are shown in purple, and ts performed using SIFNONI K-
band spectra are shown in pink. The GP hyperparameters (de ned
as in Wang et al., 2020 Equation 4) to the SPHERE IFS spectral
data (length scale and amplitude) are shown as Wakeaways: as
expectedlog 6 correlates strongly with radius and T Two families
of solutions are apparent at high (1.3) and low (0.9 )radii. . . . 72
BT-SETTL CIFISTodelsrepresenting the two posterior peaks shown
in Figure 3.11, together with the SPHERE IFS daffop: both
models, resampled onto the SPHERE IFS wavelength grid using
spectres (Carnall, 2017), and multiplied by a scalar chosen to
minimize the sum of squared residuals for the SPHERE IFS data
alone. The SPHERE IFS data are shown as blue points, with error
bars representing their reported statistical uncertainkddle: the
low-Te model (dashed purple line), SPHERE IFS data, and Gaussian
Process 1f uncertainties (solid purple band; computed using the
MAP GP parameters)Bottom: same as middle, but the high-T
model is shown as a solid pink line, and GP uncertainties as a pink
band.Takeaway: there are correlated residuals in the SPHERE pass-
band for both of the & modes recovered from comparisons to the
BT-Settl CIFIST grid, whichwe model with a squared-exponential
GauSSIaN ProCESS. . . . v v v v e e e
Exo-REMosterior ts to all data, showing 2D covariances and 1D
marginalized posteriors over tted model parameters and derived pa-
rameters (radius, luminosity, and mass). Also see Figure 3.14. Note:
parallax is denoted here, anat elsewhere in the texiTakeaways:
the Exo-REMlerived atmosphere parameters are about 150K lower
than the low-E BT-SETTL CIFISTparameters (Figure 3.11). The
surface gravity hits the edge of the available grid. A slightly super-
solar-metallicity atmosphere with a C/O ratio of 0.6 is favored, al-
though there are likely systematic errors unaccounted for in this t.

73
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3.14 Full best-t model SED from comparison with the Exo-REM grid,
together with all tted spectral datalop: transmission functions of
photometric bands (each plotted as a data point with errors imme-
diately beneath).Middle: MAP model spectrum, along with 100
random draws from the posterior (in grey; di cult to distinguish
from MAP spectrum). The spectral data are plotted as points with
error bars. The horizontal bars of the photometry points indicate
their spectral bandpass. The corresponding band-integrated model
predictions are overplotted as empty symb@&sttom: MAP model
residuals. Takeaways: Overall, the model spectrum ts well. Cor-
related noise is visible in the residuals of the SPHERE dataset. The
NACO and JWST/NIRCAM points beyond 3n are underestimated

bythemodel. . . . .. ... .. ... .. ... 75

4.1 Stills from the show-me-the-orbit visualization of thebitize!
coordinate system. Positive radial velocity is described as moving
away from the observer, and=I =0 describes an orbit with periastron
pointed towards the North celestialpole. . . . . . .. ... ... ...

4.2 Posterior distributions over andl , for GJ 504 b, computed via the
OFTI algorithm using data from Kuzuhara et al. (2013). The 180
symmetry in both posteriors, discussed in the text, is apparent. . . . .

4.3 Simulated data used to test the RV+astrometry tting capabilities
of orbitize! . The left panel shows the simulated astrometry, and
the right panel shows simulated stellar radial velocities. Data were
generated assuming masses of 0.7 and'0.5 parallax of 60 mas,
0=2au, e=0.5, inc=45 degreds= =0, andg=0.8 (assuming the
standardye=58849, see Section 3.4. Random Gaussian noise with
f of 2mas (for astrometry) andkns * (for RVs) was (somewhat
arbitrarily) chosen and appliedtoalldata. . . . ... ... ... ...

4.4 Selected marginalized posterior elements for the joint RV + astrom-
etry orbitize! t to data shown in Figure 4.3 described in the
text. Purple histograms show posterior samples, and pink solid lines
denote underlying truth values from which the data were generated.

82
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radvel t to the simulated dataset shown in Figure 4.3. Top: all
simulated RV data, together with the maximum a posteriori RV orbit
model. Middle: residuals to the MAP t. Bottom: phase-folded
RVs to the MAP recovered period. Uncertainties in recovered orbital
parameters are shown in the top right corner of this panel. . . . . .. 91
Posterior samples for the t shown in Figure 4.5 (purple), and sam-
ples drawn from its KDE representation using the default bandwidth
(pink). The default bandwidth is too wide, resulting in a KDE rep-
resentation that does not capture sharp boundaries. Compare with
Figure 4.7. . . . . . e 92
Posterior samples for the tshownin Figure 4.5 (purple), and samples
drawn from its KDE representation using a bandwidth of 0.1 (pink).
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Chapter 1

INTRODUCTION

1.1 Introduction to the Exoplanet Zoo

The rst exoplanets (Wolszczan and Frail, 1992) were discovered two years before |
was born, and in my lifetime the number of known planets has grown exponentially
to over 5000. While the rst planets were discovered around pulsars, astronomers
have since discovered planets around cool M dwarfs (Dressing and Charbonneau,
2013), white dwarfs (Vanderburg et al., 2020), evolved stars (Grunblatt et al., 2023),
hot A stars (Lagrange et al., 2009), brown dwarfs (Chauvin et al., 2004), and solar
analogues (Mayor and Queloz, 1995) (among other avors of hosts). These planets
span orders of magnitude of size and orbital period (Figure 1.1) and cover the gamut
of eccentricities (e.g., O'Toole et al., 2009). Exoplanets have been detected using
a variety of techniques (Figure 1.1), each of which has strengths and weaknesses.
The three methods most relevant to this thesis are transit, radial velocity (RV), and
direct imaging. The transit technique, by geometric probability, is most sensitive to
planets closest to their host stars, while imaging is biased toward massive, young,
and widely separated planets. The RV technique also preferentially detects close-in
planets, but as observing baselines increase, it is becoming more sensitive to more
widely-separated planets. All three techniques are discussed in detail in Section 1.3.

With such a wealth of data at our disposal, exoplanet scientists are beginning to
focus on: 1) individual characterization of exoplanets, or systems of exoplanets, and
2) looking for population-level trends. The two papers that make up the bulk of my
thesis are studies of individual stellar systems that dive into what these particular
objects can tell us about planet formation. Even though we have detected thousands
of exoplanets, the vast majority of them are billions of years old, whereas the planet
formation process unfolds on a scale of millions of years. Atthese mature ages, many
of physical clues imprinted during formation (see next section) have disappeared.
The small number of known young planets makes it di cult to do large statistical
studies to probe formation conditions. However, we can still learn a lot from detailed
characterizations of individual young systems, as | aim to show in this thesis.

In this section, | have highlighted a few of the major observational results of the
past three decades of exoplanet astrophysics, with the goal of communicating to



Figure 1.1: The exoplanet zoo as of May 10, 2023, using data from the NASA
Exoplanet Archive. This gure only includes planets discovered via one of the
three major methods discussed in this thesis: transit, radial velocity, and imaging.
Due to selection e ects, the imaged population is generally younger, more massive,
and more widely separated than the transit and RV populations. However, some
transiting and/or RV-detected planets are also young. The positions of Jupiter,
Saturn, and Earth are shown for reference.

the reader some of the incredible diversity of exoplanet characteristics and habitats.
The next section discusses the open questions in exoplanet astrophysics that | focus
on in this document. In Section 1.3, | focus on the main observational techniques |
will use in this thesis. Finally, Sectionl1.4 includes an argument for the importance
of high quality software in this eld. | outline the rest of the thesis document in
Section 1.5.

1.2 Open Questions in Planet Formation

How do Cold Jupiters Form?

The existence of cold Jupiters.(M. 13" , 0 &10 au) is unexpected from a for-
mation theory perspective. These planets exist at disk locations where the classical
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timescale to form a core su ciently massive to undergo runaway accretion is sig-
ni cantly longer than the protoplanetary disk lifetime (Bowler, 2016). Therefore,
for in situ formation to be viable, rocky planetary cores must have formed more
quickly than previously expected in order for the cores to have enough time to enter
the runaway accretion phase and obtain massive envelopes. Ex-situ formation via
standard core accretion and subsequent outward migration is another possibility
(e.g. Legaetal. 2021). Direct in-situ gravitational collapse is not expected to occur
in the inner region of the protoplanetary disk: not only does the disk need to be
Toomre-unstable, but also the local disk cooling time needs to be short enough to
allow the formation of self-gravitating clumps (Ra kov, 2005). For cold Jupiters,
however, in-situ gravitational collapse is a possibility, albeit complicated by the very
fastinward migration timescales expected for any formed clumps (Nayakshin, 2017),
as well as the uncertainty around how smaller giant planets (closer to Jupiter-mass)
stop accreting gas after collapsing early in the lifetime of the disk (Drazkowska et al.,
2022). Figure 1.2 beautifully illustrates these two alternate formation pathways for
cold Jupiters.

Objects that formed rapidly (e.g., via gravitational collapse) are generally expected to
retain more heat from their formation, resulting in a higher initial entropy, whereas
slower formation processes (e.g., via core accretion) result in a lower formation
entropy. Giant planets forget their initial entropy over time, and within a few
Myr progress along the Kelvin-Hembholtz cooling track (Marley et al., 2007). This
makes young giant planets important formation probes. Their observed masses
and radii can be compared with expected cooling tracks calculated from di erent
initial entropy assumptions, and therefore constrain the e ciency of the formation
process. This motivates precise mass and radius measurements for young cold
Jupiters, of which we know of precious few.

Mass and radius (which directly trace initial entropy) are not the only observational
formation tracers for cold Jupiters. Another class of observational clues is dynamical
constraints. In particular, eccentricity (e.g., Bowler, Blunt, and Nielsen, 2020a,
Dupuy et al. 2019) and the various avors of obliquity (e.g., the angle between the
star's rotation axis and the planet's rotation axis, and the angle between the star's
rotation axis and the planet's orbital axis; Bryan et al., 2016, Bowler et al., 2023)
probe formation and evolution history, as discussed in much more detail in Chapter 3.
Another important class of constraints is atmospheric metallicity (generally relative
to the host star) and atmospheric C/O ratio (Oberg, Murray-Clay, and Bergin, 2011).



How do Small Highly Irradiated Planets Form?

The formation and evolution of small irradiated planets (orbital periods 8D

days) is also highly uncertain. Super-Earths and sub-Neptunes, which are planets
in the radius range 1-4 for which there are no analogues in our solar system,
have been revealed to be very common: the super-Earth occurrence rate has been
estimated at 30% (Zhu et al., 2018) based on Kepler results, as compared to less
than 1% for cold Jupiters between 10 and 100 au (Nielsen et al., 2019). Fulton
et al. (2017) famously revealed a gap in the radius number distribution of planets
1-4' using Kepler data, which is interpreted as a dichotomy between bare rocky
cores ( super-Earths ) and rocky planets with voluminous H/He envelopes ( sub-
Neptunes). The formation pathways for these planets are unclear, and since the
Kepler sample is (on average) several Gyr old (Berger et al., 2020), dedicated studies
of young systems, particularly mass, radius, and age measurements, are necessary
to gain insight.

As an example of how bulk physical properties constrain the formation processes of
super-Earth and sub-Neptune progenitors, Owen (2020) walks through a procedure
for estimating the entropy of formation for young rocky planets with in ated H/He
envelopes (presumably0.5"' , but see Chapter 2 for more discussion on this).
taking into account several processes that would slow or reverse envelope accretion
(in particular, two classes of mechanisms have been proposed: mechanisms that
increase the entropy of the interior, and so slow accretion, and mechanisms that result
in extra mass loss after accretion, called boil-o ). Precise mass measurements (as
well as well-known radii and ages) are needed to distinguish between these scenarios
(20% for the young star V1298 Tau, studied in Chapter 2). This requirement
motivates careful study of the stellar activity on young stars like V1298 Tau to
enable such measurements and push forward our understanding of the formation of
planets with rocky cores.

1.3 Observational Techniques

In this thesis, | study ve previously discovered planets in two planetary systems.
In this section, | provide some background on the techniques used to discover these
planets, and the complementary techniques | used to study them.

Transits and Radial Velocities
The four planets orbiting V1298 Tau (Chapter 2) were initially discovered using the
transit method (Winn, 2010), which works by observing the periodic dimming of a



Figure 1.2: The two major possible pathways for the formation of cold Jupiters: core
accretion, the slow build up of material over Myr, and gravitational collapse, the
rapid collapse of material due to disk instabilities, which happens on approximately
the dynamical timescale. This gure was designed by Suchitra Narayanan and Sarah
Blunt, and drawn by Suchitra. Inspired by a gure by Tom Dunne (available at
https://www.americanscientist.org/article/why-does-nature-form-exoplanets-easily.

star's brightness caused by a planet occulting the stellar surface. Planetary transits
have a characteristic shape (Kreidberg, 2015), and occur periodically (modulo transit
timing variations due to planetary interactions), which helps to identify them as
bona de planetary signals. The depth of the transit signal constrajis Rvhich,
together with an independent constraint on the stellar radiygiRes the planet
radius. The measurement of accurate stellar radii is a topic unto itself (Fulton et al.,
2017), but this is out of the scope of this thesis.

Transit-derived planet radii already give us insight into the planetas a world (e.g.,
the radii of small, presumably rocky planets are inconsistent with the presence of an
extended H/He envelope, Zeng et al., 2019) but an understanding of a planet's bulk
composition, atmosphere size and metallicity, and bulk metallicity (among other
interesting derivable quantities) depends on independent measurements of mass.
Masses for transiting planets can be derived from the magnitudes of transit timing
variations (Agol and Fabrycky, 2018), but this technique only works for planets

in multiple systems with detectable timing variations. The mass measurement
technique most relevant to this thesis is the radial velocity detection method (Lovis
and Fischer, 2010).

The radial velocity method is one of the oldest exoplanet detection techniques, having
discovered the rst planet around a main sequence (MS) star in 1995. It works by
relating a star's velocity along the observer's line of right to the (non-relativistic,
relative) Doppler shift measured from stellar spectral lines:
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wherek v is the measured radial velocityg is the wavelength (of an absorption

k v =2

- (1.1)

line center, for example) that would be measured in the International Celestial
Reference System (IRCS), a reference frame with the solar system barycenter at
rest at frame center, ang is the actual measured wavelength. The new RV data

in this thesis were taken with Keck/HIRES (Vogt et al., 1994), a cross-dispersed
echelle spectrograph. Stellar light is passed through a warm iodine gas cell, which
imprints a forest of absorption lines on the spectrum. The HIRES Doppler pipeline
(Butler et al., 1996&d)combines a high-resolution iodine spectrum taken in a lab, an
iodine-free template observation of the star being observed, and a three Gaussian
PSF model into a forward model of the stellar spectrum. A radial velocity is derived
from a stellar spectrum by jointly tting for the PSF parameters and a RV o seton 2
chunks of the spectrum. The average and statistical uncertainties of the resulting
chunks are taken to be the measurement and observational uncertainty. The iodine
cell technique on HIRES gives a characteristic RV uncertaintyrofsl?®.

More modern methods of measuring radial velocities abound, from technological
innovations like the use of wavelength calibrators more precise and stable than iodine
cells (e.g., laser frequency combs, Steinmetz et al., 2008) to statistical methods like
line-by-line radial velocities (Dumusque, 2018). As | write this document, the eld

is moving from the era of precise radial velocities (PR¥h s ! precision) into the

era of extremely precise radial velocities (EPR¥¢m s ! precision). While EPRV
instruments still face technical challenges to obtaining ever-higher RV precision,
most in the eld agree that the limiting factor in EPRV analyses is not instrumental,
but astrophysical.

In addition to planetary orbits, stellar surface processes can also induce appar-
ent Doppler shifts. Asteroseismic oscillations, asymmetries in surface granulation
patterns, rotationally modulated signals from magnetic surface features like spots,
plage, and faculae, and multi-year activity cycles re ecting magnetic dynamo pro-
cesses may all change the measured radial velocity signals. (See Section 5.2 for more
detail.) Spot signals in particular are problematic, because they are (quasi)-periodic,
and can occur on timescales similar to planetary orbits.

Young stars are particularly magnetically active, and vary upne * due to spots
(e.q., Figure 2.1). For this reason, Doppler surveys looking to nd and understand

'Runnable from the link: https://nexsci.caltech.edu/tools/prv_index.shtml



Figure 1.3: RVs of the active star V1298 Tau taken with the NEID spectrograph
over 7 hours. While there is a clear increasing RV trend over the time period due
to the spot activity, the RVs are stable at the tensrafs 1 level over timescales
shorter than an hour. This gure hightlights that active stars are not more active at
all timescales just on the rotation timescale.

planets have historically avoided these stars. However, the eld is beginning to
recognize young stars as a way to isolate spot activity; while large magnetic
elds translate to a high spot lling fraction, the asteroseismic (Aerts, 2021) and
granulation RV signals are not expected to be larger than those of their mature
counterparts. To drive this point home, Figure 1.3 shows very high-cadence (several
measurements per hour) RVs of V1298 Tau (Chapter 2) taken with the NEID
spectrograph over a 7-hour timescaleAlthough there is clear trend due to the
activity, the star is coherent at the tenscafi s 1 level over timescales less than an
hour.

The rst chapter of my thesis studies V1298 Tau in detail, and in particular proposes
a new methodology for evaluating activity models.

Direct Imaging

Exoplanet direct imaging was achieved successfully for the rsttime in 2004 (Chau-
vin et al., 2004), and in the intervening two decades has enabled detailed spectral
and orbital characterization of individual objects. Imaging exoplanets requires a
con uence of technology, both hardware and software. On the hardware side, imag-
ing relies on adaptive optics (AO; Hampson et al., 2021), which itself is tied to

2These data are courtesy of Pl Shreyas Vissapragada.
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wavefront deformation sensing and real-time control algorithms, and coronagraphy
(Ruane et al., 2018). On the software side, dedicated image post-processing algo-
rithms such as KLIP (Soummer, Pueyo, and Larkin, 2012), a PCA-based algorithm
for modeling the observed PSF, are necessary to image exoplanets at high contrast
ratios.

Classical exoplanet imaging instruments have seen orders of magnitude of improve-
mentin astrometric precision through software and hardware improvements (Bowler,
2016), but the resolution of a standard telescope is still fundamentally limited by
the diraction limit: \ = —. For the longest-period exoplanets typically amenable
to imaging, with orbital periods of decades to tens of thousands of years, obtaining
astrometric precision high enough to translate to meaningful orbital constraints is
often impossible. The typical suggestion is to focus on the shortest-period imaged
planets, which exhibit enough orbital motion to be detectable with classical imag-
ing technology, or to wait years or decades until orbital curvature can be detected.
However, the interferometer VLTI/GRAVITY (Gravity Collaboration et al., 2017)

is changing the game.

Interferometers in general overcome thelimit (in the absence of impossibly

large apertures) by using several separated apertures, rendering the fundamental
resolution limit\ = 3, wherel is now the baseline between the apertures rather
than the diameter of a single aperture. Light collected by each of these apertures
has a slightly di erent path length, which translates to phase di erences that vary
as a function of position on the sky. The light entering the various apertures is then
recombined and interfered, and the resulting fringes can be analyzed to give high
spatial resolution measurements. Using only two apertures allows an observer to
achieve high resolution only along one spatial dimension, so multiple baselines are
typically used to achieve a high degree of spatial localization in two dimensions.

Radio astronomers have been using interferometers to achieve high spatial resolution
for much longer than infrared (IR) astronomers, in part because ofdependence

of the resolution equation; it is di cult to achieve high spatial resolution at long
wavelengths without the assistance of interferometry. In addition, IR interferometry
faces challenges that radio interferometry does not. First, the much smaller IR
wavelengths necessitate a high degree of spatial coherence; an0Oshift is a
negligible fraction of a 3 cm wavelength, but constitutes a 20% phase shift for a 0.5

"' m photon. In addition, the distribution of spatial scales of atmospheric turbulence
translates to a very short coherence time of IR radiation propagating through the
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atmosphere ( 1 ms), much shorter than that of radio wavelengths. This limits a
naive IR interferometer to integration times shorter than the atmospheric coherence
timescale, and therefore to detections of only the brightest objects.

The Very Large Telescope Interferometer (VLTI) is a set of four 8 m telescopes
designed to overcome these limitations in order to obtain precise astrometry at
IR wavelengths. Its new beam-combining instrument, VLTI/GRAVITY, saw rst
light in 2017 (Gravity Collaboration et al., 2017), and since then has been making

" as-level astrometric measurements of stars orbiting the galactic center, directly
detecting exoplanets, and more.

The dual- eld ability of VLTI/GRAVITY enables the detection of faint companions

with optical interferometry, giving exquisite relative astrometric precision. Light
from the bright primary star can be used for beam stabilization, while light from
the fainter, secondary source can be directed to the science spectrometer, relying on
simultaneous beam stabilization performed on light from the primary. As a point of
comparison, Mt. Wilson's CHARA interferometer, a comparable facility, recently
underwent an upgrade to add AO capabilities (Anugu et al., 2020), but lacks the
dual- eld capability that makes VLTI/GRAVITY so e ective for exoplanetimaging.

Beam stabilization with VLTI/GRAVITY is achieved by a combination of adaptive
optics and fringe tracking, which are performed fully independently. The AO system
ensures that the sources are coupled e ciently to the single-mode bers, while
fringe tracking (i.e., using a control algorithm to stabilize the interference fringes)
does the heavy lifting of computing and correcting for precise non-common
path di erences between light coming from each of the apertures introduced by
atmospheric turbulence. The AO-corrected beams are also fed through single-mode
bers that spatially Iter the light, removing all but the lowest spatial frequency
mode. This Iters high-frequency noise introduced by the turbulent atmosphere.

A next crucial ingredient of VLTI/GRAVITY is laser metrology. In order to make
precise astrometric measurements using the dual- eld capabilities, the optical path
di erence (OPD) between the science target and the phase reference must be known
as exactly as possible. Because the paths of the two objects through the telescope
and VLTI/GRAVITY itself are slightly di erent (due to e.g., nonuniformities in the
optics which change over time with local temperature, pressure, and other factors),
the VLTI/GRAVITY instrument propagates a suite of lasers through the instrument

to continuously measure the OPD, and yet another control algorithm is deployed to
correct for these OPDs.
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These four major ingredients: AO, single mode bers, laser metrology, and dual-
eld fringe tracking, allow for minute-long coherent integrations, phase-referenced
astrometry of objects at fainter than 15 pand a limiting magnitude of 17 m This
translates to relative astrometric measurements washprecision of faint objects,
and even high-contrast imaging capability.

The four UTs provide‘z" = 6 unique baselines. The actual interfering of beams
occurs on a silicon chip, which interferes the beams from these 6 baselines, which
are then used to reconstruct the precise position of the object.

In addition to precise relative astrometry, VLTI/GRAVITY is equipped with a Wol-
laston prism to make polarization measurements, and two spectrometers to simul-
taneously obtain spectra of the science target and the fringe-tracking object. The
fringe-tracking spectrometer is optimized for a high readout-rate, and has only 6
spectral pixels, while the science spectrometer is optimized iminute-long in-
tegrations, and allows the user to select from spectral resolutions of R=22, 500,
and 4500 depending on the brightness of the target and user preference. Both
spectrometers cover a spectral range of 1.95-2m5

GRAVITY astrometry is not just better in theory; it is better in practice (e.g.,
Nowak et al., 2020, (Hinkley et al., 2022)). Figure 1.4 shows uncertainties of ac-
tual measurements taken for HIP 65426 b, the imaged planet studied in Chapter
3. The interferometric measurements by GRAVITY are two orders of magnitude
more precise than measurements taken by SPHERE and NaCo, advanced pieces of
technology in their own rights. Following up exoplanets that have been discovered
and astrometrically monitored by classical coronagraphic instruments with VLTI/-
GRAVITY allows us to speed up time: we no longer need to wait 10 years to
observe orbital curvature of widely separated objects. Chapter 3 of this thesis dives
deep into the orbital constraints we can obtain with a small number of epochs of
GRAVITY astrometry, and relates these back to the big picture understanding of
how HIP 65426 b, and exoplanets like it, formed.

1.4 The Importance of Software

Over the past decade, astronomers have begun to recognize the crucial role of
software engineering in transformative science. Many of my thesis projects have

centered around writing good code, so | want to get up on a high horse for a moment
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Figure 1.4: This gure highlights the improvement in uncertainties for the interfero-
metric instrument VLTI/GRAVITY over contemporary coronographic instruments.
Each pink ellipse (in various shades) shows thedbservational uncertainty of

a relative astrometric measurement of HIP 65426 b taken with either SPHERE or
NaCo. The two purple ellipses (small, at center) show the GRAVITY error bars to
scale.
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to emphasizavhy it is importantfor scientists to think about how to write code
well.3

A central tenet of good science is reproducibility. New discoveries, particularly those
that push the limits of current instruments and techniques, are not simply trusted; the
measurements are repeated with other instruments, the relevant equations checked
and rechecked, and the model assumptions questioned and varied. Easy-to-read,
open-source software greatly speeds up this process of independent checking of
work, on the instrumentation, observation, analysis, and theory fronts. Open-
sourcing software is critical; this practice enables early bug discovery and line by
line comparison of independent codes using di erent approaches. Software that is
easy to read is also crucially important for reproducibility. As an intern at Google,

| was impressed how often best practices emphasized reducing the cognitive load

of someone reading your software. How many pieces of information would a code
reviewer have to hold in their mind simultaneously as they read through this nested
for loop? Could I simplify the logic so that it would be more easily understandable?
Writing readable code is not just good practice; it leads to more people understanding
and guestioning a code, which leads to robust, bug-free software. An impressive set
of examples of the value of reproducible, open-source software is the results from
early-release science (ERS) with JWST. As an example, Rustamkulov et al. (2023)
used separate open-source reductions of JWST data to produce independent spectra,
to remarkable agreement. The open-source nature of each of the codes used allowed
the teams to hit the ground running as soon as the data were available, easily
compute and compare results, and produce Nature-worthy results, speci cally clear
CO, and water transmission features, in a matter of weeks.

A next tenet of good science is testing. Not all science involves testing hypotheses,
especially in exoplanet astrophysics, which also emphasizes exploration that is not
necessarily seeking to test a particular idea. On the whole, however, science moves
forward by developing and testing theories. The process of testing theories is
creative and di cult (which is why observational/experimental astrophysics is a
whole eld), and relies heavily on good engineering. Designing tests that are
plausible and informative is challenging! The same is true for software testing,
which is so much more than checking that your code runs to completion. The
codes we use for paradigm-shifting discoveries need to have a barrage of innovative
tests thrown at them. Just as we do when developing theories, we need to think

3] (of course) still have a lot to learn about software development best practices!
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up antagonistic tests that probe every conceivable edge case and actively try to
make the code fail. | have much personal experience with the utility of writing
good tests; tests that | have written fanbitize!  have caught a wide variety of
bugs before the code went to production (and after), from syntax errors introduced
by a last-minute accidental keyboard slap to swaps in stellar mass and total mass
variables that were unimportant for most of the objects we t, but caused crucial
inaccuracies for more massive secondaries.

To summarize, accurate, reproducible science relies on scientists and engineers
investing time in their software.

1.5 Thesis Outline

The rst two chapters (Chapter 2 and Chapter 3) of this thesis are studies of two
individual stars using di erent techniques. Each seeks to ultimately answer the
guestion of how these individual systems formed, and using those inferences to
shed light on planetary formation as a whole. Chapter 2 is mostly methodological,
using cross validation to argue that the published masses of the star V1298 Tau are
unreliable, then brainstorming why. Chapter 3 focuses on what new information
VLTI/GRAVITY astrometry lends to our understanding of the orbit of the young
planet HIP 65426 b, and consequently what new information we can learn about
the planet's formation. It too is methodological, seeking to provide a framework for
how to interpret eccentricity posteriors of directly imaged planets.

Chapter 4 presents version 2aybitize! , a Python package for tting the orbits of
directly imaged planets (featured in Chapter 3). The chapter details the motivation
for and implementation of each of the major new features in the new version of the
code, giving examples throughout. Chapter 5 presents an updated Gaussian Process
regression prescription for the radial velocity tting softwanadvel , aimed at
preventing over tting (and featured in Chapter 2). This chapter motivates and
explains Gaussian Process regression and its application to stellar activity, and lays
out the changes in the new implementation. Both packages are open-source and
available to use.

Finally, in Chapter 6, | summarize, discuss future directions, and conclude.
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Chapter 2

OVERFITTING AFFECTS THE RELIABILITY OF RADIAL
VELOCITY MASS ESTIMATES OF THE V1298 TAU PLANETS

Submitted to thé&stronomical Journal

S. Blunt, A. Carvalho, T. J. David, C. Beichman, J. K. Zink, E. Gaidos, A.
Behmard, L. G. Bouma, D. Cody, F. Dai, D. Foreman-Mackey, S. Grunblatt, A. W.
Howard, M. Kosiarek, H. A. Knutson, R. A. Rubenzahl, C. Beard, A. Chontos, S.

Giacalone, T. Hirano, M. C. Johnson, J. Lubin, J. M. Akana Murphy, E. A.

Petigura, J. Van Zandt, & L. Weiss

2.1 Abstract

Mass, radius, and age measurements of yount00 Myr) planets have the power

to shape our understanding of planet formation. However, young stars tend to be
extremely variable in both photometry and radial velocity, which makes constraining
these properties challenging. The V1298 Tau system of fOus R; planets transit-

ing a pre-main sequence star presents an important, if stress-inducing, opportunity
to directly observe and measure the properties of infant planets. Suarez Mascarefo
etal. (2021, hereafter SM21) published radial-velocity-derived masses for two of the
V1298 Tau planets using a state-of-the-art Gaussian Process regression framework.
The planetary densities computed from these masses were surprisingly high, imply-
ing extremely rapid contraction after formation in tension with most existing planet
formation theories. In an e ort to further constrain the masses of the V1298 Tau
planets, we obtained 36 RVs using Keck/HIRES, and analyzed them in concert with
published RVs and photometry. Through performing a suite of cross validation
tests, we found evidence that the preferred model of SM21 su ers from over tting,
de ned as the inability to predict unseen data, rendering the masses unreliable. We
detail several potential causes of this over tting, many of which may be important
for other RV analyses of other active stars, and recommend that additional time and
resources be allocated to understanding and mitigating activity in active young stars
such as V1298 Tau.
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Young Planets as Probes of Formation

Planet formation is an uncertain process. Giant planets are thought to form with
large radii, in ated due to trapped heat, then cool and contract over the rst few
hundred Myr of their lives (Marley et al., 2007). However, the accretion e ciency of
the formation process, which sets the planets' initial entropy and radii, spans orders
of magnitude of uncertainty. The processes sculpting the post-formation masses
and radii of smaller terrestrial exoplanets are also uncertain. Young, terrestrial
planets also have uncertain initial entropies, and for highly irradiated planets, the
unknown rate of photoevaporation (itself due to uncertainties in a planet's migration
history, among other physical unknowns) during and after formation compounds
this ambiguity (Lopez, Fortney, and Miller, 2012, Owen and Wu, 2013, Chen and
Rogers, 2016, Owen, 2020).

Measuring the masses, radii, and ages of newly-formed planets presents a path
forward (Owen, 2020). Young moving groups provide rigorous age constraints, and
relatively model-independent methods of measuring planetary radii exist for both
young directly-imaged and transiting planets (for transiting planets in particular, only
stellar radius model dependencies impact the inferred planetary radius). However,
in both situations, few model-independent mass measurements exist. For transiting
planets, there are two complementary methods for measuring planetary masses:
transit timing variations (TTVs), and stellar radial velocity (RV) timeseries.

Measuring RV masses of young planets is a di cult task, so some advocate to
rely on transit timing variations (TTVs) alone to measure masses of young planets.
However, not all planets transit, and only planets in multi-planet systems at or near
mean motion resonance exhibit TTVs (Fabrycky et al., 2014). Even in systems
that do, individual TTV mass posteriors are often covariant, since TTVs to rst
order constrain the planetary mass ratio (Lithwick, Xie, and Wu, 2012, Petigura
et al., 2020). In an ideal scenario, both RVs and TTVs would be used to jointly
constrain planetary masses in a given system, reducing posterior uncertainty and
TTV degeneracies.

Stellar Activity & Over tting

As the instrumental errors of extremely precise RV instruments approach 1¢cm s
and as the RV community begins to target more active stars, accurately modeling
astrophysical noise is becoming more and more critical. Young stars present a
particular challenge. These are highly magnetically active (Johns-Krull, 2007),
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with starspots that occupy signi cant fractions of the stellar surface and induce RV
variations on the order ofkm s ! (Saar and Donahue, 1997). These RV variations
are hundreds of times larger than the activity signals of older quiet stars typically
targeted by RV surveys and complicate the detection of planet-induced Doppler
shifts from even close-in Jupiter-mass planets (e.g., Huerta et al., 2008; Prato et al.,
2008).

Other assumptions and/or information can be leveraged to model the activity signal,
even ifthe signalisn't easily understandable from the RVs themselves. A widely used
practice involves independently constraining the rotation period from a photometric
timeseries, then using an informed prior on the rotation period to model the RVs
(e.g., Grunblatt, Howard, and Haywood, 2015). Other related examples include
specifying a quasi-periodic kernel for a Gaussian Process regression (GPR) model
(i.e., assuming that the stellar activity has a quasi-periodic form), or modeling the
RVs jointly with other datasets. The latter approach achieves better model constraints
either by explicitly modeling the relationship between the datasets (e.g., Rajpaul et
al., 2015) or by sharing hyperparameters between datasets (e.g., Grunblatt, Howard,
and Haywood, 2015, Lopez-Morales et al., 2016).

As is true for every model- tting process, misspecifying the stellar activity model
(i.e., tting a model that is not representative of the process that generated the data)
or allowing too many e ective degrees of freedom can lead to over tting.

Over tting is a concept ubiquitous in machine learning, and in particular is often
used to determine when a model has been optimally trained. One algorithm for
determining whether a model is over tting is as followsdivide the data into

a training set and an evaluation set (a common split is 80%/20%), and begin
optimizing the model using just the training set. At each optimization step, calculate
the goodness-of- t metric for the model on the evaluation set, which is otherwise
omitted from the training process altogether. This method of evaluating a model's
ability to successfully predict new, or out-of-sample, data is known as cross
validation (CV).

The classic observed behavior is that the goodness-of- t metrics for both the training
and evaluation set improve as the model ts the training data better and better. At a
certain point, the model begins to over t to the training data, and the goodness-of- t
metric for the evaluation data worsens. This is because the model parameters have

1See also Cale et al. (2021), who de ne over tting in terms of reduicédh the context of RV
activity modeling
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begun to reproduce the noise in the training set, at the expense of reproducing the
signal common to both datasets. A model that is over tting, then, can be de ned as
one that predicts the observations in a training set better than those in an evaluation
set. An over tting model ts aspects of the data that are not predictable or common
to the entire data set, e.g., noise.

The optimally trained model is selected not by its performance relative taaiheng

data, but by its performance relative to #healuationdata, which was omitted from

the training process altogether. Making an analogy to Bayesian model comparison,
we could imagine a similar process where the goodness-of-t is evaluated for an
evaluation set left out of the training process (i.e., posterior computation using
MCMC, nested sampling, etc.) for a series of models. One bene t of this method
over, e.g., formal Bayesian model comparison is that it also provides an easily-
interpretable absolute metric for how well the model ts the data: if the evaluation
set goodness-of- t is signi cantly worse than that of the training set, we know the
model is misspeci ed, even if it has (comparatively) the lowest Bayesian evidence.

In this study, we apply the CV technique as de ned above to evaluate the predic-
tiveness of one particular model t to one particular star. This is intended as a
case study, aiming to inspire further investigation into the extent of and causes of
over tting in RV modeling of young, active stars.

V1298 Tau

V1298 Tauri (hereafter V1298 Tau) is a young system of f&u@s5 ' planets
transiting a K-type pre-main sequence (PMS) star (David et al., 2019a, David et al.,
2019b). Very few transiting planets have been discovered around PMS stars (other
notable systems being AU Mic, Plavchan et al., 2020, Cale et al., 2021, Zicher et al.,
2022, Klein et al., 2022; K2-33, David et al., 2016; DS Tuc, Newton et al., 2019,
Benatti et al., 2019; HIP 67522 Rizzuto et al., 2020; Kepler 1627A, Bouma et al.,
2022;and TOI 1227, Mann et al., 2022). David et al. (2019a) reported the discovery
of V1298 Tau b, a 0.9 object with an orbital period of 24d. David et al. (2019b)
discovered three additional planets in the system: V1298 Tau c at 8d, V1298 Tau d
at 12d, and a single-transiting object, V1298 Tau e.

It is unclear from their radii@5 1R ) alone whether these planets are gas giants
that contracted rapidly after forming, or young terrestrial or mini-Neptune planets,
which will lose a large fraction of their atmospheres to photoevaporation (Owen and
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Wu, 2013) and/or core-powered mass loss (Ginzburg, Schlichting, and Sari, 2018)
as they age.

Suarez Mascarefio et al. (2021), hereafter SM21, presented over 100 RVs of the
system with four di erent instruments, and used a suite of Gaussian Process (GP)
models in an e ort to isolate the RV signals of the outer two transiting planets (b
and e), nding masses of 0.64 and 1.16 for each respectively. Combined with
radii of 0.91 and 0.78 , this implied high densities of 1.2 and 3.6 g ¢n Such

high densities would require rapid contraction after within the 23 Myr lifetime of
the system and place the outer V1298 Tau planets at the upper density boundary
of even mature eld exoplanets, where few theories predict planets to exist. Since
V1298 Tau e only transited once while observed with K2, SM21 did not have a
period constraint from transits, and derived a period of 40029 d from their RV
measurements. After the publication of SM21, Feinstein et al. (2022) published
updated ephemerides of all four planets using TESS photometry, including a second
transit of planet e. They placed a strict lower limit of 42 d on V1298 Tau e's period,

in tension with the value from SM21. In addition, Tejada Arevalo, Tamayo, and
Cranmer (2022) performed a dynamical stability analysis using the mass measure-
ments reported in SM21, nding that 97% of system con gurations consistent with
the SM21 posteriors are gravitationally unstable over the lifetime of the system.

SM21 performed arigorous and state-of-the-art analysis, comparing several complex
models with Bayesian methods. However, several independent lines of evidence
appear to call the masses they report into question: the tension with formation
theory discussed in SM21, the updated planet e orbital period of Feinstein et al.
(2022), and the improbability of long-term stability derived by Tejada Arevalo,
Tamayo, and Cranmer (2022).

This Paper

The purpose of this paper is two-fold: 1) to demonstrate the use of CV to show
that the preferred model of SM21 is over tting the RVs, and 2) to point out several
potential causes of the over tting, which are not unique to SM21 but common
throughout the literature. We do not attempt to update the mass estimates for the
V1298 Tau planets in this paper. We also do not attempt to prove that the mass
estimates published in SM21 are incorrect, but instead seek to call into question
their reliability. Our argument is that future joint models of the stellar activity and
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planetary signals of V1298 Tau will need to prove their predictiveness in order to
be trustworthy.

The structure of this paper is as follows: in Section 2.2, we review the literature
data scrutinized in this paper and describe one additional contemporaneous RV
dataset taken with Keck/HIRES. In section 2.3, we demonstrate that the preferred
model of SM21 is over tting. Section 2.4 discusses several potential causes of this
over tting, and advises modelers on how to detect and/or avoid these subtle pitfalls.
In particular, Section 2.4 argues that di erential rotation is an important e ect for
V1298 Tau, and must be modeled carefully. We conclude in Section 2.5. We also
provide an appendix that provides a geometric interpretation of how GPR penalizes
complexity.

2.2 Data

Throughout this paper, we reference several data sets: three photometric time series
measured by di erent instruments and three RV timeseries derived from spectra
measured by di erent instruments. Each dataset is detailed in the subsections
below. All of the photometry is shown in Figure 2.9, and all of the RVs are shown

in Figure 2.1.

K2 photometry

We downloaded EVEREST-processed (Luger et al., 2016, Luger et al., 2018) K2
lightcurves for V1298 Tau using tHeghtkurve  package (Lightkurve Collabora-
tion et al., 2018). We used built-iilghtkurve  functions to remove nans, remove
outliers, and normalize the data.

LCO photometry
We obtained ground-based LCO photometry verbatim from SM21.

TESS photometry

We obtained TESS lightcurves from Feinstein et al. (2022), who combined timeseries
photometry of V1298 Tau from TESS Sectors 43 and 44. Feinstein et al. (2022)
used the 2-minute light curve created by the Science Processing Operations Center
pipeline (SPOC; Jenkins et al., 2016), and binned those observations to 10 mins.
We normalized the data for each TESS orbit separately, following Feinstein et al.
(2022).
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Figure 2.1: A tour of the RVs scrutinized in this study. The CARMENES and
HARPS-N RVs are published in SM21, and the HIRES RVs are new in this study.
Takeaway: the RV variability of V1298 Tau is hundreds of m/s, which is similar
across all three instruments. The variability is signi cantly greater than the instru-
mental errors (which are included, but too small to see for the majority of points on
this plot).

SM21 RVs

We obtained CARMENES and HARPS-N RVs directly from SM21. We note that
SM21 excluded infrared-arm CARMENES RVs in its analysis, and we do the same
here.

HARPS-N RVs are wavelength calibrated using a ThAr lamp, and the HARPS-N
spectrograph covers 360-690 nm.

The visible arm of the CARMENES instrument covers the spectral range 520-960
nm, and spectra from this instrument are wavelength calibrated using a Fabry-Perot
etalon, anchored using hollow cathode lamps.
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Keck/HIRES RVs

Between November 16, 2018, and February 6, 2020, we obtained 36 RVs using
the HIRES spectrograph on the Keck | telescope (Vogt et al., 1994). Wavelength
calibration was performed by passing starlight through a warm iodine cell, and data
reduction was performed using the California Planet Search pipeline described in
Howard et al. (2010), which is adapted from Butler et al. (1996b). All HIRES
RVs used in this study are given in Table 2.1. Some of these RVs were previously
published in Johnson et al., 2022, and the processing is identical in that paper and
this. The same stellar template, constructed from two stellar spectra taken on 24 Oct
2019 UT without the iodine in the light path, was used to derive RVs in both studies.
In-transit RVs from that study have been excluded here. Spectra were typically taken
using the C2 decker (14 x 0.861 ), which enables sky subtraction, and is the CPS
HIRES observer decker of choice for stars fainter than M. However, a CPS
HIRES observer rule of thumb is to use the shorter B5 decker (3.5 x 0.861)

in poor seeing conditions, as the Doppler pipeline sky subtraction algorithm is
unreliable when the stellar PSF lIs the slit. Sky subtraction is not performed under
such conditions. Accordingly, 7 RVs published here were calculated from spectra
using the B5 decker. In both modes, HIRES has a resolving powes@f000, and

the iodine cell spectral grasp translates to contributions to the RV from wavelengths
between 500 and 620 nm (Butler et al., 1996Db).

2.3 Cross Validation Tests

Our intention in collecting additional RVs of V1298 Tau with HIRES was to jointly
analyze these data together with literature data and update the masses published in
SM21. However, early on in the analysis, we noticed clues that made us question our
assumptions. In particular, the new data we had collected did not seem consistent
with the models of SM21. In addition, many tested models converged on results
that were physically unreasonable or clearly inconsistent with subsets of the data.
We ultimately decided to test the predictive capability of the SM21 model that we
were using as our starting point, as a check on our own assumptions. This section
details the outcome of those experiments.

The main nding of this paper is that the median parameter estimate of the preferred
model of SM21 (theidpowgogr) IS Over tting. For convenience, we will refer to this
model throughout the rest of this paper asthe SM21 preferred model. Showing that
a point estimate is over tting does not necessarily indicate that every model spanned
by the posterior is over tting. However, since the preferred model presented by
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Table 2.1: New HIRES RV Data. Epochs are reported in units offgdPwith a
2457000 o set applied.

jd-2457000 RV [ms!] RVerror[ms?]

1438.9463 387.47 7.885
1443.8205 -193.32 8.528
1443.9573 -87.96 7.941
1443.9682 -77.17 7.073
1443.9792 -92.67 8.609
1444.1566 -19.40 8.403
1476.8089 190.28 11.712
1479.0060 30.83 10.269
1490.7912 246.54 10.047
1491.7549 0.31 8.804
1508.9196 -56.33 9.530
1509.7900 163.24 12.032
1528.7841 -58.17 9.752
1532.7701 -78.17 10.465
1559.7316 261.44 9.531
1568.7290 -23.72 9.683
1569.7376 -94.99 11.022
1723.1354 -0.31 8.617
1724.0917 -26.27 9.648
1733.0739 -44.28 9.662
1743.9965 37.42 10.460
1765.9266 -138.49 11.108
1774.9154 287.77 9.431
1777.0163 94.72 9.400
1787.9817 -239.82 10.006
1794.8691 34.79 8.829
1795.9062 95.70 8.246
1796.9165 -90.09 8.827
1797.9532 292.26 8.131
1845.8966 375.28 9.472
1852.7705 -259.55 9.593
1855.8832 -68.08 16.101
1870.8459 318.54 8.901
1879.8314 282.03 9.115
1880.8314 222.22 8.493

1885.8611 306.95 19.622
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SM21 (their gure 11) appears approximately Gaussian around the MAP estimates
of the parameters relevant for us, (except for the kernel parameter C and the white
noise jitter for CARMENES, which both peak at e ectively 0), we assume that
the MAP and median for this t are close enough to make no di erence, and that
inferences made about the median t hold true for other high-probability areas of
parameter space.

Our goal was to test the predictiveness of the preferred SM21 aadiglg CV. In

an ideal situation, we would do this by evaluating the model's performance on new
HARPS-N data, unseen by the trained model. Lacking this, we constructed two
ad hoc validation sets: a timeseries of Keck/HIRES data contemporaneous with
the SM21 HARPS-N data, and the CARMENES data presented in SM21 (that the
model was also trained on, but which were treated as independent from the HARPS-
N data; see section 2.4). By chance, this results in a nearly perfect 80%/20% split for
both validation sets (80.3%/19.7% for HARPS-N/CARMENES, and 78.9%/21.1%
for HARPS-N/HIRES). In Figures 2.2 and 2.3, we show two visualizations of the
results of performing CV on these two validation sets. Figure 2.2 shows the GP
prediction of the SM21 preferred model, together with the HARPS-N data on which
itwas trained and conditioned. The contemporaneous HIRES dataand CARMENES
data and their residuals are overplotted. Figure 2.3 shows the residuals of this t,
given in terms of standard deviations from the mean GP prediction. In both gures,
the residuals of the HIRES and CARMENES data have a much wider spread about O
than the HARPS-N points. Because our intention was to evaluate the existing model,
we did not re-train the GP hyperparameters in order to compute the prediction shown
in Figure 2.2. Rather, we used the median parameters of the 8piddsz model,
conditioned on the HARPS-N data published in that study, to predict RV values at
each of the CARMENES and HIRES epochs.

Our interpretation of the di erence in residual distributions shown in these two
gures is that the preferred SM21 model ts data included in its training set (i.e.,
the HARPS-N data) signi cantly better thasontemporaneoudata not included.

In other words, the model is not predictive. This is a hallmark of over tting,
and indicates that the preferred SM21 model is not representative of the process
generating the data.

Animportant counter-interpretation is that the V1298 Tau RVs measured by HARPS-
N, HIRES, and CARMENES show di erent activity signals, and not that the pre-

2conditioned on the HARPS-N data of SM21; see Section 2.4.
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ferred SM21 model is over tting. In particular, starspots cooler than the stellar
photosphere cause RVs collected in redder bands, where the contrast between spot
and photosphere is lower, to show lower variability amplitudes (e.g., Carpenter,
Hillenbrand, and Skrutskie, 2001; Prato et al.,, 2008; Mahmud et al., 2011). In
addition, we expect di erent instruments to have di erent RV zero-point o sets.
Importantly, these two e ects cannot explain the increased out-of-sample resid-

ual spread observed in Figures 2.2 and 23the preferred SM21 model tted the
CARMENES zero-point o set, white noise jitter value, and activity amplitude, and
those values have been applied to the CARMENES data. To account for the potential
di erences between the HIRES and HARPS-N RVs, we applied an RV zero-point
o set and scale factor (0.76) that minimizes the residual spread (i.e., we applied a
best- t linear model to the HIRES data in order to minimizé& with respect to the

GP model prediction). See section 2.4 for further discussion of this point.

Another potential explanation for the phenomenon observed in Figures 2.2 and 2.3
is that the activity signals observed by HARPS-N, CARMENES, and HIRES are
fundamentally di erent; i.e., the signal observed by one instrument is not a linear
combination of the signal observed by another. This might occur because, for ex-
ample, all three instruments hav&m/s instrumental systematics relative to one
another, or because the shape of the activity signal changes signi cantly with wave-
length. To rule out this explanation and provide more evidence that the e ect we're
seeing is actually over tting, and not instrument-speci ¢ di erences, we repeated
the experiment above using only HARPS-N data. We randomly selected 80% of
the HARPS-N data published in SM21, conditioned the preferred SM21 model on
that subset, and computed the residuals for the random held-out 20%. The results
are shown in Figures 2.4 and 2.5. Even though these held-out 20% were included
in the training process (i.e., they informed the values of the hyperparameters), we
observed substantially larger residuals than for the conditioned-on subset. This
experiment provides additional evidence for over tting, and not instrumental- or
wavelength-dependent systematics.

It is worth noting that we distinguish between residual distributions (Figures 2.4 and
2.3) by-eye in this paper, but this technique will not generalize for more similar
residual distributions. Residual diagnostic tests (see Caceres et al., 2019 for an
example) will be helpful in generalizing this methodology.

assuming that stellar activity signals observed by di erent instruments can be described as
linear combinations; see Section 2.4.
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Figure 2.2: SM21 preferred model prediction and contemporaneous observed data.
The HIRES data have been scaled and o set by linear parameters that minimize the
residual spread with respect to the GP model, and the mdgigss CARMENES

data RV zero-point value was been applied in order to more easily compare both
datasets with the model expectatiofiep: mean model prediction (gray solid line),
together with contemporaneous HARPS-N (black), CARMENES (red), and HIRES
(purple) RVs overplottedBottom: model residuals, together with 1- and 26P
uncertainty bands (shaded dark and light grey regions, respectivedkeaway:

The preferred SM21 model is over tting to the HARPS-N data, which can be seen
in the increased spread about the residual=0 line for both HIRES and CARMENES
data during epochs with contemporaneous HARPS-N data.
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Figure 2.3: Another visualization of Figure 2.2. Histograms of the RV residuals,
given in units of standard deviations from the mean predictidakeaway: The
broader and more uniform distribution of HIRES and CARMENES residuals relative
to the HARPS residuals is another hallmark of over tting.

2.4 Potential Causes of Over tting

This section points out several potential causes of the over tting described in the
previous section, and advises on how to detect and/or ameliorate these e ects. We
do not attempt to quantify the e ect of each of these on the over tting discussed
in the previous section, but intend this as a qualitative discussion. Many of these
e ects are potentially relevant for stars other than V1298 Tau.

Importantly, this is not a list of mistakes, but a list of assumptions we questioned
throughout the process of trying to explain why the preferred SM21 t was over t-
ting. We encourage future close investigation of each of these phenomena, both for
V1298 Tau and other objects. This list is not exhaustive.

Correlated Datasets vs Datasets that Share Hyperparameters
The mathematical formalism in this section is essentially identical to that of Cale
et al. (2021, see their section 3.2), but was developed independently. We encourage
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Figure 2.4. Same as Figure 2.2, except that the model prediction is computed
by conditioning on a randomly-selected 80% subset of the HARPS-N data, as
described in the text, as the residuals are computed for the 20% subset that was held-
out. Takeaway: The e ect seen in Figure 2.2 cannot be explained by instrument-

or wavelength-dependent systematics, because the same larger residuals are seen
within the data taken by only HARPS-N.
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Figure 2.5: Another visualization of Figure 2.4. Same as Figure 2.3, except com-
puted using the same method as for ZTékeaway: the larger and more uniform
spread of residuals for HARPS-N data on which the model was conditioned provides
more evidence that the preferred SM21 model is over tting.

readers to compare our explanations, and we ask readers to also cite Cale et al.
(2021) whenever referencing Section 2.4 of this paper.

There is a di erence between correlated measurements that are allowed to have dif-
ferent GP amplitudes and datasets that share GP hyperparameters but are themselves
uncorrelated. We are motivated to stress this distinction by the need in RV timeseries
tting to write down the joint likelihood of a model applied to datasets taken from
several di erent instruments. As a concrete example, let's consider three ctional
RV data points, the rst two from HIRES and the next one from CARMENES, to
which we would like to t a GP model. Because of the di erent bandpasses of
HIRES and CARMENES, we might expect the same stellar activity signal to have
a di erent amplitude when observed by these two instruments. However, we might
expect the time-characteristics of the signals to be identicabther words, we
expect the CARMENES activity signal to be a scalar multiple of the HIRES



29

activity signal.4 As discussed in Section 2.3, this assumption is borne out, at least
to rst order, in observations of other active stars at di erent wavelengths (see, e.g.,
Mahmud et al., 2011, who investigated the RV activity of the T-Tauri object Hubble
| 4 with contemporaneous infrared and optical spectra taken with di erent instru-
ments), but this point warrants further scrutiny. Comparing the variability of active
stars with di erent instruments, as well as the variability of the sun with di erent
solar instruments, is an important endeavor.

Another important caveat is the use of di erent techniques for computing RVs from
stellar spectra (e.qg., the iodine/forward-modeling technique of HIRES vs simultane-
ous reference/CCF technique of CARMENES and HARPS-N). Switching from one
of these techniques to another is not expected to a ect an astronomer's ability to
recover common Keplerian signals, but spot activity is not a simple Doppler shift.
More work is needed to understand and model spot activity at the spectral level.
We proceed by assuming that modeling the same spectrum using an iodine/forward-
model and with a simultaneous ThAr lamp reference (as an example) will only
change the e ective wavelength range of the spectrum that is used to compute RV,
and therefore a ect only the amplitude of spot-induced variations.

Assuming linearly-related GPs for di erent instruments, we can write down the joint
covariance matrix for our three ctional data points, allowing unique amplitude terms
Oc andOy for each dataset, and assuming an arbitrary kernel funcgiogidscribing

the covariance between RVs at timgand &

©Oaio_g Oa:O—l OHO(:Zo_ga
joint=- 03110 03111  OnOc: 128 (2.1)
«@0cOH:20 OcOn:2a 0%1 22 o
Optimizing the hyperparameters of a t that uses this covariance matrix to de ne
the GP likelihood will give the desired result.

SM21, following many other tsin the literature, constructed an independent covari-
ance matrix for each RV instrument in their dataset and summed the log(likelihoods)
given by these together. This allows each RV dataset to be independent; i.e., a dat-
apoint taken by HIRES is not correlated with a datapoint taken at exactly the same
time by CARMENES. Figures 2.11 and 2.12 illustrate the di erence between these
two likelihood de nitions for data for a di erent object (chosen because it is easier

to see the e ect using this dataset).

4with di erent RV o sets as well, so technically a linear combination, not just a scalar multiple.
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This assumption of independent data for each instrument e ectively adds additional
free parameters to a model, and makes it more susceptible to over tting. This is also
why, in Figures 2.2 and 2.3, we could demonstrate that the preferred SM21 model
was over tting by comparing the model prediction conditioned on HARPS-N data

to the CARMENES data; the CARMENES data in uenced the nal values of the
hyperparameters, since they were shared between the two Gaussian processes, but
otherwise the datasets were treated as independent.

To go along with this paper, we will release a new versioreaivel (Fulton et al.,
2016), built ontinygp (Foreman-Mackey et al., 2022), that treats the models for
di erentinstruments as correlated, but allows each instrument its own GP amplitude,
white noise jitter term, and RV zero-point o set teriiThe di erence between the
previous version ofadvel and this version is also illustrated in Figures 2.11 and
2.12 in the Appendix.

Future work should continue to test this assumption by obtaining simultaneous (or
near simultaneous) RVs for a variety of stellar types with di erent instruments,
across a wide range of bandpasses.

Prot and Pyot/2

Another practice that may have made the SM21 preferred t susceptible to over tting

involves constructing a GP kernel with one term at the rotation period and another
term at its rst harmonic. In other words, the SM21 preferred model kernel has the

following form:

89= 91%0t°, D1%ot* 2°— (2.2)

To understand the motivation for this, we rst need to scrutinize the RV signal in
Fourier space. Figure 2.6 shows the Lomb-Scargle periodogram of all RV data
presented in SM21, zooming in on two important parts of period space. There are
four extremely signi cant peaks in the RVs, which can all be explained with a single
periodic signal at 2.91d, the rotation period identi ed by SM21. Along with a strong
peak at 2.91d (hereaftefd), there is a signal at§/2, which is often observed in

RVs of stars showing starspot-induced variability (Nava et al., 2020). The other
two strongly signi cant peaks can be explained as 1-day aliaseg,paiRd Ry/2.

In other words, the dominant RV signal is periodic, but requires a two-component

SThis is slightly di erent from the GP prescription ijuliet  (Espinoza, Kossakowski, and
Brahm, 2018), which does not allow di erent amplitudes for individual RV instruments.
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sinusoidal t (i.e., it needs more terms in its Fourier expansion) in order for the tto
reproduce the shape of the curve. This is visualized in Figure 2.7, which shows the
RVs phase-folded to/R. In summary, the RV curve comprises a single periodic
pattern, but that pattern is not a simple sinusoid.

The preferred SM21 model kernel sums two approximately quasi-periodic terms,
one at Byt and one at Bi/2, because the approximate quasi-periodic kernel used in
SM21 (SM21 equation 1; derived in Foreman-Mackey et al., 2017) is less exible
than the standard quasi-periodic kernel (SM21 equation 3). In other words, the
approximate kernel is less capable of tting non-sinusoidal shapes. However, each
term was modeled with its own independent exponential decay timescale. This adds
an additional free parameter to the t, which exacerbates the potential for over tting.

The most straightforward way to address this is to construct a model with fewer
unnecessary free parameters, for example by equating the parameters L, in

SM21 equation 1. A more complicated suggestion, which would be an excellent
avenue for further study, is to leverage the correlation between the photometry and
RVs, following, for example, Rajpaul et al. (2015). This requires assuming (or
tting for) a relationship between a photometric datapoint and an RV datapoint at
the same time. Our preliminary investigations along these lines indicate that the FF'
formalism, which models an RV signal as a function of a simultaneous photometric
(F) dataset and the time derivative of the photometric dataset (F'; Aigrain, Pont,
and Zucker, 2012), does not allow for a good phenomenological match between
the LCO photometry and the contemporaneous RVs, but the derivative of the LCO
photometry appears to t better (i.e., the RV curve appears to be possible to model
as a linear combination of the F' component ollyfruture work could write down
ajoint GP formalism that models RVs as the time derivative of the photometry (such
a formalism would be very similar to that of Rajpaul et al., 2015).

Regardless, in order to be con dent in the relationship between the photometry and
the RVs, as well as to pick out the components of the RV that do not occyat P
we suggest a very high-cadence (several observations per night) RV follow-up
campaign with contemporaneous photometriyn order to develop a high- delity
model of the stellar variabilit§ It is important to note that this campaign need

6This was also noted in SM21.

’As of 1-30-23, V1298 Tau will unfortunately not be reobserved with TESS through year 6. We
usedtess-point  (Burke et al., 2020) to make this determination.

8]t is worth pointing out that similar strategies have been successful before, e.g., to measure the
mass of Kepler-78 b (Pepe et al., 2013, Howard et al., 2010)



32

not be performed by an RV instrument with 30 cnt grecision; Johnson et al.
(2022) demonstrated 6¢i s 1 RMS precision with HIRES over several hours, even
though the stars moves by hundredsro$  over even a single night. This level of
instrumental RV error should be su cient to understand the stellar activity, so long
as the cadence is as high as possible.

Keplerian Parameters Enable Over tting in the Presence of Un-modeled Noise

A Keplerian signal has ve free parameters (semi-amplitude, eccentricity, argument
of periastron, time of periastron, and period). A model with two Keplerian signals
therefore has 10 additional free parameters than a model without. To rstorder, more
free parameters means more model exibility. This problem can be addressed using
model comparison, which penalizes complexity. However, if there is un-modeled
noise in the data, including additional Keplerian signals in the model can lead to
over tting; for example, high eccentricity Keplerian models have similar properties
to delta functions, which have relatively at RV curves, except for a spike in RV
near periastron. With insu cient sampling, outlier data points can be over t with
eccentric Keplerian signals.

A common worry in the RV modeling community is that using GPR to model stellar
activity will soak up Keplerian signals, leading to underestimates of Keplerian
RV semi-amplitudes (discussed in Aigrain and Foreman-Mackey, 2022), even when
modeled jointly. However, we nd evidence for the opposite e ect in the SM21
preferred t: that the Keplerian signals function as extra parameters that make the
model susceptible to over tting, and the GP is forced to compensate. Examining
Figure 2.8, which shows the contributions to the mean model prediction from the
Keplerians and the activity-only portion of the mean GP m8dek nd that the
activity model interferes with the Keplerian model where RV data exists. This is
seen most readily when smoothing the activity model over several rotation periods
(e ectively low-pass lItering the activity model).

We can explain this behavior by imagining that there is some un-modeled noise
source in the data that is inconsistent with Keplerian motion or quasi-periodic
variability (see next section). If some non-physical combination of parameters ts
the data better at an epoch with many data points that is a ected by this noise source,
this may outweigh the negative Bayesian evidence contributions from 1) the added
complexity and 2) the worse t at epochs with fewer data points. We would then

9The activity-only portion is isolated following SM21, subtracting the Keplerian mean model
from the total mean GP prediction.
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Figure 2.6: Lomb-scargle periodogram of all RV data presented in SM21, and
2-component sinusoidal t passed through the same window funcfiap: Pe-
riodogram of all RVs (solid purple line) and a 2-component sinusoidal t to the
data ( lled grey). Middle/bottom: same, but zoomed in. The rotation period, its
harmonic, and its 1d aliases are labeld@dkeaway: the dominant Lomb-Scargle
periodogram structure can be explained as harmonics and aliases of a single period
at 2.91d.
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Figure 2.7: HARPS-N RVs and contemporaneous LCO photometry from SM21,
phase-folded to the rotation period and colored by observation tifop: LCO
photometry. Bottom: HARPS-N RVs, with tted jitter values from the preferred
SM21 tadded to the error bars. 1- and 2-component sinusoidal ts are also shown.
Takeaway: the presence of a strong periodogram peak;at2Presults from the
higher-order shape of the RV rotation pattern. This pattern is not presentin the LCO
photometry, which is approximately sinusoidal over the rotation period.
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expect the Keplerian model twversubtraciat epochs with fewer data points (e.g.,
around jd = 1725 in Figure 2.8).

This e ect suggests that the Keplerian signals in the SM21 preferred t are not
a viable description of the RV variability at timescales greater than the rotation
period. More e ort certainly needs to be spent understanding this phenomenon, but
in the meantime we suggest performing CV tests in order to detect over tting of this
nature.

Di erential Rotation

The previous subsections all argue that the preferred SM21 t had too many free
parameters (or e ective free parameters) that allowed the model to over t. In other
words, we have argued that a simpler model (one for which the GP predictions
for each instrument are scalar multiples of each other, a single period is present
in the kernel, and no Keplerian signals are present in the model) would be more
predicitive, albiet perhaps with larger uncertainties. In this section, we suggest that
this much simpler proposed model is still insu cient, because the host star has
multiple, di erentially rotating, active regions.

Di erential rotation may not be the un-modeled noise source that we propose is
a ecting the SM21 preferred t. The conclusions of this paper do not change if
this is true. We discuss it here because it is potentially widely relevant, especially
for young stars. We call for more work on modeling and understanding di erential
rotation in RVSs.

Evidence for a Strong Di erential Rotation Signal from Photometry

In the K2 and TESS photometry of V1298 Tau (Figure 2.9), two periodic signals of
di erentamplitudes are visible by eye. These peaks are coherentin phase towards the
end of both baselines, producing a larger overall photometric variability amplitude.
Although each baseline covers only a portion of the beat periods implied by these
di erent periods coming into and out of phase, the beating envelope is still easily
distinguished. To guide the eye, we over-plotted the shape of the beating envelope
formed by the three dominant periods in the Lomb-Scargle periodogram of the K2
data.

Multiple closely-related periodicities are also apparent in the periodograms of the
K2 and TESS data (and the LCO data, albeit at lower signi cance, potentially due
to the lower cadence of that dataset; Figure 2.10). In particular, over both the K2
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Figure 2.8: Smoothed activity-only component of the preferred model of SM21,
together with the Keplerian model componenitsp: 100 random draws from the
posterior describing the planet b Keplerian are also shown, to illustrate that this
e ect holds true across the posterior, and not simply for one point estimate. The
light gray solid line shows the full activity-only model component, and the darker
grey shows this model averaged over a (randomly chosen) 11.2 d timescale. (Note
that the same pattern holds when choosing a slightly di erent smoothing timescale;
i.e., this is not a result of aliasing.) Shaded grey regions indicate where there are
observations.Bottom: same as top, but with a zoomed-in y axifakeaways:

the activity-only component changes suddenly in windows of time where there are
observations. When the activity-only component is averaged over shorter-timescale
variations, the GP contributes to the t on timescales similar to the Keplerians,
even interfering destructively at some times. This casts doubt on the reality of the
Keplerian signals reported in SM21, indicating that they may be favored because of
over ttina.
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and TESS baselines, a dominant periodicity at 2.85 and 2.92 d, respectively, and
two less prominent periodicities (one at a larger period, and one at a smaller period)
are present. The multiple periodicities in the light curve, visible both in the shape of
the beating envelope and in Fourier space, have often been interpreted as a smoking
gun of di erential rotation (see, e.g., Lanza, Rodono, and Zappala, 1994, Frasca
et al., 2011). It is important to note, however, that short spot lifetimes may also
produce the observed photometric pattern, and have been shown in simulations to be
easily confused with di erential rotation (see, e.g., Basri and Shah, 2020). Longer
photometric time baselines than are available in the photometric data presented in
this paper are needed to distinguish between the two. The conclusion of this section
(that there is a noise source visible in photometry that is un-modeled in the SM21
preferred model) would remain unchanged in this case, but this interpretation has
important implications for future modeling e orts. That the signals arise from a
close binary is ruled out by the multiple nearby periods in the light curve (rotation
of two tidally extended binary stars can produce a similar pattern, but with a single
period), while astroseismic pulsations are ruled out by the amplitude and period of
the variability; V1298 Tau is a PMS 1.2Mstar withlog 6=4.48 (SM21), which we

would expect to be oscillating on the scales of minutes.ahgpt, not days and 20

ppt (Chaplin and Miglio, 2013; see their Figure 3).

E ect on RVs

Assuming that V1298 Tau is di erentially rotating, itis possible that the combination
of a multiply periodic structure with insu cient cadence is leading the GP to prefer
a more complex model. In other words, the data is not consistent with a quasi-
periodic structure, so a simple quasi-periodic model will not be preferred over a
more complex model (e.g., one with Keplerians at longer periods), even if neither is
predictive. Even a secondary active region with 5% the RV amplitude of the primary
structure (reasonable given the photometric amplitude ratios) would incur an RV
variability of 20 m/s, signi cantly greater than the instrumental oor of HARPS-N,
CARMENES, and HIRES.

An important clari cation is that this conclusion is consistent with the discussion in
Section 2.4. Although there is a clear periodic 2.91 d signal visible in Figure 2.7,
there is also 200m's ! of scatter around this signal. It is possible that this scatter
may contain coherent signals at other periods that are unresolvable with the current
RV cadence.
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Complicating this already complicated story is the fact that the dominant periodicity
appears to change over time (Figure 2.10). This provides further motivation for our
major recommendation, rst given in Section 2.%1298 Tau appears to be a
multiply-periodic star with evolving periodicity. A high-cadence (several data
points per night) RV campaign is necessary to construct a high- delity activity
model. The high cadence is necessary to resolve the close periodicities due to
apparent di erential rotation. Care should be taken to ensure that the periods do
not evolve signi cantly over the observing baseline, or that this e ect is su ciently
modeled.

2.5 Summary & Discussion

In this study, we have presented evidence that the preferred model of SM21 is
over tting using two ad hoc validation data sets: one set of contemporaneous
HIRES and CARMENES data, and one set of arti cially held-out HARPS-N data.
The e ects that we have proposed may be responsible for the non-predictiveness of
the preferred SM21 model are:

The RV datasets from di erent instruments are treated as uncorrelated, al-
lowing the model more freedom. We will release a new versioradfel
removing this assumption.

The SM21 preferred model includes two summed quasi-periodic termg at P
and Ry/2 in their kernel, each with its own free exponential decay parameter.
This additional free parameter grants the model unnecessary exibility.

The SM21 model also includes parameters describing eccentric Keplerian
signals, which grant even more degrees of freedom.

We nd evidence from multiple independent photometric datasets that this
star has a strong di erential rotation signal, indicating that a singly (quasi)-
periodic activity model is insu cient. This explains why more complex
models were favored over simpler models in SM21, even though the preferred
model fell victim to over tting.

The rst point, in particular, warrants further scrutiny for stars across a range of ages
and spectral types. We argued in Section 2.4 that RV datasets taken by instruments
with di erent bandpasses and calculated using di erent RV extraction techniques
should be linear combinations of each other, recapitulating the observation made
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Figure 2.9: A tour of the relevant photometry of the star V1298 T&anel a:
detailed view of the K2 photometry (purple points), with a beating envelope over-
plotted in solid pink. The beating envelope is drawn to illustrate the e ect of spot
beating on overall variability amplitude, not to precisely t the data. The envelope
drawn is constructed from the beating of three sinusoids at 2.70, 2.85, and 3.00 d.
Signatures of beating can be seen by eye: two peaks of di erent amplitudes phase
up toward the end of the K2 baseline, producing a single-peaked variability pattern
and a larger overall variability amplitudePanel b: detailed view of the TESS
photometry (purple points). Beating characteristics are also visible, although the
baseline is shorter than that of KPanels c, d, and erelative views of K2, LCO,

and TESS photometry, emphasizing relative time baseline and variability amplitude.
A typical error bar for each dataset is also shown in the bottom left corner of each
panel. The di erences in wavelength coverage and ux dilution between the K2,
LCO, and TESS photometry largely account for the overall di erences in amplitude
of the signals. Both the K2 and TESS data cover less than one complete beat period
of the two largest-amplitude periodic signals, but the LCO photometry (which is
contemporaneous with the RVs of SM21) covers a longer time basehagel

e: All photometry, plotted on the same panel to emphasize relative time elapsed
between each dataséiakeaway: di erential rotation e ects are visible by eye in

both the K2 and TESS datasets.
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Figure 2.10: Lomb-Scargle periodograms of the photometric data shown in Figure
2.9. Top: Zoom-in on the presumed rotation period, showing several nearby
peaks in all three datasetsBottom: Same as top over a wider period range.
Takeaway: multiple closely-related periodicities are visible in Fourier space for all
three photometric datasets, more evidence for di erentially rotating active regions.
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in Cale et al. (2021), but this assumption may not be true. Contemporaneous RV
datasets made by di erent instruments will help test this assumption.

These authors have devoted signi cant person- and computer-power to producing a
t to the data presented here that take into account all of these e ects. However,
we have found that jointly tting all the data using only a single rotation period
forces all of the instrumental GP amplitudes to 0. We interpret this as evidence
that a singly (quasi)-periodic GP model is incapable of tting the data (i.e., a
more complex model is needed), and di erential rotation provides a ready (but not
sole) explanation. However, the di erential rotation e ects are very complicated
to disentangle with the current datagdétAgain, we suggest a high-cadence RV
campaign to resolve the multiple, nearby periodicities in the RVs and construct a
high- delity model.

One important detail to note is that the GP kernel which best- ts a highly active,
rapid-rotator like V1298 Tau may be wholly inappropriate to t the activity signal

of an older, quieter, Sun-like star. In young, rapid-rotators, the activity signal is
relatively long-lived, often stable across several observation epochs (e.g., Yu et al.,
2019; Carvalho et al., 2021).

Onthe other hand, Sun-like stars have much shorter-lived spots, sometimes evolving
over the course of one or two week observing campaigns (Giles, Collier Cameron,
and Haywood, 2017; Namekata et al., 2019). A GP kernel describing the activity
of Sun-like stars should be more exible, allowing for more rapidly changing and
decaying signals. While a single kernel may be capable of spanning these regimes
of period evolution, the attempt to construct one should be made with caution. For
the time being, the best approach may be to treat the two regimes of activity with
unique kernels.

This analysis is imperfect and incomplete. Many of the e ects we have discussed
are subtle, and we encourage others to study them further. This analysis has also
evolved (quite a lot) over the preparation of this study.

There are many exciting follow-up avenues for the V1298 Tau system. First, an
independent determination of the planet masses with TTVs would be enormously
helpful in providing a check for RV modelers. Second, we believe it is worthwhile

to explore modeling frameworks for V1298 Tau that explicitly model the relationship
between contemporaneous photometry, activity indices, and multiple RV datasets.

10Although we highly encourage others to try!
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These frameworks (such as that of Rajpaul et al., 2015 and Cale et al., 2021)
move beyond sharing hyperparameters between contemporaneous photometric and
RV datasets and allow a function of one dataset to be directly correlated with the
other, decreasing the over tting potential. In the longer term, comparing or jointly
modeling these data with Doppler tomographic information and spectrum-level
measurements, as in Yu et al. (2019), Finociety et al. (2021), and Klein et al. (2022)
will provide even stronger constraints.

In addition to working toward an optimal physical model of all available data, it is
worth investigating alternative statistical modeling pathways to GPR, especially low
computational cost techniques like autoregressive moving average (ARMA) models
(Feigelson, Babu, and Caceres, 2018, Durbin and Koopman, 2001). ARMA models
treat the@h datapoint as a linear combination of past data points and model residu-
als, and training involves optimizing the linear coe cients. Directly comparing
models constructed with ARMA and GPR would be a worthwhile exercise in general
for datasets containing stellar activity, and in particular for young, active stars.

We believe that understanding the RV variability of young stars is an endeavor that
will pay dividends in the near future. The relative long-term stability of activity on
young stars allows for detailed study of a given spot geometry and its impact on both
photometric and spectroscopic observations across multiple bands. As we work
to understand how to best t activity with GPs, young stars, particularly WTTSs,
provide good laboratories on which to test our techniques.

Just as we validate the performance of a new instrument on stars with large, well-
studied Keplerian signals, we must, as a eld, validate the performance of our
activity-modeling techniques on stars with large, well-studied activity signals before
we can trust activity-models applied to Sun-like stars at®G * precisioril This

starts by allocating resources to the construction of high-cadence RV datasets of
young stars, and continues by studying a) the relationship between RVs and auxiliary
data, such as photometry and activity indices, b) the best phenomenological models
(kernels, etc) for the data, c) the best methods for validating a given model's accuracy,
and d) the cadence needed to resolve periodic signals (and combinations of signals).
We believe that these studies, on young stars, will pave the way for stellar activity
models with 3acm s 1 predictive capability, on which the characterization of Earth
2.0 depends.

Yn fact, the activity-to-Keplerian ratio of 100 s *: 50ms * for warm giant planets around
a young star like V1298 Tau is reminiscent of thens 1 : 10 cms ! ratio for an Earth around a
Sun-like star.
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